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Robert Alexander Chalmers was born (on 17 June,
1920) and brought up in Birmingham. When he left
school at the age of 16, he became an apprentice
“lab-boy™ in the laboratories of a well-known motor
component manufacturer. A major function of these
laboratories was the analytical control of the electro-
plating process, which involved a wide range of
analyses. and therefore offered a first-class training
for a prospective analytical chemist. An important
part of the work was the sampling, which involved
balancing on planks above large cyanide-containing
plating baths—so Chalmers’ introduction to
analytical work was much more exciting than usual.

After nearly 5 years. Chalmers moved to Coventry
to the laboratory of Humber-Hillman, as analyst,
but it was now war-time, and he was soon afterwards
called up into the Royal Engineers. He spent 3
months of “basic training” learning to drill, to dig
trenches, to demolish trees. bridges and railway lines,
and to run with and deliver poison-gas cylinders. For
his next 3 months of service, he was sent to the
anti-gas-warfare laboratories at Porton Down, where
much of the work involved analyses concerned with
the testing of the bursting patterns of mustard-gas
shells containing arsenic as a non-volatile marker
clement. Another duty was to prepare test papers for
use in gas-detection apparatus.

After his time at Porton, Chalmers was discharged
to the reserves, and returned to Humber-Hillman,
where he remained until called up again towards the
end of the war, this time into Intelligence. He served
mainly in India, where he acquired his liking for
Indian food. especially curry (and learned to cook it
to perfection). (Someone once asked him for a
definition of good food. He replied “If you can see
perspiration on my head when I am eating it. it means
it is good food™.)

During this second period in the army, Chalmers
had decided not to return to his old job when he was
demobbed, but instead to study for a degree at
Manchester University. He managed to sccure a
grant for the latter part of the B.Sc. course, but for
the first year he had to work in his spare time. One
of his jobs was at the dog-racing track, where he
sharpened his ability to do mental arithmetic by
working on the Totalizer. At the University, in view
of his extensive previous experience, he was excused
some of the ordinary laboratory classes and given
special projects to work on, one of which involved the
separation by ion-exchange of “didymium™ into neo-
dymium and prascodymium. He spent a great deal of

time in the basement of the building among the rats
(from an adjacent brewery) practising his micro-
analytical technique, and he was allowced to use the
precious “Spekker” absorptiometer, since he had
previously used one at Porton.

Despite much time spent playing cards. snooker,
and taking part in other non-academic pursuits, in
1950 Chalmers gained the degree of B.Sc. in chem-
istry with First Class Honours. Since there was no
research done in analytical chemistry at Manchester,
he moved to Edinburgh to work under Dr. Christina
Miller. Dr. Miller had many interests in gnalytical
and inorganic chemistry, but the field Chalmers
worked on with her was the microanalysis of rocks.
He was successful in developing methods for micro-
determination of iron, silica, phosphoric oxide and
alumina, and in 1953 was awarded the dcgree of
Ph.D.

Chalmers then moved to Durham, as 1.C.I. fellow
in the Department of Geology, where he further
developed his interest in rock analysis. and in collab-
oration with the electrical engineering department at
Newcastle, he built a recording spectrophotometric
titrimeter. (This required regular transporting of a
Unicam SP600 between Durham and Newcastle, and
the project certainly proved the robustness of that
instrument, still in working order now, more than 30
years later.) It was during Chalmers’ time at Durham
that he first did any editorial work. On the suggestion
of Dr. Miller, he was invited to edit and revise
“Quantitative Chemical Analysis™, by Cumming and
Kay, which he did to produce a successful 11th
edition.

In 1956 Chalmers moved to Aberdeen to take up
an appointment as lecturer in chemistry. Therc was
no analytical section at Aberdeen at (hat time. but
Chalmers wasted no time in establishing analytical
chemistry as part of the curriculum. and in building
up a research group. He was appointed Senior Lcc-
turer in 1965 and Reader in 1970, in recognition of
his being regarded as a first-rate member of staff, with
teaching ability of a very high order, and of his stcady
high-quality research output. His standing as an
analytical chemist was again recognized by his
election in 1978 as a Fellow of the Royal Socicty of
Edinburgh.

Thanks to Chalmers, Aberdeen came to be recog-
nized as one of the few centres of excellence in
analytical chemistry in the U.K.. and a special feature
was that most of the analytical chemistry teaching
was given to all the undergraduate chemists in the
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third year of a 4-year course, and not just to
final-honours-year specialists, or M.Sc. or Ph.D. stu-
dents. Many of Chalmers’ former students testify to
his excellence as a teacher, and remember with plea-
sure the lecture—demonstrations he delighted in giv-
ing. He used to swap ideas for these with colleagues
at other universities, and one such colleague recalls a
spectacular experiment involving the use of potas-
sium cyanide, which was quite safe provided that all
the reagents were added in the correct order, but
which did have the added excitement for students
that the lecturer might kill himself if he did anything
wrong. Chalmers did this demonstration “with
panache and conviction”, but the unfortunate
collcague had a disaster. “The lecture theatre was
evacuated. I went for an emetic, and vowed never to
die in the cause of educating or amusing students.”

Although the lectures were a very important part
of Chalmers’ teaching, he was really at his best in the
laboratory classes. There, he would wander round the
benches of students, glass wash-bottle in hand,
always ready to demonstrate a laboratory technique,
or a correct end-point, or how to use an instrument.
Periodically, he would gather a small group of stu-
dents around him, and make sure they understood
every bit of the chemistry of the determination they
were doing. Analytical chemistry could never be
likened to following recipes in a cookery book in
Chalmers’ laboratory classes. He took great pleasure
in telling each new batch of students that they must
be certain to write everything straight into their lab
notebooks, and not onto any small scraps of paper
(or sometimes “wee orra bitties o’ paper”), because
he was sure to pick up any such piece of paper and
use it to light a bunsen burner (but he was never
known to actually do this).

Over the years Chalmers kept up a varied research
programme, as is shown by his publication list.
However, he had many more research students than
this list reveals, because he preferred to encourage
independent work by his students, only stepping in if
the research seemed to be getting off course, or if the
student asked for help; and he would not have his
name attached to papers unless he had made a
significant contribution either to the research or to
the writing of the paper. A recent student recalls
being told “Never believe what I tell you. Check it
yourself—that is what laboratories are for.”

In recent years, Chalmers has gained the reputa-
tion of being an advocate of classical methods, both
among the students at Aberdeen University, and in
a wider context; and it is true that he always
emphasized the importance of these methods for
standardizing instruments, and in situations where
great accuracy is required. Among students, and
perhaps others too, this somehow came to be inter-
preted as meaning that Chalmers thought all instru-
mental methods to be useless. It is to be hoped that
readers of Talanta will realise that Chalmers knows
more about most instrumental methods than the

majority of analytical chemists. Indeed, he has often
during his career worked with instrumental methods
in their infancy, and given lectures on them before
most folk knew they existed. However, he has always
been very aware of a tendency for people to have
blind faith in meters (or digital displays) and black
boxes, and felt, correctly I think, that it was im-
portant to give continual reminders of the failings of
instrumental methods.

In his younger days, Chalmers had many interests
and hobbies. As a small boy, he was interested in wild
life, especially butterflies, and even nowadays, he
returns from holiday eager to consult his books in the
hope of identifying some new species. Books are
another passion, and he likes all sorts but perhaps
especially humerous ones, like Hasek’s “The Good
Soldier Svejk”, “Archy and Mehitabel”, “Cloche-
merle”, or the works of James Thurber and A. P.
Herbert. He took part in many sporting activities,
such as snooker, squash, golf, and especially hill-
walking and rock-climbing (but not, as another Per-
gamon editor once became convinced, pole-vaulting).
He was always fond of dog-racing, and he played a
large variety of card games. As Editor of Talanta, he
has had very much less free time for such activities,
but he does still manage a bit of gardening, painting
and decorating, and, with the aid of his old climbing
ropes, roof-repairing.

Chalmers probably did not realise in 1966, when he
assumed the editorship of Talanta, in succession to
(the late) Professor Cecil Wilson and Dr. Mo Will-
iams, the extent to which the journal would take over
his life. Would he have taken it on if he had? We will
never know, but all who are associated with Talanta
in any way must be grateful to him for the great
amount of time and energy that he has devoted over
the past 20 years, and continues to devote, to en-
suring that everything about Talanta is of the highest
standard.

As if he did not spend enough time editing for
Talanta, Chalmers has also long been involved in the
editing of books, first for Van Nostrand Ltd. and
later for Ellis Horwood Ltd. The most recent book
published in the Horwood series was the fiftieth book
Chalmers has edited. He is just as thorough an editor
of books as he is of Talanta, unlike some book-series
editors, who seem to make very few if any changes to
manuscripts which pass through their hands. He is
also a Regional Editor, and Chairman of the
Editorial Board, of Mikrochimica Acta, Vienna.

The large amount of time Chalmers has spent
editing has undoubtedly had some effect on the
amount of original research he has been able to do
in recent years. However, he feels, and many will
agree with him, that he is probably making a greater
contribution to the quality of the literature by spend-
ing his time on editorial work, than he could hope to
if he were to do more research.

Chalmers was a keen member of the Society for
Analytical Chemistry for many years, and in 1963-64
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he was Chairman of the Seottish Section, and served
on Council. However, he had had a disagreement
with the Chemical Society at some time, and strongly
disapproved of the amalgamation of the SAC with
the other chemical bodies—to the extent that from
1972 to 1974 he was the only member of the SAC,
and when the amalgamation was completed at the
start of 1975, he refused to relent and join the CS.
However, later in a rash moment, he promised to join
if (the late) Professor Ronald Belcher, then Chairman
of the Talanta Editorial Board, was elected President
of the Analytical Division, and he was not allowed to
forget his promise when that occurred. However, he
still did not often get around to going to conferences
in Britain. Many of his friends in the U.K. recall with
amusement that they first met Chalmers in Budapest,
or Prague, or Helsinki. He was persuaded to come to
SAC83 in Edinburgh, as Overseas Delegates Officer,
to the amazement and pleasure of many.

A friend recalls exhibiting a poster there, only to be
approached by Chalmers, who ran a practised eye
over the subject matter. In about 5 seconds flat, he
said “There's a small grammatical error in your
penultimate sentence”. Hc was right, but it took
the friend 5 minutes to work out what the error
was.

Many readers of Talanta will be unaware of Chal-
mers’ sense of fun and love of jokes. Dr. Miller recalls
his “puckish sense of humour™. Professor Marczenko
refers to “‘his high sense of humour, his cheerful
disposition and friendliness for people™, and his old
friend Dr. Rudolf Pfibil writes “‘Bob for me is a very
attractive man, absolutely unformal, who likes jokes,
anecdotes, and funny gossips”. Indeed, Chalmers has
an amazing store of jokes and stories (some culled
from his wife’s medical trade magazines) which with
a bit of prodding he will start telling at parties and
such occastons.

It is probably true, as Chalmers has told friends
apparently in jest, that with a Scottish father and an
English mother, he thinks of himself as not Scottish
or English, but rather as a European. He certainly
has many good friends in the continent of Europe.
Professor Inczédy recalls that “‘the very first visit of
Bob to Hungary was in 1960, when he attended the
Analytical Conference in Budapest. The conference
was international with many foreign participants. At
that time, Scotland was maybe farther away than
now, and there was also the iron curtain; anyway it
was very surprising when Bob arrived dressed fully in
tourist clothes, with rucksack and heavy walking
boots. Nevertheless, despite his peculiar clothing, he
won very quickly the strong sympathy of all the
Hungarian colleagues and friends.”

Professor Inczédy recalls that on another occasion,
when Chalmers was visiting Veszprém University, he
was to be taken to a concert that started very early.
His hosts took him to the University canteen for a
short dinner, “but accidently and unfortunately,
there was a very poor meal served there that night—

the poorest ever served there—some cocoa with bread
or so. We were all very much worried about it, but
he said to us very quietly and politely-—in his well
known manner—it was completely O.K.™

Dr. Piibil has sent us a number of stories about
Chalmers.

“Bob likes travelling abroad. During the past 25
years he has visited Czechoslovakia many times.
Once, when he was still single, he arrived in a very
strange, small, and very delapidated-looking car. We
stopped in front of a hotel in the centrc of Prague
where Bob had booked accommodation. Immedi-
ately, a crowd of onlookers gathered and starcd with
amusement at the car. Bob opencd the boot and
pulled out dirty garments and handed them to my
wife, who promised to do the washing. A man in the
crowd said in a loud voice ‘Is it possible that such cars
are used in Britain and that they even dare to travel
abroad in them?’ Bob looked absolutely unmoved by
the jokes and laughs of the crowd. 1 tried 10 save the
situation by saying that he normally used a big nice
car in Britain but it wouldn’t squeeze into our narrow
streets.

“With this car we made a trip to a small village in
northern Bohemia where my family used to spend our
holidays. The car attracted a great deal of attention
there as well. Bob had to open the bonnet to allow
the local car experts to examine the engine. One of
them, a friend of mine, wished to see the spark plugs.
but everything was so rusty that human strength was
insufficient to unscrew them. Bob explained that he
always bought cars that had done at least 100.000
miles. ‘After such a test, real quality shows’. he said.
Eventually the original ridicule changed into admir-
ation of British materials and workmanship.”

In Aberdeen, too, Chalmers’ various cars have
caused amusement. His first car was a pre-war Morris
Tourer, which is probably the car that Dr. Pfibil
recalls. He then had two Rileys, first a green onc. then
an old black one, inside which very little of Chalmers
was visible when he was driving, apart from his beret.
(His berets have usually been black. but on onc
occasion a green beret apparently caused him to be
regarded with great suspicion by the security staft at
the Laboratory of the Government Chemist-—they
thought he might be an I.LR.A. sympathiser.) The
black Riley is reported to have exceeded 80 m.p.h. on
the Nairn-to-Inverness road, so it was obviously not
a bad car! When Chalmers bought his grey Saab in
1971, it was nearly new: everyone was amazed—but
a little disappointed at his loss of faith in British
automobile engineering. However, he drove that car
for so long—over 13 years—that it became as no-
torious as his previous ones. Chalmers has recently
bought a new Peugeot, but his student son Martin
still drives the Saab.

Dr. Piibil’s second story is reminiscent of one of
Professor Inczédy’s.

“Once Bob arrived in Prague by train from Vienna.
with a rather worn rucksack as his only piece of
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luggage. He noticed my surprise at the railway station
and said ‘The rucksack is best for travel; you have
both hands free.’ Bob had booked accommodation in
the best hotel in the very centre of Prague. In the
reception hall, I had the following conversation in
Czech with the head of reception: ‘Where is this
gentleman’s luggage? asked the receptionist. ‘He has
only the rucksack’ 1 answered. His face darkened,
and he said ‘Frankly speaking, we do not like this
here. We have luggage boys to carry the luggage up
and down as required. You understand, it gives us a
certain control over our guests’ movements. A man
with a rucksack can easily disappear without paying.
This is rather risky for us.” I said ‘Oh no, you don’t
need to worry. This gentleman is a very close friend
of mine—he is a professor from Aberdeen in Scot-
land’. ‘From Aberdeen’ exclaimed the receptionist, ‘it
is even more risky’.

When Dr. Piibil came to Britain on a lecturing
tour, he stayed with Chalmers, and apparently was
introduced to that Scottish culinary delicacy, haggis,
served sliced (which is a most unusual manner). He
recalls also “‘One day we were watching T.V. Bob was
sitting comfortably in an easy chair with some Tal-
anta manuscripts, from time to time glancing at the
T.V. but after a while, he dozed off. I said to myself:
this is the time to have a good gulp of whisky. I got
up and slowly and carefully I reached his bar. To my
great alarm, [ heard Bob’s low voice: ‘If T am
expecting a drinker like you, Rudla, as a visitor, 1
leave less than 1 inch in every bottle. The rest I keep
in the basement.”

The other side to that tale is that Chalmers was
greatly concerned about the state of his friend’s liver
and digestive system, and did not want to be re-
sponsible for any further deterioration. Chalmers is
not really a true citizen of his adopted city. (ABER-
DEEN PROVERB: Dinna spend money on drink,
but aye keep a corkscrew.)

Dr. Stan Kotrly has sent an account of Chalmers
attending an analytical conference: he warns ““there is
only a little grain of truth in it”, but it seems
remarkably authentic.

“Bob’s friends may tell you crack stories about his
witty comments on various vices of scientific paper
writers, or about the latest record in brevity of his
editorial letters, but they all agree that it is always a
jolly event to meet Bob at a conference. It is easy to
find him after a morning lecture. If he is not arguing
hotly with a blushing Talanta contributor over a cup
of coffee, he will surely be found in the lounge.
Undisturbed by the surrounding turmoil, he sits there
at a corner table, high shiny forehead bent over a
manuscript, and his keen eye and hand running down
a page, leaving behind them a red mass of editorial
corrections. And of course, his lecture is awaited by
an audience eager to hear a new funny opening to his
paper, which is then spiced with impromptu saga-
cious remarks. See for yourself how effectively the
attention of an international audience can be tuned

in to Scottish acceuts of a slightly hoarse voice, by an
introduction like this one.

“Mr. Chairman, before I begin to discuss some of
our results, I should like to draw your attention to the
interesting correlation between the level of fish con-
sumption and the development of brains in Scotland.
It was actually revealed by chance. Once a North-
umberland farmer met his friend, a Scottish
fisherman. ‘Why’, he asked, ‘are you Scots so
shrewd.” “That’s simple’, was the reply. “You have to
eat fish.” And so special deliveries of fish from the
river Tweed were arranged, for a special price, of
course. After some time, the farmer grew impatient.
‘So much money spent on bones of your wee fishes!
All my mouth aches and there’s no improvement!’
‘On the contrary’, the fisherman grinned broadly with
a glance in the direction of his new boat. ‘You can
just see the result, old man, can’t you?’ ..,

“Such lecture openings evidently had a catalytic
effect on inventive minds, since in due course, various
funny stories with Bob as an essential ingredient
circulated among his friends. Embellished by imag-
ination and perfumed with alcohols of exaggeration,
some of these stories became a local legend, and
adornment to the colour of an academic club.

*“At the memorable Second Analytical Conference
at Golden Sands on the Bulgarian coast, I found Bob
as usual, keeping his nose to the grindstone of the
editorial work; but he was unusually subdued. ‘Do
read it’, he implored. ‘1 can’t make any sense of this
bit of text.” 1 read it and saw the snag. 1t was an
article by a big name. ‘If you have on your heavy
editorial boots, we may put it right quickly. I have
glimpsed near the conference hall a good-looking girl
who is rumoured to be a secretary of your man.
Surely he will not be far away.” She was really nice
to us, and willing to help. Another lady, the inter-
preter, well-endowed with plump proportions, was
also kindly disposed, but she could not do much with
the text either. The outer defences were, however,
conquered and we were finally ushered to the old
man. After some painfully careful reading he admit-
ted: ‘Sorry, it does not make any sense to me either.
What a useless piece of translation. Anyway, I have
to see my original notes.”...‘And authors wonder
why 1 sometimes take a long time to edit their
papers!” Bob gave vent to his indignation when we
came out into the bright sun and vivid colours of the
seaside scene. We went for a stroll up a wooded park,
then down along wet sand splashed by waves. We
found a restaurant with a terrace open to the sea,
where the gentle breeze and delicious wine recharged
our batteries and revived reminiscences of mutual
friends, and inspired ambitious plans for the future.
The baked fish was delicious.”

Chalmers retired from his post at Aberdeen Uni-
versity on 30 September, 1985. He had originally
intended to remain working until he was 70, as his
contract allowed, but the cuts imposed on U.K.
universities in 1981 led to many of the senior staff
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agreeing to take early retirement. He will be con-
tinuing to edit Talanra. but it 1s to be hoped that he
will find a little time for some of his pet retirement

projects, such as the founding of a new journal,

“The

Journal of Useless New Knowledge™ (think about the

abbreviation!), or the study of the reactions of plat-
inum with various types of wine (provided by the
wine-merchants. of course). Perhaps his son Martin,
at present a final-year computing science student, will
be able to persuade him that computers are not just
useful for drawing on (an author once referred to
“curves drawn on a computer™), and introducc him

to the joys of home computing.

Perhaps his long-

suffering wife Grace will be able to enjoy his company
just a little bit more.

Let us hope,

anyway, that Chaimers wiil have a

happy, healthy, and fruitful retirement from Univer-
sity dutics, and that he will continue to edit in his
inimitable manner for many ycars to come.
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Summary—Guidance 1s offered on the assessment, by authors, referees and editors, of scientific papers.

before and after their submission for publication.

The remarks made in this paper refer specifically to
analytical chemistry, but may also apply, mutatis
mutandis, to other fields of chemistry. The object is to
provide a working guide for the assessment of the
valuc of contributions. both actual and potential, to
the literature. and hence to assist authors in writing
their papers and doing the work that is first neces-
sary, and editors and referees in judging the results,
The hoped-for result is that good papers will be even
better and bad papers eliminated.

Just as there are two kinds of error in applying
criteria of detection.' there are two kinds of error in
the publication of scientific papers. The error of the
“first kind™ is to publish a paper that should be
rejected, and the error of the “second kind” is to
reject a paper when it should be accepted. The errors
of the first kind are the more serious, because (a) such
papers are likely to form part of a series linked by
cross-references, and anything in print tends to be
regarded as holy writ, especially if it is mentioned
often enough in citation indexes, (b) errors of the first
kind are vastly more numerous than errors of the
second kind (which will usually be corrected by the
author finding a more sensible vehicle for the paper).
It is therefore essential that referces and editors
should know how to evaluate a manuscript before its
publication, and that readers of the literature should
be able to assess papers alrecady published.

It is convenient to consider this analytical pro-
cedure as applied to the sections of a paper in the
usual order of their appearance.

The title

This should be sufficiently full to convey accurately
the purpose and content of the work, so that readers
can decide whether it intercsts them without having
to read the summary of the whole paper. Thus
“Determination of lead™ is not a satisfactory title,
even for a comprehensive review. The reader wants to
know whether the paper is a review or an account of

Reprinted from E. Wiinninen, ed., Essavs on Analytical
Chemistry in Memory of Professor Anders Ringbom,
Pergamon, Oxford. 1977; by permission of the
Publishers.
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research, what type of concentration is determined,
what the matrix is, erc. The title should also be
grammatically correct and rcadable. “Identification
of bacteria using mass spectrometry” leaves one
wondering about science fiction. “The geologic col-
umn’’ appearing in Geotimes, and written by Robert
L. Bates, is a veritable treasurchouse of monstrosities
in the title department. “*Geochronobioclimatopaleo-
magnetostratigraphy’ illustrates the danger of com-
pounding words (for example, what does ““chromato-
polarography” convey to the rcader?). The increasing
habit of using nouns as adjectives must surely have
reached the limit with “*Earth resources technology
satellite data collection platform ficld installation,
operation and maintenance manual’.

As pointed out elsewhere.” language is a precise
tool, and should be used as onc. Those writing in
languages foreign to them may be excused for lapses,
but not native speakers or the editors who do not
correct such faults.

The summary

Almost all journals require a precis to be written,
and this must convey to the reader the important
information in the paper proper, and should be
understandable in itself without reference to the main
text. It should not contain material that does not
appear in the paper itself.

The introduction

This section usually gives 4 historical survey and
the reasons for doing the research. The documen-
tation should be thorough enough to cover the main
points and give the reader an adequate lead-in to the
literature, but it nced not be so comprehensive as to
mention all the work on the topic. whether it is useful
and germane or not. The main purposc is to give the
background to the work. It is here that the first
doubts may arise in the reader’s mind. Has the
selection of literature been biased in any way? Has an
original source been omitted either by accident or
design? As hinted in a serio-comic article.” it is easy
to establish a reputation by using someone eclsc’s idea
and producing rapidly a number of papers on it. only
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the first of these actually mentioning the originator of
the idea, and the third and subsequent papers re-
ferring back to the second in the series. It is advisable
for the author to read the papers referred to in this
section. Because of the “chain reaction” effect in
published work,* errors may have been made and
perpetuated in derivative publications. Even if the
referee does not have first-hand knowledge of the
relevant literature, a quick scan will usually reveal
whether the author is quoting other authors or has
consulted the originals (and has understood and
quoted them correctly).

Experimental work

The account of the experimentation must be
sufficiently complete for the work to be repeatable by
someone else starting from scratch. A clear dis-
tinction should be made between the exploratory
work done in arriving at the method or conclusion
reached, and the practical details of any procedure
recommended for application. The reason for this is
simple. In the development of the technique, the
amount of determinand was always known, and
many of the experimental parameters could be altered
with direct reference to this quantity; in a “‘real”
application the determinand is the unknown quan-
tity, and the parameters used should have a wide
enough tolerance to cover the widest range expected
for the determinand, without the need for prior
knowledge of the amount present. It is not unknown
for a paper on use of a spectrophotometric reagent in
a mixed solvent system to specify that the reagent,
dissolved in say ethanol, is to be added in fixed ratio
to the amount of determinand, itself in acidic aque-
ous solution, and enough additional acid and ethanol
added to bring their total concentrations in the final
solution to some critical value. Such a procedure is of
little practical use to the working analyst.

Because expertise has been unconsciously acquired
during the many repetitions of experiments in the
development of a method, small but vitally important
points of technique may be overlooked in the writing
up of the procedure; it is desirable to ask a competent
analyst who is unacquainted with the new method to
try it out on standard materials before the final
version of the paper is written. Any inadequacies in
description will often be manifested by errors in the
results, and can be put right.

The details of procedures should be seif-consistent
(e.g., 50 ml of solution should not be diluted to 25 ml)
and wherever possible the tolerances for amounts of
reagents etc. should be stated.” When specially con-
structed apparatus is used, the description given
should be full enough for the reader to be able to
have it made. When standard equipment is used it is
not necessary to specify the model unless this is
important for assessment of performance. Almost
any spectrophotometer covering the necessary wave-
length range will do for colorimetric analysis, but for
measurement of constants such as molar absorptivity,

it may be necessary to say which type of instrument
was used. Similarly with reagents, most chemicals of
analytical-reagent grade will conform to a more or
less standard specification, and it is only necessary to
name the supplier if it is absolutely essential, for some
reason, to use only that maker’s product. An almost
universal failing, for which editors (including the
present writer) must take some responsibility, is to
say that certain reference solutions were standardised
by established methods but then to give no informa-
tion about the number of standardisations done or
the precision of the resuits. One of the few exceptions
seems to be the class of papers on thermometric
titrations, where the precision of the “classical™
method is determined and compared (usually to its
detriment) with that of the thermometric method.
The only point to make here is that very often the
precision reported for the classical method is much
poorer than experience indicates should be the case,
and a doubt is raised in the mind of the reader.
Calibration of weights and apparatus also appears to
be generally unheard of, although the most cursory
glance at standard specifications shows that a com-
paratively large error can accrue from ignoring the
existence of manufacturer’s tolerances.®

Results and discussion

The first question here is whether the results mean
what the author thinks they do, and whether the
interpretation placed upon them is valid. Graphical
and tabular presentation of results often gives a good
insight into the validity of the work and the dis-
cussion, and for this reason the author should supply
full details of the experimental results with the manu-
script, even though some will be edited out. The first
thing to look for is the number of significant figures
quoted. If these exceed the number that can be
justified in terms of the likely experimental error in
weighing, instrument reading erc., then the reader
may begin to have doubts about the author’s know!-
edge and competence. On the other hand, too few
significant figures may conceal the errors associated
with the method.

It is often particularly significant if an author
quotes a table of results instead of drawing a graph,
especially if all the other results have been presented
graphically, or a statement is made about the re-
lationship between the results, and some mathe-
matical manipulation is needed. An ecxample from
experience is a set of Job plots which were all of
normal form, and accompanied by a table of absorb-
ances at different mole fractions for another system,
which when plotted showed the formation of two
complexes, only one of which was discussed in the
text. Another was a table of absorbances which were
said to result in a linear graph after appropriate
manipulation; an actual plot turned out to be a more
or less smooth curve. In another paper no fewer than
six significant figures were quoted (because measurc-
ments were made to I ¢V, “which is 1 part in 10°
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Fig. 1.

according to the author) though the results were
based on only some tens of mV change in signal. The
same paper had a least-squares treatment of the
results; the author kindly supplied the raw data, and
a statistical test for the standard deviation of the
slope gave a value that was about 25% of the slope.
A plot of the data showed why—there were two large
errors in subtraction in the results supplied, resulting
in two large discontinuities in the graph. Yet again,
a plot similar to that in Fig. 1 was submitted as
“evidence” of a correlation.

Another author produced a graph like that shown
in Fig. 2, with the statement that the standard devi-
ation for the distance of the points from the line had
a certain value. Enquiry as to why a straight line
would not do equally well produced a set of raw data
which turned out to be duplicate determinations that
when plotted as error bars gave Fig. 3.

In a conductometric investigation the plot of con-
ductance ¢s. volume of titrant gave curve a in Fig. 4,
which did not fit in with the experimenter’s precon-
ceived ideas; it was therefore transformed into the
reciprocal curve (b) to which tangents or segments
could be fitted to prove the “theory”.

Very long extrapolations from closely spaced data
are another fruitful source of dubiety in the reader’s
mind, especially when accompanied by an im-
pressively large number of significant figures. For
example, no fewer than five significant figures in a

Fig. 2.

—

Fig. 3.

standard cntropy change have been deduced from
equilibrium constants measured at 25, 35 and 45 C.
Again, cxtrapolations somctimes become  almost
asymptotic by the time they reach the appropriate
coordinatc.

Statistics may also casily be abused. Most workers
seem to have heard of variance, but many still apply
the “root mean square™ formula to the results of two
or three experiments. and very few apply Student’s
r-test even if they have heard of it. It is truc that
“intuitive” inspection of the results will often lead to
sound conclusions.” but statistics, if used at all,
should be used properly.

References

It is absolutely esscntial that the references given
should be quoted accurately. To this end, they should
all have been checked against the originals (or at least
against abstracts, in which case the reference to the
abstract should also be given). They should also
actually have been consulted and not lifted piccecmeal
from a paper by somcone else. There is no excuse
whatever for inaccurate copying of references, nor for
writing them in a style that is not that for the journal
to which the paper is submitted. Failurc to use

Volume added

Fig. 4.
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journal style may suggest that the paper has already
been rejected by another journal (sometimes
identifiable!). However, the editor also bears the
responsibility of ensuring that authors are suitably
informed of the error of their ways if they produce
incorrect or inadequate references.

GENERAL ASSESSMENT OF A PAPER

Because analytical chemistry, above all other
branches of chemistry, is an intensely practical
branch of science, the prime criterion of a paper on
analysis must be its usefulness. No matter how elegant
a piece of work may be, if it has no conceivable
application it must remain an academic curtosity. It
is true that certain academic curiosities of the past
have found subsequent applications, but their num-
ber is so small that it merely serves to prove the rule.
Once the paper has been read as a whole, for obvious
errors of chemistry and logic, the next task is to assess
its value to the practising analyst.

Such value judgments must be based on a good
working knowledge of the type of method dealt with,
and of possible applications in industrial and research
analysis. The literature is rather like the “*fat lady™ at
a carnival sideshow. It is held together by a skeleton
of bone-hard solid fact, with connective tissue of
theory and muscle of useful application, the whole
being overlaid by a mountain of the fat of pointless
variation that is of no use to any but those who make
their living from it (those academic and other profes-
sional researchers who do not have the ability or
originality to strike out a new line of their own).
Research has indeed become a sacred cow when the
amount of trivial work is so large that a vast range
of new journals has had to be created for it to achieve
publication. What is the result? Long series of papers
ringing the changes on reagent (how many com-
pounds have been tested as reagents for copper,
found wanting, but reported for *“‘the sake of com-
pleteness™?), ion determined (the minimum number
of papers to be expected for a new reagent is the
number of metals erc. it will react with), method of
completing the determination (one paper per method,
for the same metal-reagent combination).

Many authors seem to consider it unnecessary to
suggest how their work may actually be applied,
deeming it enough to provide a method that works
for a pure solution of the determinand, with or
without addition of other species (onc at a time, but
scarcely ever in combination). Frequently the ratio of
the tolerable level of interfering ion to determinand
is so low that the method would be utterly uscless
unless the determinand were the major specics
present in the sample, and usually a few set ratios are
tested without any attempt to find the true tolerance
limit. Sometimes the oxidation states chosen for the
interference tests do not correspond to those that

would be obtained after a decomposition procedure,
and the possibility of formation of kinetically sta-
bilised thermodynamically unstable complexes (inert
complexes) is tacitly ignored. Over forty years ago,
Lundell* wrote some words of wisdom that are often
referred to but apparently seldom read.

Methods have been concocted (no other word will
do to describe their development) that are so involved
and tortuous that the errors build up very quickly to
an unacceptable level. Others require very exacting
time schedules or very close tolerance limits on pH
and other parameters. Such methods are of very
limited value, and are only useful if no other exists
capable of giving about the same precision and
accuracy.

There are enough textbooks and papers on how to
conduct research (e.g., the series commissioned for
Talanta® '¥) for there to be no reason for researchers
to plead ignorance of what should have been done.
Referees and editors are all too often involved in
giving free lessons in chemistry, logic, grammar efc.,
and may feel obliged to spend far more time over an
untacceptable paper than it is worth, simply to justify
their opinion to the author.

Scientists are commonly regarded as illiterate. In
the sense that they are frequently unable to commu-
nicate their thoughts and knowledge fluently and
accurately, this charge has a substantial foundation
in fact. It is unfortunately equally true in the sense
that they sometimes secem unable to distinguish good
and useful from bad and pointless science when they
read it. The remedy lies in their own hands. Literacy
is a skill that can be gained like any other, by precept
and practice, and a more ruthless attitude on the part
of referees and editors of journals would greatly
improve the quality both of science and of its image
in the popular mind.
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Summary—A mercury film electrode modified with a film consisting of tri-n-octylphosphine oxide in a
poly(vinyl chloride) matrix is used for a galvanostatic stripping determination of bismuth in copper and
copper alloys. The method can be used to determine from 0.002 to 0.5% of bismuth. It is very selective,
simple and rapid. The precision and accuracy are good and the only serious interference is caused by

un{IV).

The preparation and electrochemical properties of a
mercury film electrode modified with tri-n-
octylphosphine oxide (TOPO-MFE) have been
described in an earlier paper.' This type of electrode
makes possiblc very sclective determinations of many
metals. The general procedure for clectrochemical
stripping  determinations with the TOPO MFE
involves four steps: (1) accumulation of the metal ion
in the TOPO film (non-clectrochemical; essentially a
solvent-extraction step): (2) electrochemical deposi-
tion of the metal from the TOPO film into the
mercury film (potentiostatic electrolytic reduction of
the metal ion, here termed pre-electrolysis); (3) elec-
trochemical stripping of the metal from the mercury
film back into the TOPO film (galvanostatic or
potentiostatic oxidative stripping as in ASV); (4)
back-extraction of metal ions from the TOPO film
into the solution (as with step 1, this is non-
electrochemical). The highest selectivity is obtained
when the sample solution is replaced by a pure base
clectrolyte after the exiraction and accumulation of
the metal ion into the TOPO film. The extraction
efficiency and sclectivity depend mainly on the com-
position and acidity of the sample solution. This
paper describes the application of the TOPO MFE
to the determination of bismuth in copper and copper
alloys, by galvanostatic stripping analysis (GSA).
The most common methods for the determination
of bismuth in copper alloys cmploy spec-
trophotometry or flame atomic-absorption spec-
trometry. These methods arc not particularly sensi-

*Author for correspondence.

tive and often require preconcentration of bismuth,
usually by co-precipitation with lanthanum(IIT) or
iron(11l) hydroxide. Toropova et al’ proposed an
clectrochemical stripping method better suited to the
determination of low levels of bismuth in copper
alloys, based on a selective preconcentration by
chemical reduction of Bi** by metallic mercury in a
solution containing thiourea. Later, to improve the
selectivity of the method, bismuth was separated
from the matrix clements by extraction of its
iodo-complex into methyl isobutyl ketone.** These
mcthods have an advantage in the possibility of
simultancous determination of antimony.

The galvanostatic stripping method with the
TOPO-MFE described in the present paper is very
simple and exhibits high sensitivity and selectivity.
The solution need not be deacrated. As the highest
extraction distribution ratios have been obtained in
hydrochloric acid media.® a solution of hydrochloric
acid was also used in this determination. It follows
from the literature data® on extraction of various
clements from hydrochloric acid into 5% TOPO
solution in toluene that the extraction of bismuth into
the TOPO film will probably be most affected by
gold, uranium, tin and zinc.

EXPERIMENTAL

For the description of the apparatus and the experimental
techniques see our preceding paper.! The TOPO-MFE was
prepared by Procedurc B.' with the optimal parameters, i.e..
a TOPO film thickness of 1.6 um and silver and mercury
film thicknesses of 0.9 and 1.7 pm, respectively. The
reagents used in this work were of p.a. purity (Lachema,
Czechoslovakia) und were not further purified. The
experimentation is described below,



RESULTS AND DISCUSSION

Optimization of the conditions for determination of
bismuth

Preliminary experiments indicated that extraction
of bismuth from 0.5M hydrochloric acid into the
TOPO film is sufficiently rapid and that the bismuth
is retained in the TOPO film during exchange of the
base electrolyte and washing with pure 0.5M hydro-
chloric acid.' The extraction of copper is complicated
by the different behaviour of Cu*' and Cu *. Both are
extracted into the TOPO film, but Cu*' is partially
back-extracted during washing with pure 0.5M
hydrochloric acid, whereas Cu* is rctained in the
TOPO film, apparently owing to stronger solvation
by TOPO (and possibly also by slower transport
through the TOPO film). Janousek® observed a sub-
stantial increase in the extraction of copper from
hydrochloric acid into 0.1 TOPQO in methyl iso-
butyl ketonc on addition of ascorbic acid to the
solution and hence the effect of stronger solvation of
cuprous chloride by TOPO apparently predominates.

A concentration of hydrochloric acid was therefore
sought that would back-extract Cu** but not
bismuth. A 0.5M hydrochloric acid solution contain-
ing Bi** or Cu*" at concentrations of 2 or 10 gg/ml,
respectively, was used to accumulate the metals on
the TOPO-MFE (disconnected from the poten-
tiostat). Then pre-electrolysis was performed for
80 sec at potentials of —0.400 V (Bi) or —0.600 V
(Cu). The deposit was stripped galvanostatically at a
current of 5 pA. yielding data on the relative
amounts extracted. The solution was then replaced
by pure hydrochloric acid of a particular concen-
tration and this was stirred for 80 sec, with the
working electrode disconnected {rom the poten-
tiostat. Next the solution was replaced by purc 0.5M
hydrochloric acid and the amount of the test element
still contained in the TOPO film was determined by
GSA under the same conditions as above. The
TOPO-MFE was always regenerated by immersion
for 80 sec in a stirred solution of 1M citric acid. The
dependence of the fractions of Bi'' and Cu®!
retained in the TOPO film after washing, on the
hydrochloric acid concentration in the washing solu-
tion, is given in Fig. 1. It can be seen that the best
separation of Cu?* from Bi'* is obtained by washing
with hydrochloric acid at the lowest concentrations;
bismuth is also somewhat back-extracted, but it can
be assumed that the percentage loss of bismuth will
be constant, independent of its concentration in the
test solution. The percentage of Bi** retained in the
TOPO film is mostly somewhat higher than 100%.
This is caused by the fact that the first GSA stripping
determination was carried out in the presence of the
solution containing the test metals. Therefore, accu-
mulation into the TOPO film continued during this
determination. As virtually no bismuth was back-
extracted during the washing step (except when the
lowest hydrochloric acid concentrations were used),
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the amount of bismuth determined in the second
GSA determination was greater than that determined
previously.

The electrode activity depends on the effectiveness
of the back-extraction of interfering elements. As tin
is a likely interferent the conditions for back-
extraction of bismuth and tin were examined. The
elements were extracted into the TOPO film from
0.5M (for Bi’*) or IM (for Sn**) hydrochloric acid
containing 5 ug of bismuth or 25 ug of tin per ml.
Pre-electrolysis was applied for 80 sec at potentials of
—0.300 V (for Bi) or —1.20 V (for Sn) and the
elements were then stripped galvanostatically at a
current of § uA, giving data on the relative amounts
extracted into the TOPO film. After two washings
with water, the cell was filled with a test back-
extraction solution, which was then stirred for 80 sec.
The solution was removed and the cell washed twice
with water and the residues of the metals in the
TOPO film were determined by GSA in pure solu-
tions of 0.5M (for Bi) and 1M (for Sn) hydrochloric
acid under the same conditions as above. The back-
extraction efficiencies are summarized in Table 1. The
back-extraction efficiency also depends on other fac-
tors, e.g., the PVC matrix of the film, and thus the
data in Table 1 must be considered as a comparison
of the relative efficiencies of the solutions studied.
Bismuth is most efficiently back-extracted with 3M
sulphuric acid. Tin(IV) cannot be back-extracted with
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Fig. 1. Effect of hydrochloric acid concentration on the
retention of bismuth (1) and copper (2) in the TOPO film.
Cy, =2 pg/ml, C, = 10 ug/ml; accumulation in the TOPO
film for 80 sec from 0.5M HCI, with the working electrode
disconnected; 80-sec pre-electrolysis at —0.400 V (Bi) and
—0.600 V (Cu) in the same solution; GSA stripping step at
5 uA; solution exchange for a pure HCI solution of a
particular concentration; stirring for 80 sec with the working
electrode disconnected; solution exchange for pure 0.5M
HCl; GSA determination of the residues of the metals in
the TOPO film under the same conditions as above. The
fraction retained calculated as the percentage ratio of the
results of the second to the first GSA determination.
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Table 1. Back-extraction yields of bismuth and tin(IV)

Back-extraction yield, %

Back-extraction solution Bi Sn
H,O 47 29
0.3M H,SO, 81 21
3M H.SO, 97 —3*
1M oxalic acid 79 29
I M citric acid 88 40
0.1M NaF 28 41
0.7M H,PO, 68 49
7M HCI 88 —

*Because the TOPO phase was analysed for tin, and the
experimental uncertainty resulted in an apparent 103%
retention in the TOPO phase.

an cfficiency higher than 50%, apparently owing to
slow reaction of the solvate, but back-extraction with
phosphoric acid is recommended, in view of the fact
that increasing concentrations of tin cause an irre-
versible decrease in the sensitivity of the deter-
mination of bismuth, owing to gradual reduction of
the extraction capacity of the TOPO film for bismuth.

Beforc examination of the effect of the accumu-
lation time and electrolysis potential on the transition
time for bismuth in 0.5M hydrochloric acid, the range
of calibration graph linearity was found for accumu-
lation and pre-electrolysis potentials of —0.300 V
applied for 80 scc in 0.5M hydrochloric acid; it
extends from zero to 6 ug/ml bismuth concentration
(t =23 sec, L, =5 uA). The effect of the accumu-
lation time on the bismuth transition time was stud-
ied both for an accumulation potential of —0.300 V
and for the working electrode disconnected from the
potentiostat, with 1 pg of Bi per ml in 0.5M hydro-
chloric acid. under the same conditions as above. The
effect of pre-electrolysis time at —0.300 V on the
bismuth transition time was examined. for an accu-
mulation time of 80 sec with the working clectrode
disconnected (0.5M hydrochloric acid, Bi 5 pg/ml).
The three dependences are given in Fig. 2 and
indicate that diffusion of bismuth through the TOPO
film is the limiting lactor in the overall process (see
also the earlicr paper'), and that migration transport
is insignificant at an clectrode potential of —0.300 V.
The dependence of the bismuth transition time on the
accumulation and pre-clectrolysis potential (Fig. 3)
then shows that solvate migration is insignificant
even at higher electrode potentials.

Therefore, the optimal conditions for the deter-
mination of bismuth can be summarized as follows:
(1) the accumulation of bismuth is best done with the
TOPO-MFE disconnected from the potentiostat, as
the bismuth transport through the TOPO film is
virtually unaffected by the electrode potential and in
this way the highest selectivity of determination is
attained: (2) the determination is then donc after
replacement of the sample solution by a pure base
electrolyte, into which bismuth is not back-extracted
from the TOPO film; (3) stripping of the elements
from the TOPO film after the determination is best

T {sec)
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o] 100 200 300 400 500
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Fig. 2. Effect of accumulation time and TOPO-MFE
potential on the transition time of bismuth in the GSA
determination in 0.5M HCI. Accumulation: (1) Cy =1
ug/ml, electrode potential —0.300 V. (2) Cy =1 pg/ml,
disconnected working electrode. (3) Cy, =S pg/ml, discon-
nected working electrode. GSA determination: £, = —0.300
V, L =5 uA. (1) Cy =1 pg/ml, 1, =80 sec. (2) Cy; =0,
1, =80 sec. (3) Cy;=0.
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Fig. 3. Effect of TOPO-MFE potential on the transition

time in the GSA determination of bismuth in 0.5M HCL

Accumulation: Cy =1 pg/ml, E,. = E_, 1, = 80 sec. GSA
determination: Cy, =1 pug/mi, ¢, =80 sec, [, =5 puA.

done with acid solutions without electrode polar-
ization, to stabilize the distribution of H* and A~
ions in the TOPO film and avoid large changes in the
TOPO-MFE activity.

Determination of bismuth, and interferences from tin
and zinc

On the basis of the results above, bismuth was
determined as follows. The TOPO-MFE was soaked
for 15 min in 3M sulphuric acid before the first
measurement. Bismuth was then accumulated for 80
sec from a stirred solution of 0.5M hydrochloric
acid/0.4M phosphoric acid containing 5 ug of Bi per
ml, with the TOPO-MFE disconnected from the
potentiostat; the electrode was then rinsed twice with
water and the galvanostatic stripping determination
was done with pure 0.5M hydrochloric acid. After the
measurement, bismuth was back-extracted from the
electrode by an 80-sec immersion in stirred 3M
sulphuric acid. The dependence of the TOPO-MFE
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Fig. 4. Activity of the TOPO-MFE in the GSA

determination of bismuth in a solution of 0.5M HCl + 0.4M
H,PO,, the first day (O) and the second day (@) after
preparation of the TOPO-MFE. Accumulation: 0.5M
HCl + 0.4M H,PO,. Cy =5 pg/ml, disconnected electrode,
accumulation time. 80 sec. GSA determination: after
accumulation the TOPO-MFE was rinsed twice with water
and then Bi was determined in 0.5M HCl. £,= —0.300 V,
1, =40 sec, [ =5 pA.

activity on the number of determinations is ilustrated
in Fig. 4. The average transition time for the bismuth
stripping was T; = 19.0 sec during the first day (with
a standard deviation of +0.5 sec, n=12) and
Tg =154 sec during the second day of use
(S.D. = +0.9 sec, n = 5). These results represent only
a rough estimate of the stability of the TOPO-MFE
response, as different analyses were done with the
electrode between these measurements. However, it is
generally to be expected that the first determination
will always yield an outlying result. The greatest
changes in the TOPO-MFE activity were observed
on polarization of the electrode at potentials of
anodic mercury dissolution (see Lexa and Stulik,’
formation of the mercury salt solvates).

The presence of phosphoric acid in the base elec-
trolyte suppresses the accumulation of tin(IV) in the
TOPO film, and back-extraction of the bismuth
accumulated from this solution amounts to only
about 15% during washing with the first two portions

of water; on further washing, no additional back-
extraction of bismuth is observed.

Calibration curves for 0.5-5.0 ug of Bi per ml were
obtained by GSA by the following procedure. (1)
Accumulation of bismuth for 80 sec from bismuth
solution in 0.5M hydrochloric acid/0.4M phosphoric
acid, with the TOPO-MFE disconnected from thc
potentiostat, (2) Rinsing with water and pre-
electrolysis of bismuth in pure 0.5M hydrochloric
acid/0.4M phosphoric acid (E,= —0.300 V, ¢, =40
seC, Iy =35 uA). (3) Electrode regeneration in
stirred 3M sulphuric acid for 80 sec.

For the sake of comparison, calibration curves
were also obtained by direct-current anodic-stripping
voltammetry (DCASV) and differential-pulse anodic-
stripping voltammetry (DPASV) under the same
conditions, except for the times of accumulation and
the electrode regeneration, which were 200 sec. The
potential scan-rate was 10 mV/sec for DCASV and 5
mV/sec for DPASV; the pulse amplitude and fre-
quency in DPASV were —12.5 mV and 1 sec. The
methods of DCASV and DPASV are more sensitive
than GSA and thus the respective bismuth concen-
tration ranges were 0.05-0.6 and 0.005-0.08 pg/ml.
The characteristics of the calibration curves are sum-
marized in Table 2. Back-extraction of bismuth by
200-sec immersion in 3M sulphuric acid at very low
concentrations is not complete and two regeneration
steps arc required to suppress the electrode memory
effect. As follows from Table 2, DCASV and
especially DPASV should be used when very low
concentrations of bismuth are to be determined.
However, for common applications the sensitivity of
GSA suffices, with the advantages of improved sclect-
tvity and the possibility of working with solutions
that are not deaerated. (Solution deaeration is by far
the longest stage of the whole determination).

The selectivity of the GSA determination of
bismuth with respect to tin and zinc was studied with
2 ug of Bi per mi, 80-sec accumulation from 0.5M
hydrochloric acid (disconnected electrode) and strip-
ping step with pure 0.5 hydrochloric acid (no
rinsing with water) at E, = —0.300 V, ¢, = 40 sec and
I.i» =5 pA. The electrode was regenerated for 80 sec

strip
in stirred 3M sulphuric acid. The results are given in

Table 2. Regression calibration straight lines, 1t = b Cg, +a (GSAYand =6 Cy +a
(DCASV and DPASV); « = 0.05

Limit of
determination,

Method ] b X s, at st r ugimi
GSA 6 3.671£025 03405 0.999 0.08

sec.pg '.ml sec
DCASV 6 19.7 £ 0.5 03403 0.999 0.01

uA . pgt.ml HA
DPASV 7 132+ 18 ~-03+08 0.994 0.001

uA . pg~' ml HA

n = number of determinations, s,,

s, =S.D. estimates, r, = Student’s coefficient,

r = correlation coefficient; limit of determination was obtained as three times the

S.D. value.
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Table 3. Selectivity of the GSA determination of bismuth with the TOPO-MFE

Interfering Bi recovery.
Solution ion, M" Cp/Cyi Yo
0.5M HCI Zn** 1 99
5 102
23 97
125 85
Sn** 1 94
5 66
10 50
0.5M HCI + 0.1M citric acid 10 40
0.5M HCl + 0.5M citric acid 10 49
0.5M HCl +0.4M H,PO, 10 98
100 4
0.5M HCl +2M H,PO, 10 102
50 88*
100 56*

*GSA determination in a solution of 0.5M HCl + 0.4M H,PO,. after solution

exchange.

Table 3. from which it follows that when 0.5M
hydrochloric acid is used as the base electrolyte in the
accumulation step. interference by zinc begins at a
zinc-to-bismuth weight ratio greater than 25, but
tun(1V) interferes cven at the same concentration as
that of bismuth. In the presence of phosphoric acid
in the base electrolyte, however, tin(IV) is partially
masked and a tenfold ratio to bismuth can be toler-
ated: 0.4M phosphoric acid does not affect the accu-
mulation of bismuth and may also mask some other
cations, especially those with higher oxidation num-
bers. In the presence of large amounts of tin(IV) and
zinc. the recovery of bismuth i1s low and the
TOPO-MFE activity gradually decreases. Never-
theless, bismuth can still be determined (see Table 4),
but the standard-addition method must be used.
The GSA method of determination of bismuth was
applied to analyses of pure copper and copper alloys.
Procedure. To 0.1 g of sample in a 50-ml beaker
covered with a watch-glass add 1.0 ml of hydrochloric
acid (1 + 1) and | ml of 30% hydrogen peroxide.
Allow the sample to dissolve, rinse the beaker walls
with c¢. 7 ml of water, add 0.1 ml of 1M iron(II)
sulphate and boil briefly to destroy the peroxide
completely. Add 0.5 ml of phosphoric acid (1 + 1) (or

2.5 ml for samples containing high concentrations of
tin), transfer the solution to a 10-ml standard flask
and dilute with water to the mark. Transfer the
solution to the electrolysis cell and accumulate bis-
muth for 80 sec with the TOPO-MFE disconnected
from the potentiostat. Wash the TOPO-MFE with
water and replace the test solution with pure 0.5M
hydrochloric acid and perform a 40-sec pre-
electrolysis at a potential of —0.300 V. Then strip the
deposit galvanostatically at a stripping current of
5 uA and measure the transition time. Obtain the
bismuth concentration from a calibration curve, or,
in the presence of large amounts of tin and zinc, by
the standard-addition method. Before the next mea-
surement, regenerate the TOPO-MFE by immersion
in a stirred solution of 3M sulphuric acid for 80 sec.

For analyses of pure copper, with a bismuth
content of less than 1 ppm, to which various amounts
of bismuth were added, the calibration regression
straight line, 7 (sec) = ¢ (176 + 5) (sec/%) + (0.2 +
0.1) (sec), was obtained, with a correlation coefficient
of 0.998 and a detection limit of 0.002% Bi in Cu
(three times the standard deviation; n = 6).

The precision and accuracy of the method were
tested by analyses of standard copper alloys and by

Table 4. Accuracy and precision of the GSA determination of bismuth in copper alloys

Contents of other metals, %

Bi content found, %

Certified T —— —— -
Standard Bi content, GSA
material % Sn Zn Sb Ag AAS* HAAST n L, -8
Skoda No. 1 0.009 0.01 0.01 0.006 0.005 0.005 4 0.0046 + 5.0005
Skoda No. 2 — 0.014 0.01 0.01 0.008 0.007 0.007 S 0.0070 + 0.0008
Skoda No. 3 — 0.02 0.02 0.02 0.01 0.011 0.01! 5 0.0108 + 0.0006
Skoda No. 4 e 0.03 0.02 0.03 0.02 0.015 — 4 0.014 +0.001
Skoda No. 5 - 0.05 0.02 0.05 0.01 0.022 — 4 0.022 + 0.001
Skoda No. 6 - 0.08 0.02 0.08 0.01 0.040 — 3 0.041 + 0.002
CKD 319 0.045 6.6 23 0.25 — _— — 4 0.043 +0.008
CKD 322 0.02 13.5 0.5 0.03 — — — 4 0.014 + 0.005

*After separation and preconcentration of bismuth by co-precipitation with lanthanum hydroxide.

tAAS with hydride generation.’

§Ly, =X +51,//n: n = number of determinations; x = 0.05.
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comparison of the results with those obtained by
AAS.” The results are summarized in Table 4, from
which it can be seen that the GSA method yields
results that are in good agreement with those
obtained by AAS and with the certified bismuth
contents. Hence, the method can be used for a simple,
direct. rapid and reliable determination of bismuth in
copper alloys, at bismuth contents from 0.002 to
0.5%. To determine lower contents of bismuth,
DPASYV should be used, but the calibration curve
ceases to be linear below 0.001% Bi, owing to
interference [rom the copper.
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PHOSPHORESCENCE CHARACTERISTICS OF
ACETOPHENONE, BENZOPHENONE,
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Summary—The phosphorescence characteristics (excitation and emission spectra and lifetimes) of
acetophenone (AP), benzophenone (BP), p-aminobenzophenone (PABP) and Michler’s ketone (MK)
adsorbed on Whatman No. 1 filter paper were measured at various temperatures, and compared with the
phosphorescence characteristics in different solvent glasses at 77 K. Both AP and BP phosphoresce on
filter paper only at low temperature (208 K). The phosphorescence lifetimes of AP and BP are <1 msec,
indicating a *(n, n*) lower triplet level for paper substrates. With PABP, the low lying triplet state in polar
solvents is (CT) and in non-polar solvents is *(n, n*); PABP on filter paper results in spectral
characteristics similar to those of PABP in polar solvents at 77 K. The lifetime of PABP is longer than
that of BP, indicating a 3(CT) low-lying triplet state. MK, like PABP, has strongly environment-dependent
photophysical properties. MK, when adsorbed on filter paper, has an intense long-lived luminescence at
room temperature, resulting in a limit of detection of 3 ng/ml or 3 pg, and a linear dynamic range of over
3 orders of magnitude. MK appears to be strongly hydrogen-bonded to the filter paper. In studies in
ethanol and other solvents, MK adsorbed on filter paper shows a dramatic change in its phosphorescence
spectrum when the temperature is lowered from 298 K to 208 K; the phosphorescence peak moves to
longer wavelengths and the intensity decreases. The temperature effect could arise from the presence of
several conformers of MK or be due to different environmental sites or E-type delayed fluorescence. The
low-lying triplet state of MK on filter paper is most likely a (CT) state. Lowering the temperature appears
to increase the phosphorescence intensity for ketones which phosphoresce in the *(n, n*) triplet state, but
affects it only slightly for analytes which phosphoresce in the *(rn, n*) triplet state. Room-temperature
phosphorescence seems to arise for aromatic ketones and aldehydes with low-lying 3(r, n*) or (CT) triplet
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states.

In recent years, room-temperature phosphorescence
(RTP) has become a useful analytical technique.! It
is suggested that to restrict the radiationless deacti-
vation processes of the first excited triplet state, the
phosphor should be held rigidly on the substrate.’
The studies by Schulman and Walling” and later by
Wellons e al® demonstrated that aromatic ionic
compounds exhibit strong RTP. On the other hand,
non-ionic forms of the same compounds do not
phosphoresce at room temperature when adsorbed
on filter paper. These observations show the im-
portant role of dipole-dipole interactions between the
phosphor and the substrate. Schulman and Parker’
suggested that hydrogen-bonding of the phosphor to
the substrate is also very important for minimizing
the non-radiative deactivations of the excited triplet
state. Dalterio and Hurtubise'® have recently used
several spectroscopic techniques to study the inter-
actions of aromatic hydrocarbons and hydroxy com-
pounds with several solid supports. They have also
shown that there are hydrogen-bonding interactions

*Rescarch supported by NIH-GM-11373-21.

+On leave from Institute of Chemistry, Tel-Aviv University,
Tel-Aviv, Israel.

§Author to whom correspondence should be addressed.
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between the phosphors and the substrates. RTP has
been observed from non-polar polynuclear aromatic
compounds in the presence of heavy atoms. It has
been suggested'' that the heavy atom forms a
n-complex with the analyte, thus increasing the inter-
actions between the phosphor and the support. In
view of the importance of the interactions and our
previous studies'> on RTP of aromatic ketones and
aldehydes, we decided to study the nature of the
interactions between several of these compounds and
filter paper.

The absorption spectra of aromatic ketones are
characterized by two types of electronic transitions:
(i) a weak '(n,n*) absorption band, (ii) a high-
intensity '(m, n*) absorption band. Polar solvents
have stronger hydrogen bonding and dipole—dipole
interactions with the '(n, n*) ground-state than with
the '(n, m*) excited state. Therefore, the energy gap
between the two states increases, producing a blue
shift of this band. For the !(n, n*) transitions, it has
been suggested' that the excited state is more polar
than the ground-state. Therefore, the excited state is
stabilized to a greater extent than the ground-state,
and the '(n, n*) transitions are red-shifted with in-
crease in the polarity and hydrogen-bonding capabil-
ity of the solvent.'
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These carbonyl compounds may be classified into
three groups: (i) compounds which have a low-lying
}n, m*) state in polar and non-polar solvents; (i)
ketones which have a low-lying *(n, *) state in
non-polar solvents, but a low-lying *(r, n*) state in
polar media; (#ii) ketones which have a low-lying
3(m, m*) state in all solvents. These characteristics
affect the photochemical reactivity of aromatic carbo-
nyls. Ketones with a low-lying *(n, n*) state abstract
hydrogen from the solvent in a highly efficient photo-
chemical reaction. For a (n, n*) excited state, the
carbonyl oxygen atom is electron-deficient, and the
excitation energy is localized on the carbonyl group.
On the other hand, ketones with low-lying 3(r, *)
states are less reactive in hydrogen-abstraction reac-
tions, since the excitation energy is partially de-
localized into the aromatic m-system.'’

In singlet-excited aryl ketones having strong
electron-donating groups, charge is transferred from
the substituent to the carbonyl group, producing a
charge-transfer excited state '(CT). These ketones
belong to the highly polar D-Ar-A (D = donor,
Ar = aryl, and A = acceptor) class of compounds, for
which the characteristics of the absorption spectra are
strongly dependent on the polarity of the solvent.'

As mentioned before, the nature of the lowest
triplet state in some aromatic ketones is solvent-
dependent. In non-polar solvents, such as cyclo-
hexane, the lowest triplet has the *(n,n*) con-
figuration, and in polar solvents, such as alcohols,
the lowest triplet has the 3(n,n*) or CT)
configuration. In this work, we determined the
configuration of the lowest triplet (and for PABP and
MK, also the lowest singlet) of aromatic ketones
adsorbed on filter paper. This gave a closer insight
into the nature of the interactions between the paper
substrate and the analyte in solid-surface lumi-
nescence.

EXPERIMENTAL

The instrumental system and experimental conditions,
except for those detailed below, have already been de-
scribed.

Meuasurements in solvent matrices at liquid-nitrogen tem-
perature were performed with the Perkin-Elmer LS-5 lumi-
nescence spectrometer equipped with the low-temperature
luminescence accessory. Ultraviolet absorption spectra were
obtained with a Hewlett-Packard 8450A diode-array spec-
trophotometer. Reflectance spectra were obtained with a
Perkin-Elmer Lambda-3B specirophotometer equipped
with an integrating sphere attachment. Spectra were plotted
with a Hewlett—Packard 7470A plotter.

Materials

All aromatic ketones used in the study were of analytical
grade (Fluka) and recrystallized several times from ethanol
(used as received). Whatman No. [ filter paper was used for
all solid-surface measurements.

RESULTS AND DISCUSSION

Acetophenone and benzophenone

Acectophenone (AP) and benzophenone (BP) are
often used as triplet sensitizers because of their

high-¢fficiency triplet yields (quantum yield of inter-
system crossing, @, =~ 1). In addition, the phos-
phorescence quantum yields of AP and BP are also
relatively high (@, > 0.7). It has been found" that in
an ethanolic glass both AP and BP phosphoresce in
the 3(n, n*) triplet state. The phosphorescence life-
times originating from the *(n, n*) state at 77K are
usually in the msec range, whereas the phos-
phorescence lifetimes from the *(m, n*) state are
10-1000 times as long. Hence the phosphorescence
lifetime of the analyte adsorbed on filter paper should
indicate the electronic configuration of the emitting
triplet.

Phosphorescence is sometimes observed from the
3(n, n*) state, in fluid solutions at room temperature.
On the other hand, phosphorescence from the
*(m, n*) state is rarely observed'® unless special care is
taken to exclude oxygen and other triplet quenchers.
It is also possible to observe phosphorescence origi-
nating from a 3(m, n*) state in the presence of heavy
atoms and surfactants."

Thus, AP and BP should be ideal compounds for
room-temperature phosphorimetry. However, we
have found!? that aromatic ketones having a low-
lying 3(n, n*) state generally give very poor RTP
signals. For example, using a spectrofluorimeter
equipped with a mechanical chopper, we were unable
to distinguish an RTP signal from the background
emission for BP and AP, even when relatively concen-
trated ketone solutions were used. The reason for this
is probably not only the intrinsically short phos-
phorescence lifetime of the *(n, =*) state, but also the
non-rigid nature of the molecule in this state com-
pared to that of molecules in a *(r, n*) state.

The spectrofluorimeter used in this study was the
Perkin—Elmer LS-5, which is equipped with a
flash-lamp and an electronic gating system which
allow use of short delay times, such as 0,05 msec.!* To
obtain high ratio of analyte-to-background phos-
phorescence, very short delay times (0.05-0.1 msec)
and short gate times (0.3—1 msec) were chosen. How-
ever, even under those fairly optimal conditions,
relatively concentrated AP (6.25 mg/ml at room
temperature, and 0.625 mg/ml at 208 K) and BP
(240 pg/ml at room temperature, and 24 pg/ml at
208 K) solutions were needed. Furthermore, to ob-
tain phosphorescence signals with good signal-to-
noise ratios from AP and BP adsorbed on Whatman
No. 1 filter paper, the phosphorescence spectra and
lifetimes were measured’® at 208 K (Figs. 1 and 2).

In Table 1, the phosphorescence lifetimes of AP
and BP in various matrices are given. The phos-
phorescence lifetime of BP adsorbed on filter paper is
about one order of magnitude smaller than in solvent
glasses. This is expected because of the difference in
the temperature at which the measurements were
performed. Similarly the phosphorescence lifetime of
AP adsorbed on filter paper is one order of mag-
nitude smaller than its lifetime in EPA (5:5:2 v/v
diethyl ether:isopentane:ethanol). We may thus con-



Phosphorescence characteristics in various environments 19

Relative intensity

anC

400

Sou S3alv] [

Wavelength {(nm)
Fig. 1. Emission spectra of benzophenone adsorbed on Whatman No. 1 filter paper at various
temperatures: 1, 20°C: 2, 0°C; 3, —20°C; 4, —40°C; 5, —65°C. The spectra demonstrate the relative
intensities at the various temperatures.
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Fig. 2. Excitation and emission spectra of acetophenone adsorbed on Whatman No. 1 filter paper: 1.
emission spectra at 25°C; 2, excitation and emission at —65°C. The spectra show the relative intensities.

clude that, when adsorbed on filter paper both AP
and BP phosphoresce in the *(n, n*) state, as in
alcohol glasses, in contrast to the situation in acidic
ethanol glass and methylcyclohexane-silica gel glass.
Tt has been found'*?® that in these glasses the AP
phosphorescence lifetime is considerably longer, indi-
cating that the lowest triplet is the *(m, n*) state.
The phosphorescence spectra of AP and BP ad-
sorbed on filter paper are relatively structured, es-
pecially at 208 K, compared to those in acidic ethanol

glass (Figs. 1 and 2). The vibrational patterns which
correspond to the carbonyl vibrational levels in the
ground state are easily observed; such vibrational
patterns are typical for phosphorescence emitted
from a 3(n, n*) state.'*

p-Aminobenzophenone

It has been suggested® that for acetophenonc in
ethanol solution the energy gap between T, (2, m*)
and 7T, 3(m, n*) becomes rather small. Hence, if the

Table [. Phosphorescence lifetimes of acetophenone and benzo-
phenone in various matrices

Compound Solvent/Substrate  Temperature, K 1,, msec
Acetophenone EPA 77 8
Acetophenone MCH + silica gel 77 550°
Acetophenone EtOH + HCl 77 350°
Acetophenone Whatman No. 1 208 0.8 4+ 0.04¢
Benzophenone Cyclohexane 77 5.1°
Benzophenone iPrOH 77 5.4°
Benzophenone Whatman No. | 208 0.5 +0.05

“Data taken from Lamola.?

Data taken from Porter and Suppan.?

“Measured with Obey-Decay program.
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energy of the 3(w, n*) state is lowered, the relative
order of these two triplet states might be reversed.
This might be achieved by substituting an electron-
donating group, e.g., an amino or dimethylamino
group, para to the carbonyl group." Several
researchers’? have postulated that this is the situ-
ation for p-aminobenzophenone (PABP); the low-
lying triplet state in a polar protic solvent, such as
2-propanol or ethanol, is the *CT) state, and the
low-lying triplet state in non-polar solvents, such as
cyclohexane, is the }(n, n*) state. Moreover, PABP is
a D-Ar—A compound and its spectral emission prop-
erties change considerably with the polarity and
hydrogen-bonding capability of the solvent or the
substrate.’*%

From the data given in Table 2, it is clear that there
are hydrogen-bonding interactions between the filter
paper and PABP. Thus, the reflectance spectrum and
the RTP excitation spectrum of PABP adsorbed on
filter paper are very similar to the ultraviolet absorp-
tion spectrum of PABP in ethanol at room tem-
perature. These absorption bands are considerably
red-shifted compared to the corresponding bands in
ether and cyclohexane solutions, indicating that the
first excited singlet of PABP adsorbed on filter paper
is the (CT) state. The phosphorescence emission
spectrum of PABP in ethanol glass at 77K is also
similar to that of PAPB on filter paper at room
temperature, and in both spectra the emission peak is
red-shifted compared to the emission bands in diethyl
ether and cyclohexane medium.

Table 2. Spectroscopic data for p-aminobenzophenone

Absorption Phosphorescence
Solvent Amaxs 1 Aex, NI Ao > NI
Cyclohexane 303° — 425>
Ether 238, 317¢ - 454, 484°
Ethanol 244, 3354 253, 3544 4844
Whatman No. 1 248, 33647 248, 336¢ 4854

*Measured at room temperature.

®Data taken from Porter and Suppan.?!

‘Data taken from Porter and Suppan® or Davidson and
Sauthanam.?

This work.

*Data from Davidson and Sauthanam.?

fReflectance spectrum.

The phosphorescence excitation spectrum in eth-
anol at 77K is red-shifted compared to the room-
temperature excitation spectrum of PABP adsorbed
on Whatman No. 1 filter paper. This is a rather rare
situation, since usually*® the RTP spectra are red-
shifted compared to those obtained at low tem-
perature. This red-shift may be attributed to the
enhanced hydrogen-bonding and dipole—dipole inter-
actions at low temperatures.'#**%

The RTP spectrum of PABP does not exhibit
vibrational structure, and in this sense i1s very similar
to the phosphorescence spectrum of PABP in ethanol
glass at 77 K. On the other hand, the phos-
phorescence spectrum of PABP in the aprotic ether
glass is relatively structured.” All these observations
indicate that there are strong hydrogen-bonding
interactions between the paper and the absorbed
PABP molecules.

The phosphorescence lifetime of PABP at 298 K
(Table 3) is about 40 times that at 208 K of benzo-
phenone adsorbed on filter paper. In our opinion, this
indicates that the RTP must originate from a *(CT)
triplet state rather than from a *(n, n*) state. We have
found that at room temperature PABP phos-
phoresces rather poorly. These results indicate that in
ethanol solutions at room temperature the PABP
triplet is not highly populated.?** In ethanol glass,
PABP phosphoresces with relatively low efficiency,
whereas in cyclohexane solution at room temperature
the PABP triplet is quite ecfficiently formed
($,.=0.3)."

Michler’s ketone

The photophysical and photochemical properties
of Michler’s ketone [4,4’-bis(dimethylaminobenzo-
phenone)] (MK) have been very extensively stud-
ied.#73 MK is widely used as a triplet sensitizer
in many photochemical reactions, owing to its high
triplet yield. However, like PABP, its photoreactivity
and photophysical properties are strongly solvent-
dependent.?® In non-polar solvents, e.g., cyclo-
hexane, MK is very photoreactive, and the quan-
tum yield of intersystem crossing is very high
(@, = 0.91). On the other hand, in ethanol solutions,
MK is unreactive and the quantum efficiency of
triplet formation is very low (@, = 0.08). This has
been attributed”®?® to the fact that in non-polar

Table 3. Phosphorescence lifetimes of PABP and MK on Whatman
No. 1 filter paper

Compound Temperature, °C x> NI Aem» R T,," msec
PABP 25 340 485 19.4+0.9
PABP 25 340 485 2.14° 4+ 0.15
MK 25 390 465 8.2+0.26
MK 25 390 465 1.84" + 0.04
MK —65 390 510 36.5+3.6

*Measured on at least 4 different samples by using Obey-Decay
program (correlation coefficient > 0.99).
"The short lifetimes were obtained while using delay times shorter than

1 msec.
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Table 4. Spectral properties* of MR in various matrices at different temperatures

Absorption Phosphorescence
Solvent/Substrate g A Fogs IR o 1IN T, 80¢
Hydrocarbon (303 K) 3300 330° 433, 462"
3540 440, 470"
Methyl THF (303 K) 345¢ 370¢ 455¢ 0.09°
400¢ 471 0.55¢
Diethyl ether (303 K) 242.338¢
Ethanol (303 K) 245, 366. (388 at 95 K) 390¢ 475.504¢ 0.2, 0.14"
420¢ 500. 520sh 0.4+, 0.28"
Whatman No. 1 (303 K) 249, 3729« 3924 465¢
410¢ 467¢
Whatman No. 1 (208 K) 390¢ 5109
410¢ 5200
Whatman No. [ (77 K)* 380! 505¢
42041 S5

*The underlined wavelengths indicate pcak maxima.

®Data from Groenen and Koelman.***

‘Data from Klopfler.”
“This work.
‘Reflectance spectrum.

‘Obtained with Perkin-Elmer MBF-44B spectrophotofluorimeter.

solvents the reactive *(n, 7*) is the lowest triplet state,
whereas in polar protic solvents the unreactive Y(CT)
is the low-lying triplet state.

In addition. MK exhibits unique photophysical
features in solvent glasses at 77 K. ** namely. the
phosphorescence emission spectra and decay times
depend on the wavelength of excitation. These rather
peculiar characteristics encouraged us to study the
photophysical properties of MK adsorbed on What-
man No. 1 filter paper.

Spectral properties. MK shows a very intense long-
lived luminescence at room temperature when ad-
sorbed on Whatman No. 1 filter paper and the

Relative intensity

| 1

detection limit is 3 ng;ml (absolute limit 3 pg. lincar
dynamic range >3 orders of magnitude).

Table 4 revcals that the absorption maxima of MK
adsorbed on filter paper occur at longer wavelengths
than for MK in other media, indicating that MK has
strong hydrogen-bonding interactions with paper at
room temperaturc. The phosphorescence cxcitation
spectra of ML on paper at room temperaturc and in
ethanol glass at 77 K are similar. and are red-shifted
compared to the spectra in aprotic glasses. The
emission spectra of MK in ethanol glass and on paper
at 303, 208 and 77 K (Figs. 3-6) arc also similar, and
structureless, in contrast to the structured spectra of

1 L

250 300

350 400

Wavelength (nm)
Fig. 3. Excitation spectra of MK adsorbed on Whatman No. | flter paper. measured at various
temperatures: 1, 25 C; 2, —12 C; 3, —50 C: 4, —65 C. The spectra show that upon cooling. the peak
at 392 nm decreases while the peak at 235 nm increases.
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Fig. 4. The effect of lowering the temperature for MK adsorbed on Whatman No. 1 filter paper, emission
spectra: 1, 71°C; 2, 36°C; 3, —9°C, 4, —65°C.

MK in alkane glass.** Moreover, in hydrocarbon
glass, where its lowest excited singlet is the '(n, n*)
state, MK gives no fluorescence. On the other hand,
MK in ethanol glass and on filter paper at 77K
exhibits both fluorescence and phosphorescence.
These observations indicate that the lowest excited
singlet of MK absorbed on filter paper, as in ethanol
glass, is the '(CT) state. Interestingly the phos-
phorescence excitation peak of MK on filter paper at
room temperature is red-shifted compared to the
peak obtained in the reflectance spectrum (Table 4).
This is in contrast to our observations for PABP
(Table 2), in which the reflectance spectrum and the
phosphorescence excitation spectrum are identical.

Relative intensity

Temperature effects. Unlike the case for MK in
solvent glasses at 77 K,** and in ethanol solutions
at room temperature,’** the emission spectrum of
MK on filter paper at room temperature does not
change when the excitation wavelength is varied,
though the emission peak shifts siightly with change
in excitation wavelength at 208 and 77 K (Table 4).
However, a dramatic change in the phosphorescence
spectra of MK on filter paper is observed on lowering
the temperature (Figs. 3 and 4). When our Dewar
sample-holder (described in detail elsewhere'®) was
used two major changes occurred: (/) the phos-
phorescence emission peak moved toward longer
wavelengths; (i) the intensity decreased considerably

] !

250 300

350 400 450

Wavelength (nm)

Fig. 5. Excitation spectra of MK in ethanolic glass at 80 K: l—scanned with 4, set at 475nm

(peak—389 nm); 2—scanned with 4., set at 540 nm (peak—390 nm); 3—scanned with %

set at 450 nm

2m

(peak—363 nm).
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Fig. 6. Emission spectra of MK in ethanolic glass at 80 K: 1—excitation at 390 nm (peaks—475 and
504 nm); 2-—excitation at 420 nm (peak—>500 nm). The intensity of spectrum 1 is 20 times that of spectrum
2. On excitation at 420 nm conformer B dominates the emission spectra.*

as the peak shifted to the red. Usually, lowering the
temperature induces a blue-shift*®'® of the phos-
phorescence excitation spectrum and especially of the
emission spectrum. This trend is indeed observed for
most of the compounds shown in Tables 5 and 6. On
the other hand, for MK only, the excitation peak is
blue-shifted, but the emission peak is considerably
red-shifted. This red-shift cannot be attributed to the
change in background emission, since the phos-
phorescence of Whatman No. 1 filter paper is blue-

shifted on cooling (Table 5). In addition, it was found
that when the temperature is lowered, the intensity of
the excitation peak at 392 nm decreases but the
intensity at 235 nm increases (Fig. 3). Here, the
enhancement in the short wavelength region is due to
the enhanced background emission which occurs on
cooling the filter paper.

Two main explanations have been given for the
dependence of the MK emission spectra on the
excitation wavelength (Figs. 5 and 6). (i) There are

Table 5. Spectral properties of MK on Whatman No. 1 filter paper at various
temperatures

Phosphorescence (relative intensity)

Sample Temperature, “°C Aexs R Aems RI
MK 70 235,393 462 (100)
MK 25 234,392 465 (103)
MK — 65 234,390 515(50)
Whatman No. 1 70 237,255 501
Whatman No. 25 237,255 480
Whatman No. 1 —65 237,252 450

Table 6. Spectral properties of aromatic carbonyls adsorbed on Whatman No. 1 filter paper at room temperature and at
low temperature (—65°C)

RTP LTP
Iure Type of

Compound Aes I Aems I Aexs N1 demsnm [ triplet, T,
Acetophenone 247,260sh  400sh, 418, 440sh 247,287 394.418, 443 20 n,n*
Benzophenone 265 425sh, 447, 470sh 265 417, 445, 470sh 20 n,n*
MK 392 465 390 510 0.5 7, x* (CT)
PAAP® 320 472 320 470 1.2 n,n* (CT)
6-Chrysenecarboxylic* 278 525, 558sh 278 522, 558sh 1.3 n,n* (CT)

acid

*The underlined wavelengths were used for excitation or emission.

®Data from Scharf and Winefordner.”
‘Data from Scharf et al.'®
°CT = charge-transfer.

TAL. 331—C
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several species of MK molecules in discrete solvent
micro-environments. In solid glasses, MK can exhibit
single or multiple hydrogen bonds or none at all, each
species displaying different spectral characteristics.?’
(i) There are two MK conformers, A and B, which
have slightly different excitation and emission spec-
tra.** If hydrogen bonding is the reason for the
variations, at various temperatures, in the spectral
features of MK adsorbed on filter paper, then since
hydrogen-bonding interactions are stronger at lower
temperatures’*?” the spectrum of highly hydrogen-
bonded MK molecules should be red-shifted,”” and
have relatively low phosphorescence yields because of
the smaller intersystem crossing rate of this species.”
On the other hand, we can also relate these obser-
vations to the formation of another MK conformer
which has a relatively low phosphorescence efficiency.
Thus, at room temperature, conformer A, which is
highly phosphorescent, predominates in the phos-
phorescence spectra. Upon cooling, conformer B,
which phosphoresces rather poorly at longer wave-
lengths, becomes the favoured conformer (Fig. 6).
This also explains why the phosphorescence of MK
changes only slightly at temperatures above 298 K
(Fig. 4), since conformer A is already dominant at
room temperature. A further possible explanation for
the changes occurring on cooling MK samples on
filter paper is that the long-lived luminescence ob-
served at room temperature is composed of both
E-type delayed fluorescence and phosphorescence.
The E-type delayed fluorescence, which arises by
thermal repopulation of the singlet excited state from
the triplet,® eventually decreases on cooling.

E-type delayed fluorescence has been observed at
room temperature for several organic compounds
adsorbed on filter paper.'!*** In these compounds,
the energy gap between S, and 7, is usually smaller
than 10 kcal/mole.”¢ The energy gap for MK in
ethanol glass at 77 K is 6.9-8.9 kcal/mole (the energy
gap changes with the excitation wavelength). This
gap is probably smaller at room temperature, since
the fluorescence in ethanol at room temperature
occurs at 450 nm, compared to 410 nm (4., = 390 nm)
at 77 K. This might also be the reason why separated
peaks for the fluorescence and phosphorescence were
not observed for MK on filter paper at room tem-
perature.

Similarly, E-type delayed fluorescence and phos-
phorescence have been observed for benzophenone
(BP) in fluid solutions,” and in polymer matrices™ at
room temperature. Like that of BP* the intensity of
the delayed fluorescence of MK does not increase
when the paper is heated from 298 to 343 K (Fig. 4
and Table 5).

Phosphorescence lifetimes. In Tables 3 and 4, the
phosphorescence lifetimes of MK in various matrices
at different temperatures are given. The RTP lifetime
of MK is rather short compared to the lifetimes
measured in solvent glasses at 77 K. However, the
phosphorescence lifetime increases considerably (by a

factor of 4) on cooling to 208 K. This rather large
difference’®” in MK phosphorescence lifetimes at
room temperature and at 208 K might indicate that
these lifetimes correspond to two different species.

Nakagaki et a/.*® found that in compounds having
D-Ar-A structure, increasing the electron-donating
capability of the donor group increases the spin—orbit
coupling in the molecule, and decreases the
singlet-triplet  splitting. Therefore, the phos-
phorescence lifetimes of these molecules become
shorter. This might explain why the RTP lifetime of
MK is shorter than the lifetime of PABP. In addition,
the lifetime of MK at 208 K is about two orders of
magnitude longer than the lifetime of benzophenone
at the same temperature. This indicates that for these
conditions, MK phosphoresces in a *(CT) state rather
than a 3(n, n*) state.

CONCLUDING REMARKS

Temperature effects

We have shown that in several cases the phos-
phorescence intensity increases quite strongly when
the temperature is lowered. On the other hand, the
phosphorescence intensity of MK decreases when the
temperature is lowered. These observations indicate
that changing the temperature can extend the ver-
satility and selectivity of analytical solid-surface lum-
inescence. Moreover, from the data given in Table 6,
it can be deduced that lowering the temperature
increases the phosphorescence intensity of ketones
emitting in a *(n, 7*) triplet state. On the other hand,
for analytes which phosphoresce in the *(z, 7 *) triplet
state, lowering the temperature affects the phos-
phorescence intensity only slightly.!® This also
demonstrates the non-rigid nature of molecules in the
Yn, m*) state.

The changes in luminescence observed .on cooling
MK on filter paper are rather interesting, and may be
interpreted by each of the mechanisms described.
However, to differentiate between the various path-
ways more experiments are required. We intend to
continue studies on the temperature-dependence of
other compounds related to MK.

The nature of the emitting triplet

We have found'? that aromatic ketones emitting in
a *(n,n*) triplet state do not exhibit appreciable
RTP. On the other hand, aromatic ketones and
aldehydes with low-lying *(m, n*) or *(CT) triplet
states usually phosphoresce significantly at room
temperature. Thus, when the RTP of a mixture of BP
and MK was measured, only the phosphorescence of
MK was observed, even in the presence of very high
concentrations of BP, whereas in cthanolic glass at
77 K, both MK and BP phosphoresced. Interestingly,
it was mentioned by Suppan® that commercial MK
usually contains BP, which interferes with the photo-
physical and photochemical processes of the MK.
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Hydrogen-bonding between the paper and the phosphor

We have shown that aromatic ketones are strongly
hydrogen-bonded to the paper substrate. These inter-
actions cause the phosphor to be rigidly held on the
paper, thus minimizing radiationless deactivation of
the triplet state.>® Moreover, we have also found that
the hydrogen-bonding and dipole—dipole interactions
between the paper and the phosphor control the
nature of the excited singlet and the emitting triplet
of the adsorbed phosphor.

Analytical aspects

We have demonstrated that RTP is a technique
well suited to determination of aromatic ketones
bearing electron-donating groups. A very low limit of
detection (LOD) was obtained for MK adsorbed on
Whatman No. 1 filter paper (3 ng/ml); which may be
compared with the LOD of 20 ng/ml obtained for
p-aminoacetophenone adsorbed on filter paper.™

It seems that the quantum efficiency of triplet
formation for MK adsorbed on filter paper is much
higher than that in alcohol solution at room tem-
perature.®? It will thus be interesting to evaluate the
phosphorescence quantum efficiency of MK ad-
sorbed on filter paper at room temperature.
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Summary—Room-temperature phosphorescence (RTP) of eight indolecarboxylic acids has been in-
vestigated under different pH conditions, and on several ion-exchange filter papers. RTP excitation and
emission wavelengths do not change significantly with pH. The largest RTP signals are obtained from
neutral solutions adsorbed on DE-81 anion-exchange filter paper, while alkaline (pH ~ 13) solutions on
S & S 903 filter paper treated with DTPA (diethylenetriaminepenta-acetic acid) give stronger signals than
neutral or acidic (pH ~ 1.6) solutions on the same substrate. The existence of several hydrogen-bonding
interactions between the various ionic indolecarboxylic acid species and the substrates is discussed.
Heavy-atom enhancement factors ranging between 4 and 550, according to the compound, are obtained
with iodide. Absolute limits of detection between 100 and 500 pg demonstrate the usefulness of RTP for
determination of indolecarboxylic acids at the trace level.

The use of room-temperature phosphorimetry (RTP)
as an analytical technique has received considerable
attention in the past few years, as is shown by several
reviews of the field.!” Recently, Su and Winefordner,?
and Aaron et al.’ found that anion-exchange filter
papers, such as Whatman DE-81, gave the lowest
luminescence background and the largest analyte
RTP signals in the presence of heavy atoms such as
iodine (as I7) and thallium (as T1*); also, RTP had
the advantage of significantly decreasing the limits of
detection for a variety of organic compounds, includ-
ing pesticides, aromatic hydrocarbons and indoles.®®
Other solid substrates, such as silica gel,**'* sodium
acetate®® and polyacrylic acid-alkali-metal halide
mixtures'® ' have been tested for RTP. The influence
of external heavy atoms on RTP has also been
investigated by many authors.**!

Surprisingly, relatively little work has been re-
ported until now on the effect of pH on RTP, 01410
although change in pH obviously determines the
nature of many species, and the ways in which they
can interact with the solid substrate on which they are
adsorbed. Therefore, pH-related studies are very
important in the understanding of the type of inter-
actions responsible for the occurrence of RTP.
Several authors have suggested that hydrogen-
bonding of organic ionic molecules to the substrate
increases the rigidity and, consequently, the RTP
intensity of analytes adsorbed on filter paper, sodium
acetate, or silica gel containing polyacrylate

ad
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binder.>*!"* Ramasamy and Hurtubise'® found that
0.1 M hydrobromic and 0.1 M hydrochloric acid made
the RTP signal of most nitrogen heterocyclics and
aromatic amines adsorbed on filter paper and silica
gel chromatoplates much stronger than that obtained
in neutral media, and alkaline solutions gave rela-
tively weak RTP intensity in most cases. Hurtubise
and Smith’ investigated the pH effect on the RTP of
several aromatic carboxylic acids adsorbed on silica
gel and polyacrylic acid—sodium chloride mixture.
They found that terephthalic acid and coumarin-3-
carboxylic acid, adsorbed on silica gel chro-
matoplates containing a polyacrylate salt, yielded
stronger RTP signals when sorbed from hydrochloric
acid than from neutral solutions and concluded that
interactions between the undissociated form of the
aromatic carboxylic acid and the polyacrylate were
responsible for inducing the phosphorescence;
hydrogen-bonding would be the main but not the
only interaction in RTP."” Reflectance and infrared
spectroscopy of benzo( f)quinoline and quinoline
adsorbed on filter paper, silica gel and polyacrylic
acid-sodium chloride mixtures confirmed the
existence of several hydrogen-bonding interactions of
positively charged and neutral forms of these hetero-
cycles with the different solid substrates, depending
on the pH of the test solution.'

In the present study we have evaluated the pH
effect on the room-temperature phosphorescence of
several indolecarboxylic acids. The possible mech-
anisms of interaction of indolecarboxylic acids with
different ion-exchange filter papers have been in-
vestigated. In addition, we have determined the RTP
analytical figures of merit of these compounds by
using Whatman DE-81 anion-exchange filter paper,
in optimal pH and heavy-atom conditions.
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EXPERIMENTAL

Apparatus

All RTP spectra and intensity measurements were per-
formed with an Aminco-Bowman spectrophotofluorometer
(American Instrument Co., Silver Spring, MD, U.S.A.),
fitted with an Aminco 150-W Xenon arc lamp, a potted
Hamamatsu 1P21 photomultiplier tube (Hamamatsu Corp.,
Middlesex, NJ, U.S.A.), an MFE Plotamatic FIS X-Y
recorder (MFE Corp., Salem, NJ, US.A), and a
laboratory-constructed phosphoroscope for use with the
multiple sampling bar system.'” During all RTP mea-
surements, the sample compartments were flushed with dry
nitrogen.

Reagents

3-Indoleacetic acid, 3-indolebutyric acid, 2-indoclecar-
boxylic acid, S5-indolecarboxylic acid, pL-f-3-indolelactic
acid, 3-indoleacrylic acid, 3-indolepyruvic acid mono-
hydrate, and 3-indoxyl] acetate were purchased from Aldrich
Co. (Milwaukee, WI, U.S.A) and used as received.
Diethylenetriaminepenta-acetic acid (DTPA) was obtained
from Sigma Chemical Co. (St Louis, MO, U.S.A)).
Potassium iodide (Fisher Scientific, Fairlawn, NJ, U.S.A.)
was utilized in the heavy-atom studies. The solvents used
were absolute ethanol (Florida Distillers Co., Lake Alfred,
FL, US.A) and “nanopure” demineralized water
(Barnstead System, Sybron Co.). The filter papers used were
DE-81 (Whatman Chemical Separation Inc., Clifton, NJ,
U.S.A), DTPA-treated S & S 903 (prepared as described by
Bateh and Winefordner®), and cation-exchange CM-23
carboxymethylcellulose resin (Whatman Chemical Sepa-
ration Inc.) on S & S 903 as support.

Procedure

Portions (2 ul) of sample solution (or solvent) and of IM
potassium iodide solution were successively introduced by
means of an SMI “micropetter” (Emeryville, CA, U.S.A.)
onto the 0.25-in. diameter filter-paper discs, which were held
in the multiple sampling bar. Immediately afterwards, the

sampling bar was inserted into the sample compartment of
the spectrophotofluorometer, where the samples were al-
lowed to dry for about 8 min under a flow of dry nitrogen.
RTP measurements were then made. The solutions of the
indolecarboxylic acids were prepared in neutral, basic and
acidic solvents. Neutral solutions were made up with an
ethanol-water (50:50 v/v) mixture; acidic solutions were
made approximately 0.1M in hydrochloric acid (pH ~ 1.6);
basic solutions were made approximately 0.5M in sodium
hydroxide (pH ~ 13).

RESULTS AND DISCUSSION

RTP spectral properties

All the indolecarboxylic acids under study showed
RTP spectra, when adsorbed on DE-81 filter paper in
the presence of 1M potassium iodide, with the excep-
tion of 3-indoleacrylic acid, which gave no detectable
phosphorescence signal at a concentration of 10~*M.
The RTP excitation and emission wavelength
maxima are given in Table 1 for neutral, basic and
acidic conditions.

It can be seen that the excitation and emission
maxima do not change markedly with pH (Fig. 1),
although a significant blue-shift is observed on going
from pH 7 to pH 13 for 5-indolecarboxylic acid and
indoxyl acetate. However, the change in the phos-
phorescence spectrum for the latter compound is
probably due to hydrolysis in basic solution; indeed
we noted a rapid colour change of the basic indoxyl
acetate solution, from blue to pink-orange on
agitation. The absence of pH-related shifts of the
emission spectra of most of the indolecarboxylic acids
is in agreement with the results of Aaron et al.,! who

Table 1. Room-temperature phosphorescence spectral properties of indolecar-
boxylic acids*

Compound pH conditions Aextinm AemTinm
3-Indoleacetic acid Neutral§ 286 (429), 450
0.5M NaOH} 288 450
3-Indolebutyric acid Neutral 287 448
0.5M NaOH 286 450
2-Indolecarboxylic acid Neutral 299 (475), 490
0.5M NaOH 299 (473), 489
5-Indolecarboxylic acid** 0.IM HCl # 245,272 452
Neutral 245,272 453
0.5M NaOH 243,271 439
pL-3-Indolelactic acid Neutral 288 ° 448
3-Indolepyruvic acid Neutral 283 442
0.5M NaOH 286 442
3-Indoxyl acetate Neutral 266t+ 46611
0.5M NaOH 323 434

*Concentrations about 107*M in 1M potassium iodide solution in ethanol-
water (50:50 v/v). All RTP spectra were determined on DE-81 filter paper
with the Aminco-Bowman spectrophotofiuorometer, unless otherwise noted.

tWavelengths of the main peaks are underlined (when there are several com-
ponents); wavelengths of shoulders are given in parentheses; precision of

wavelength value +1 nm.
§Ethanol-water (50:50 v/v) solvent.
}Approximately pH 13.
# Approximately pH 1.6.

**RTP spectra were determined on DTPA-treated S & S 903 filter paper, with
an LS-5 Perkin-Elmer spectrophotofluorometer.
+1RTP spectra were determined with an LS-5 Perkin-Elmer spectrophoto-

fluorometer.
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Fig. 1. Effect of pH on the RTP spectra of 2-indolecarboxylic acid (107*M) on DE-81 filter paper, in
the presence of I M KI. 1, Excitation and emission spectra of neutral water-ethanol (50:50 v/v) solution.
2, Excitation and emission spectra of basic (0.5M NaOH) water—ethanol (50:50 v/v) solution.

found that the low-temperature phosphorescence
(LTP) spectra of these compounds did not change
significantly with pH. It is apparent that RTP and
LTP emission bands occur at very similar wave-
lengths,*' although the RTP bands are broadened and
show little vibrational fine structure compared to
LTP spectra, as previously observed for several other
compounds.”** However, our RTP results, obtained
on filter paper, are in contrast to those of Hurtubise
and Smith,"* who recently found that when adsorbed
on aluminium-backed silica gel chromatoplates,
2-indolebutyric acid and 1-methylindole-2-carboxylic
acid did not show any RTP signal, although
5-indolecarboxylic acid did. This difference in behav-
iour of the first two of these compounds, with the
nature of the solid substrate used, seems to indicate
that anion-exchange filter paper induces stronger
phosphorescence signals than does silica gel in the
case of indolecarboxylic acids.

pH and substrare effects on RTP intensity

The influence of pH and substrate on the RTP
intensity of indolecarboxylic acids was investigated,
with neutral, basic (0.5M sodium hydroxide) and
acidic (0.1M hydrochloric acid) solutions adsorbed
on DE-81, DTPA-treated S & S 903 filter papers and
CM resin on paper support. In Table 2, we give
the net RTP relative intensities found for the
indolecarboxylic acids adsorbed on the different
substrates at various pH values.

At constant pH, the RTP intensities of all the
compounds tested were higher on DE-81 filter paper
than on the DTPA and CM supports. In basic
solutions, the enhancement of the RTP signal by
DE-81 was generally less marked. DE-81 also gave
larger RTP signals than other papers did, for several
pesticides, drugs and substituted indoles.** This be-
haviour can be explained by assuming that the car-
boxyl groups of the indole acids are hydrogen-
bonded to hydroxide groups that are present on the
anion-exchange filter paper DE-81, but not the other
papers.

It can also be seen from Table 2 that the pH of the
test solution has a marked but variable effect on the
phosphorescence signal. On DE-81, use of neutral
media yielded slightly stronger signals than those
from alkaline media, and signals 2-7 times those from
acidic media. In contrast, on DTPA-treated S & S
903, alkaline media (0.5M sodium hydroxide) en-
hanced the signal for indolecarboxylic acids by a
factor of 2-6 relative to that for neutral and acidic
solutions, except for 3-indolelactic acid. With the
cation-exchanger CM-treated S & S 903, there were
relatively small differences in RTP signal from neu-
tral and basic solutions.

pH-related interactions in RTP

The effect of pH on the RTP signals of in-
dolecarboxylic acids suggests that various inter-
actions occur between particular indole acid species
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Table 2. Comparison of RTP intensities of indolecarboxylic acids on various substrates
under various conditions*

RTP net
relative
Compound Substratet  pH conditions§ intensity} L/l s #
3-Indoleacetic acid DE-81 Neutral 40.0 1.6
13 250 1.0
DPTA Neutral 5.5 0.2
13 24.5 1.0
CM-10 Neutral 7.2 0.7
13 9.9 1.0
3-Indolebutyric acid DE-81 1.6 13.5 0.7
Neutral 243 1.2
13 20.2 1.0
DTPA 1.6 5.5 0.2
Neutral 6.4 0.3
13 223 1.0
CM-10 Neutral 8.8 1.8
13 5.0 1.0
2-Indolecarboxylic acid DE-81 1.6 33.5 0.6
Neutral 68.2 1.3
13 51.6 1.0
DTPA 1.6 4.0 0.1
Neutral 15.1 0.5
13 31.0 1.0
CM-10 1.6 8.3 0.3
Neutral 26.5 0.9
13 29.0 1.0
S-Indolecarboxylic acid DE-81 1.6 9.6 0.5
Neutral 23.1 1.3
13 17.6 1.0
DTPA Neutral 6.1 0.4
13 16.5 1.0
CM-10 Neutral 18.3 1.4
13 13.0 1.0
pL-3-Indolelactic acid DE-81 1.6 9.7 0.5
Neutral 72.5 4.1
13 17.6 1.0
DTPA 1.6 1.8 0.1
Neutral 27.4 2.0
13 13.7 1.0
CM-10 1.6 34 0.5
13 6.4 1.0
3-Indolepyruvic acid DE-81 Neutral 1.0 0.4
13 2.2 1.0
CM-10 Neutral 0.2 —
3-Indoxyl acetate** DE-81 13 21.0 —

*Sample volume was 3 ul for DTPA and CM-10 substrates and 2 u1 for DE-81 filter paper;
[KI] = 1M; solvent ethanol-water 50:50 v/v.

tDTPA means diethylenetriaminepenta-acetic acid-treated S & S 903 filter paper; CM-10
means carboxymethylcellulose-treated S & S 903 filter paper, with a pH of 10.0,
corresponding to the pH of the filtrate obtained after rinsing the resin.

§See text for the preparation of solutions at different pH.

tRTP net relative intensity was corrected for background phosphorescence intensity and
normalized to the RTP intensity of 10 M 3-indolepyruvic acid on DE-81. RSD = 10%.

# Iy /1ny, represents the RTP relative intensity of the neutral or pH 1.6 solution compared
to the relative intensity of the pH 13 solution, with the same substrate.

**RTP intensity probably corresponds to the hydrolysis product of this compound. For
neutral solution, no detectable phosphorescence was observed with the Aminco-

Bowman spectrophotofluorometer.

and the substrates. Since the excited triplet-state
dissociation constants (pKT) of the indole acids range
between 4.5 and 6.3,”! only undissociated species can
be present in solutions at pH 1.6. In aqueous ethanol
solutions, there will be a mixture of the undissociated
and anionic species, as shown by the apparent pH
of 4.5 for the aqueous ethanol solution of
5-indolecarboxylic acid, for which pKT is 4.9.%

Finally, only the indolecarboxylate species will be
present in solutions at pH 13.

On DE-81 filter paper, the mixture of dissociated
and undissociated forms of the acid present in neutral
solutions could remain on the dry surface and form
various combinations of hydrogen bonds with the
anion-exchange OH™~ groups as well as with the
neutral cellulose OH groups of the paper, which
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Fig. 2. Heavy-atom RTP response curves for 3-indole-

butyric acid on DE-81 filter paper, in neutral water—ethanol

(50:50 v/v) solutions. Concentrations of 3-indolebutyric
acid: 107°M (curve a), 10~*M (curve b).

would give the strongest phosphorescence signals.
When acidified solutions are adsorbed, however, only
undissociated species would be present in the “dry”
state and give weaker hydrogen bonds with the
substrate, which would explain the significantly lower
phosphorescence signal. Finally, when basic test solu-
tions are used, electrostatic repulsions between the
carboxylate groups and the OH~ groups of the

DE-8f paper will diminish the overall hydrogen
bonding, thus reducing the RTP intensity.

It is surprising that the phosphorescence sighals
from DPTA-treated S & S 903 paper were higher for
alkaline solutions (pH ~ 13), than neutral or acidic
solutions. In the high-pH test, the diethylene-
triaminepenta-acetic acid should initially react with
the sodium hydroxide, and on drying exist only as the
pentasodium salt, since pK,; is 10.56;> electrostatic
repulsion between the indolecarboxylate and DTPA
acetate groups should then prevent formation of
hydrogen bonds with the hydroxyl groups of the
paper. However, as the sodium hydroxide content of
the 2-ul sample is only 1 pmole, although the pH of
the sample is >13 the composition of the dried
sample spot will depend on the loading of DTPA on
the paper and the degree of diffusion of the sample
spot before drying. Therefore, it is not clear whether
hydrogen-bonding is responsible for the increase of
the RTP signals of indolecarboxylates when spotted
in alkaline solutions onto DTPA-treated S & S 903,
or to packing of the DTPA sodium salt into the filter
paper. The latter could cause inhibition of the inter-
nal molecular motions of the phosphor, analogously
to the interaction mechanism proposed by Niday and
Seybold® to explain the effect, on RTP, of several
salts or sugars packed into paper.

Heavy-atom effect on RTP intensity

The “heavy atom™ effect of iodide on the RTP
response curves (log I vs. log concentration of heavy
atom at a given analyte concentration) was studied by

Table 3. RTP net intensities of selected indolecarboxylic acids with and without heavy atom

present*
RTP net
pH Heavy relative
Compound Substratef conditions atom§ intensity?  [,_/I, #
3-Indoleacetic acid DE-81 Neutral I- 46.5 152
None 0.3
DE-81 13 1" 28.5 260
None 0.1
3-Indolebutyric acid DE-81 Neutral 1- 24.1 300
None 0.08
3-Indoxyl acetate DE-81 13 I- 20.6 4
None 5.0
DL-3-Indolelactic acid DE-81 Neutral - 72.5 480
None 0.15
DTPA Neutral - 27.5 550
None 0.05
2-Indolecarboxylic acid DE-81 13 I- 51.5 16.3
None 31
DTPA 13 - 31.0 8.3
None 3.7

*See first footnote in Table 2.
tDTPA stands for diethylenetriaminepenta-acetic acid-treated S & S 903 filter paper.
§I- refers to 1M potassium iodide solution. None means an analyte solution without heavy

atom.

IRTP net relative intensity was corrected for background phosphorescence intensity and
normalized to the RTP intensity of 1073M 3-indolebutyric acid on DE-81. RSD = 10%.
# I,_ /I, represents the heavy-atom enhancement factor, defined as the ratio of analyte RTP
net relative intensity in the presence of 1M KI (/,_) to analyte RTP net relative intensity

without heavy atom (I;).
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Table 4. RTP analytical figures of merit of selected indolecarboxylic acids*

LDR,} Correlation Absolute LOD,}
Compound ug/ml Slope§  coefficient ng
3-Indoleacetic acid 1,000 0.87 0.994 0.2
3-Indolebutyric acid 100 0.92 0.999 0.5
pL-3-Indolelactic acid 200 0.88 0.996 0.3
2-Indolecarboxylic acid 1,000 0.85 0.996 0.1
5-Indolecarboxylic acid 1,000 0.82 0.998 0.1

*Evaluated on DE-81 filter paper, with 1M KI solution in ethanol-water

(50:50 v/v).

TLDR = linear dynamic range, corresponding to the ratio of the upper concen-

tration of linearity (within 5%) and the LOD.

§Slope calculated from the log-log analytical calibration curve.

tLOD = limit of detection, defined as the amount of analyte (in ng) giving a
signal-to-noise ratio of 3. Absolute LOD was calculated for a 2-ul sample

solution.

varying the concentration of both heavy atom and
analyte on DE-81 substrate. The RTP response
curves for 3-indolebutyric acid are shown in Fig. 2.
They are linear over a range of about one order of
magnitude, and the curves decrease for /- concen-
trations >2M. Although RTP response curves, and
therefore optimal potassium iodide concentrations
for maximum sensitivity, may differ according to the
analyte,® a concentration of I M was selected for the
analytical quantitative RTP studies of all the in-
dolecarboxylic acids tested.

Table 3 presents the heavy-atom enhancement
factors for several indole acids. With the exception of
3-indoxyl acetate and 2-indolecarboxylic acid, the
RTP signals were extremely weak in the absence of a
heavy atom, but relatively strong when 1M potas-
sium iodide was used. Therefore, heavy-atom en-

hancement factors (/;/l,) are generally very large,
ranging between 4 and 550 according to the particu-
lar compound. Our results are in agreement with the
earlier data of Meyers and Seybold” who found a
heavy-atom enhancement factor of 370 for un-
substituted indole, with 1M sodium iodide.

Analytical figures of merit

The characteristics of the RTP calibration curves
and the limits of detection for several indole-
carboxylic acids are shown in Table 4, for optimal
conditions, I.e., neutral sample solution on DE-81,
with addition of 1M potassium iodide. The log-log
calibration plots (see Fig. 3) with slopes close to unity
are linear from 107¢ or 107°M up to 1073M for the
compounds studied, indicating linear response; there
is also excellent precision. The absolute limits of
detection (LOD) are particularly low, ranging
between 0.1 and 0.5 ng, according to the compound
tested. Our LOD of (0.2ng (corresponding to a
concentration of 0.1 ug/ml) for 3-indoleacetic acid,
compares favourably with the literature values of
50 ng obtained by silica-gel thin-layer fluorimetry,*

0.02 ug/ml evaluated by LTP,” and 0.1ng

2r determined by HPLC with fluorescence detection.”®
- Therefore, our results demonstrate that room
f; temperature phosphorimetry constitutes a precise,
s 1 simple and sensitive analytical method for
i determination of indolecarboxylic acids.
&
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Summary—The methyl isobutyl ketone extraction of 15 elements (Cu, Ag, Zn, Cd, In, Tl, Ge, Sn, As,
Sb, Bi, Se, Te, Mo and Pd) as iodide complexes from 0.1-5M sulphuric acid/0.01-0.5M potassium iodide
media has been studied. At the optimum potassium iodide concentrations, and a 1:2 v/v ratio of organic
to aqueous phase, Cu(Il), Ag, Cd, In(IIT), TIIII), Sb(IlI), Bi, Te(IV) and palladium(Il) are completely
extracted in a single step from 1-5M sulphuric acid. All these elements except palladium are also
quantitatively extracted from 0.05-0.5M iodide/2M sulphuric acid. Zn, Sn(IV) and As/i%I) are completely
extracted at high acid and iodide concentrations, and at the highest concentrations of acid and iodide
investigated, Ge is partly extracted and Mo(V]) is slightly extracted. The extraction of Se(IV) is incomplete
because of its reduction to the elemental state by iodide. The back-extraction of the elements has also
been investigated and the forms in which they are extracted and potential analytical separations and

interferences are discussed.

Two current long-term CANMET projects are the
study of the behaviour of silver in hydrometallurgical
zinc processes, and the certification of diverse sul-
phide and other ores, concentrates and related mate-
rials for major, minor and trace elements. In the
course of these studies various methods have been
developed for the determination of silver,' * indium.*
antimony,’ arsenic,® selenium,’ tellurium.? bismuth,’
tin'® and germanium.!! Most of these elements can be
extracted into polar organic solvents such as tributyl
phosphate and ketones from acidic iodide media'? but
zinc is not appreciably extracted at high acid and
iodide concentrations.'? Hence group extraction of
some of these elements as iodides, coupled with a
flame or graphite-furnace atomic-absorption spec-
trophotometry (AAS) finish, might provide a rela-
tively rapid method for the determination of some
five or more of these elements in the materials under
consideration. The method would necessitate sepa-
ration of the elements from matrix elements such as
lead and iron and, particularly for graphite-furnace
AAS, back-extraction from the organic phase. Ex-
traction from sulphuric acid medium would be oblig-
atory, partly for preliminary removal of lead as lead
sulphate and also because lead iodide is co-extracted
from hydrochloric acid-iodide media'*'* and nitric
acid readily oxidizes iodide.

Methyl isobutyl ketone (MIBK) is one of the most
efficient and widely used polar solvents for the extrac-
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tion of iodide complexes.'*'*'* Non-polar solvents
such as toluene and benzene extract only non-
solvated molecular iodide compounds such as Sbl,,
Asl; and Snl,, but MIBK extracts not only these
species and co-ordinatively solvated iodides such as
TII;.S (where S represents the solvent) but also the
lon-association complexes of anions such as [CdI, >~
with alkali-metal ions or protons.'?'7 * Several
investigators'>*'*** have studied extraction of various
elements into MIBK from sulphuric acid solutions
containing alkali metal iodides, and the extraction
procedure has been applied to group separation
and spectrographic determination of various
trace elements, including zinc, in steel.” Various
investigators have studied the extraction of individual
elements'’** 2 but mostly for a limited range of
conditions. A problem for many workers is that
much of the information available is in Russian or
Japanese,” *! with no English translation available,
and often there is inadequate information in the
abstracts. Furthermore, except for the work of
Krivenkova et al.** and Clark and Viets’>* very little
information is available on stripping of the elements
from the MIBK extract.

Preliminary tests having shown that some of the
elements mentioned above can be quantitatively
extracted into MIBK in one step from sulphuric acid
media at low potassium iodide concentration
(<0.05M) when the volume ratio of organic to
aqueous phase is 1:2, and that zinc is <1.5% co-
extracted, at the 500 mg level, from solutions that are
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up to ~0.1M in potassium iodide and up to 2M in
sulphuric acid, a comprehensive investigation of
MIBK extraction of iodides seemed to us to be of
considerable value in our current and future work.
This paper describes the results of these studies and
the stripping investigations. Their analytical applica-
tion to analysis of zinc ores and related materials will
be the subject of a future paper.

EXPERIMENTAL

Reagents

Working solutions of copper, silver, zinc and cadmium
were prepared by dissolving the metals in dilute nitric and
sulphuric acids, followed by evaporation of the solutions to
dryness, dissolution of the salts in water and dilution to the
required volume with water. Solutions of selenium(IV),
tellurium(IV) and thallium(IIT) were prepared by dissolving
Se, TeO, and TL,O; in dilute nitric acid plus sufficient
sulphuric acid to give a final concentration of I M, evapo-
rating the solutions to fumes of sulphur trioxide, cooling
and taking up and diluting to the required volume with
water. A solution of antimony(I11) was made by dissolving
potassium antimony tartrate in water.

Germanium, arsenic(IIl) and molybdenum(VI) solutions
were prepared by dissolving the oxides in dilute sodium
hydroxide solution. A palladium(Il) solution, 1M in sul-
phuric acid, was prepared by treating an aliquot of a
commercial palladium chloride solution with aqua regia
plus the required volume of concentrated sulphuric acid and
~0.5 ml of concentrated perchloric acid and evaporating
the solution to fumes of perchloric acid, then cooling and
diluting to the necessary volume.

Stock 1000-ug/ml indium and bismuth solutions were
prepared by dissolving the metals in dilute nitric acid.
Working solutions, 1M in sulphuric acid, were prepared by
evaporating suitable aliquots of these solutions, plus the
required volume of concentrated sulphuric acid, to fumes of
sulphur trioxide, cooling and diluting to volume with water.
A stock 1000-pg/ml tin(IV) solution, SM in sulphuric acid,
was prepared by dissolving the metal in the required volume
of concentrated sulphuric acid, oxidizing to tin(IV) with
hydrogen peroxide and evaporating to fumes of sulphur
trioxide to destroy the excess of peroxide, then cooling and
diluting to volume with water. A working solution, 2M in
sulphuric acid and 0.5% in tartaric acid, was prepared by
adding the required amounts of tartaric and sulphuric acids
and water to a suitable aliquot of this solution.

In all these working solutions the concentration of the
element of interest (assuming the starting materials were
100% pure) was 100 pg/ml.

Analytical-reagent grade MIBK was used without further
purification.

General extraction procedure

Five-ml aliquots of working solution were added to a
series of 250-ml separatory funnels marked at 100 ml (Note
1). After addition of the required volumes of 10M sulphuric
acid and 2M potassium iodide, the solutions were diluted to
the mark with water, mixed and allowed to stand for 30 min.
Then 50 ml of MIBK were added to each funnel and the
solutions shaken vigorously for 2 min. The aqueous phases
were discarded and the extracted element stripped by shak-
ing each of the organic phases for 2-3 min with 25 mi (Notes
2 and 3) of an appropriate stripping solution, then with 10-
and 5-ml portions of the stripping solution for 1 min and 30
sec, respectively, each set of aqueous phases being combined
in 150-ml beakers.

Treatment of the strip solutions
Except as indicated below, about 2 ml of 50% v/v

sulphuric acid was added to each of the combined strip
solutions, the beakers were covered and the solutions evap-
orated to ~20 ml. The covers were removed, the solutions
were evaporated to fumes of sulphur trioxide and organic
material was destroyed by repeated addition of ~0.5-ml
portions of concentrated perchloric acid to the hot solu-
tions. The solutions were then evaporated to dryness and
residues analysed by the methods shown in Table 1. For
most of these analyses, the residues were dissolved in an
appropriate acid. However, for molybdenum, the residue
was dissolved in dilute ammonia solution, the excess of
which was then removed by boiling, and the solutions were
acidified with hydrochloric acid for the final AAS
determination.® For germanium, the residue was dissolved
in dilute sodium hydroxide solution and appropriate ali-
quots were analysed with phenylfluorone." For palladium,
10 ml of concentrated nitric acid were added to the strip
solutions to destroy thiourea before treatment as described
above, and the salts ultimately obtained were treated with
aqua regia to dissolve any elemental palladium formed by
reduction during the evaporation step. The hydrochloric
acid content of the resulting solutions was adjusted to 10%
v/v for the AAS determination. In the case of silver, ~2 mg
of potassium chloride was added to the strip solution to
prevent formation of a highly insoluble silver compound
during the evaporation to dryness in the presence of sul-
phuric and perchloric acids.? Similarly, ~25 mg of sodium
sulphate was added to the tellurium solutions before the
evaporation step.?

For the determination of antimony, ~2 mg of potassium
sulphate was added to the strip solution, which was then
evaporated to fumes of sulphur trioxide and treated with
aqua regia to oxidize the antimony to antimony(V). The
solution was then evaporated to dryness and the residue
dissolved in hot dilute potassium hydroxide solution. After
addition of tartaric and hydrochloric acids, antimony(V)
was reduced to antimony(III) with sulphurous acid, the
excess of which was removed by boiling before the AAS
determination.®

For the determination of arsenic, the strip solution was
heated to remove the methanol, then made slightly alkaline
with dilute sodium hydroxide solution. An aliquot of the
resulting solution was treated with nitric acid to oxidize
residual iodide (which interferes with the spectrophoto-
metric determination) and the solution was evaporated to
dryness on a water-bath. The remaining nitric acid was
destroyed with formic acid, the solution was evaporated to
dryness again and the residue was heated overnight at
~130° in an oven. After dissolution of the salts in dilute
sodium hydroxide solution and neutralization with dilute
sulphuric acid, any arsenic(I11I) present was oxidized with
bromine water, the excess of which was removed by boiling
before the final determination of arsenic.®

In the case of selenium, perchloric acid was added to the
strip solution, which was then evaporated to fumes of
perchloric acid to remove nitric acid and hydrogen peroxide
before the spectrophotometric determination.”

Notes

1. In tests with antimony(IIl) and tin(IV), 5 ml of 5%
tartaric acid solution were added to prevent hydrolysis.

2. When oxidizing strip solutions were used, it was
sometimes necessary, particularly in tests which involved
extraction at high sulphuric acid and potassium iodide
concentrations, to use either a longer initial shaking time
(up to ~4 min) or up to ~30 ml of strip solution to obtain
a colourless aqueous phase devoid of iodine.

3. When the stripping agent was water (viz. for arsenic
and germanium), about 2-4 ml of methanol was added after
each stripping step, followed by gentle inversion of the
funnel 3 or 4 times to destroy any emulsion and promote
rapid separation of the layers.
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Table 1. Stripping solutions employed and analytical methods used to determine the degree of extraction
Wavelength.
Element Stripping solution* Methodt nm
Cu 10% HNO,-20% H,0, AAS-2% HNO, 3248
Ag 40% HNO,-10% HC! AAS-20% HCI-1% diethylenetriamine* 328.1
Zn  20% HNO,-20%H,0, AAS-2% HNO, 2139
Cd 20% HNO,-20% H.O, AAS-2% HNO 1000 pg/ml K 228.8
In  20% HNO, 20% H.O, AAS-4% HNO,-2000 pg/mi K* 303.9
Tl 40% HNO, AAS 4% HNO, 276.8
Ge Water LAS phenylfiuorone'! 507
Sn 20%HNO,-20% H.0, AAS-10% HCI-0.5% tartaric acid 250 pg/ml K'° 2354
As  Water LAS-molybdenum blue® 845
Sb 40% HNO, AAS-10% HCI-0.25% tartaric acid-2000 pg/ml K° 217.6
Bi  20% HNO;-20% H.O, AAS 5% HNOY 223.1
Se  10% HNO,-10% CH,COOH 70% H,0, LAS-3,3"-diaminobenzidine hydrochloride’ 420
Te 20% HNO,-60% H.O, LAS-thiourea 330
Mo 40% HNO, AAS-10% HCI-1000 pg/ml Al 3133
Pd  50% HCl 1% thiourca AAS 10% HC1 1% HNO, 244.8

*The concentrations refer to volume proportions for the concentrated acids and of 30% hydrogen peroxide solution in the

mixture and the w/v content of thiourea
TAAS = atomic-absorption spectromeiry; LA

The degree of extraction of various iodide
complexes into MIBK from 0.1-5M sulphuric
acid/0.01-0.5M potassium iodide media in a single
step with a 1:2 v/v ratio of organic to aqueous phase
is shown in Figs. 1-6. Higher sulphuric acid and
potassium iodide concentrations were not in-
vestigated because the MIBK phase would contain so
much iodine that potentially dangerous exothermic
reactions could occur in stripping with nitric acid
with or without hydrogen peroxide; furthermore,
potassium sulphate would be deposited and interfere
mechanically with the extraction. The oxidation
states shown for the elements are the initial states.
The extraction of gold(IIT) and platinum(IV) was not
investigated because suitable sulphuric acid solutions
of these elements could not be prepared; evaporation
to fumes of sulphur trioxide to remove aqua regia or
hydrochloric acid resulted in reduction of some gold
and platinum to the elemental state. Lead was not
investigated because insoluble lead sulphate is formed
in sulphuric acid solutions. Initial tests were done
with various potassium iodide concentrations in 2M
bulpudi’ic acid because this is a convenicnt auuu_y for
analytical purposes; if extraction was quantitative
over almost the whole range of iodide concentration,
higher and lower acidities were not always in-
vestigated.

The stripping solutions and determination methods
used are shown in Table 1. Although mixtures con-
taining up to 10% v/v nitric acid and 67% v/v 30%
hydrogen pcroxide solution have been recommended
for stripping halide complexes from MIBK extracts
containing Alamine 336 and Aliquat 336,**% solu-
tions containing less than 10% v/v nitric acid were
ineffective for many of the iodides tested in this work.
For complete stripping of most elements sufficient
nitric acid alone or nitric acid plus hydrogen peroxide
had to be present for the MIBK phase to become

= light-absorption spectrophotometry.

colourless with 2-3 min of shakine

LCO0UTICSS min u..u

and hydrogen peroxide oxidize 10d1de to iodate and
hence destroy the iodide complexes in the extract.’>*
In this work, 40% v/v nitric acid and 20% v/v nitric
acid/20% v/v 30% hydrogen peroxide mixture were
found to be as effective stripping solutions for many
of the elements studied. The use of more concentrated
nitric acid is not recommended because of the exo-

thermic reactions alreadv mentioned The racnlte of
LNermicC reaclons aircady mentioned. 1n¢ resuils i

the stripping tests are described in the appropriate
sections below.

Copper and silver

Figure 1 shows copper is completely extracted into
MIBK from 2M sulphuric acid/0.02-0.5M potassium
iodide and from 0.05M potassium todide/1-5M sul-

uric acid Tha canner (TTY rodiiced to conner(I
puuu\, alia. 14c Copplii) 1S reGucea w LOppiry)

by the iodide and presumably extracted as ion-
association complexes of anionic species such as
[Cul,]” and [Cu.I,]- with potassium ions.!”” The
results are in relatively good agreement with those of
Kakita and Gotd*' who showed that, for a 1:1
volume ratio of organic to aqueous phase, up to
~ 10 mg of copper can be quantitatively extracted
from = 2-4M sulphuric acid/0.5M potassium iodide,
Their results, and recent work by Krivenkova et al.*
and Byrne,"” show that the degree of extraction (or
distribution ratio) decreases with increasing potas-
sium todide concentration. Possibly this could be due
to formation of less readily extracted higher iodo-
complexes of copper(I). The results obtained in this
work show that copper can be quantitatively extrac-

tod ot ~Annmg Aurar smatacoiirias sadida A

ey dl. \rUllDld\'—laUl_y }UWCI putLabsdsiulll lUuluU CUILILCT)-
trations that those (> 0.25M) investigated by Kakita
and Got6.” Up to at least 20 mg of copper can be
completely extracted in one extraction from 2M
sulphuric acid/0.1M potassium iodide. The extracted
copper can be readily stripped from the MIBK
extract in three stages, as described in the procedure,
with either 40% nitric acid or with solutions contain-
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Fig. 1. Effect of H,SO, and KI concentrations on the extraction of Cu and Ag. (a) O: Cu-2M H,SO,;
®: Ag-2M H,S0,; (b) O: Cu—-0.05M KI; @: Ag—0.02M KL

ing 10% nitric acid and 30% hydrogen peroxide, or
20% each of nitric acid and hydrogen peroxide.
Complete back-extraction of copper could not be
obtained with up to 30% nitric acid alone.

Figures 1(a) and (b) show that silver is
quantitatively extracted from 2M  sulphuric
acid/0.01-0.5M potassium iodide and from 0.02M
potassium iodide/0.1-5M  sulphuric acid, re-
spectively. Recently, Semkow and Wahl? reported
that the extraction of silver is complete in a single step
with an equal volume of a mixture of 85% MIBK and
15% cyclohexanone from 0.05M sulphuric acid/0.1M
potassium iodide. Depending on the iodide concen-
tration, silver is extracted as ion-association com-
plexes of [Agl,]™ or [Ag,1;]7."*** Byrne'® found that,
with MIBK as extractant, the distribution ratio for
silver decreases as the potassium iodide concentration
increases above 0.5M. Possibly this decrease may be
caused by the formation of unextractable multi-
charged species at high iodide concentrations. Byrne
also found that prolonged shaking can lead to partial
back-extraction of silver into the aqueous phase and,
consequently, he recommends an extraction time of
1 min. However, no adverse effects were encountered
in our work when the test solutions were shaken for
2 min. Any insoluble silver iodide formed in the
aqueous phase on the addition of potassium iodide
solution readily dissolves during the extraction step,
presumably because the removal of the ion-
association complexes by extraction shifts the equi-
librium. Silver cannot be completely stripped from
the MIBK phase with high concentrations of nitric
acid, because insoluble silver iodide is formed under
these conditions. Furthermore, it cannot be stripped
with concentrated hydrochloric acid containing
thiourea.? However, it is readily back-extracted with
40% nitric acid containing 10% v/v hydrochloric

acid, which prevents the formation of silver iodide by
preferential formation of the AgCl; complex.

Zinc and cadmium

Figures 2(a) and (b) show that, as found by
previous investigators,'*?? the degree of extraction of
zinc increases with increasing potassium iodide con-
centration. The results show also that up to at least
500 pg of zinc can be extracted in one step from 4M
sulphuric acid/0.5M potassium iodide and from SM
sulphuric acid/0.4-0.5M potassium jodide, but is not
appreciably extracted if the concentrations are <2M
sulphuric acid and <0.1M potassium iodide. Byrne'
found that like silver, zinc is also partly back-
extracted into the aqueous phase on prolonged shak-
ing, particularly at low iodide concentrations
(=~0.05M). Probably zinc is extracted as an ion-
association complex of an anionic species such as
[Znl;]~ or [ZnI,J*~, since it is not extracted into
non-polar solvents such as toluene.’® Zinc is
effectively stripped from the MIBK with 20% nitric
acid/20% hydrogen peroxide solution.

Figures 2(a) and (b) show that cadmium is com-
pletely extracted from 2M sulphuric acid/0.01-0.5M
potassium iodide and from 0.02M potassium
iodide/1-5M sulphuric acid. These results show that
it is quantitatively extracted at much lower iodide
concentrations than those investigated by Byrne,”
Kakita and Got6®' and Krivenkova et al.> However,
cadmium has been determined in waste water con-
taining large amounts of zinc and manganese, by
extraction into MIBK from 1M sulphuric acid/0.02M
potassium iodide® and has also been quantitatively
extracted from solutions of moderate potassium io-
dide (0.1M) and low sulphuric acid content
(0.05M).2 Although no decrease in the degree of
extraction of cadmium with increasing potassium



Extraction of iodide complexes 39

(a)
100 ppo—s /u .
[
80 - 4
5
c 60
2
]
o .
= 40
w
20 o
/' /
o m/! & ) I

0.2
[KI1(M)

0.3 04 0.5

(b)
-
100
80
3
~ 60
c
Qo
]
2 4o
=
V1
20
i | 1 1
0
o 1 2 3 4 5

(H,50, 1(M)

Fig. 2. Effect of H,SO, and KI concentrations on the extraction of Zn and Cd. (a) C: Zn-2M H,SO,;
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iodide concentration was observed in the present
work because of the low iodide concentrations used,
Kakita and Gotd’s?' results show that, at low sul-
phuric acid concentration (x0.5M), the degree of
extraction of cadmium decreases with increasing po-
tassium iodide concentration up to ~1.5M and then
increases slightly. Byrne'* obtained results similar to
those of Kakita and Gotd, viz. distribution ratio
minima which shifted toward lower potassium iodide
concentration as the acidity increased. However, Kri-
venkova et al.”* obtained a maximum on the plot of
distribution ratio vs. iodide concentration. Maxima
and minima for these plots have also been obtained
for other polar solvents such as diethyl ether, iso-
pentyl alcohol®” and tributyl phosphate.’® According
to Kuchkarev er al.,*** MIBK extracts cadmium
predominantly as neutral solvated Cdl,.4MIBK and
as a solvated ion-association complex of [CdI,J*~,
viz. K,[Cdl,].nMIBK. However, Solomatin and
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Kuz'min* suggest that, as the iodide concentration
increases, Cdl, is first converted into [Cdl,]~, which
is strongly extracted, then into [CdI,}*~ which is
poorly extracted. This, depending on the acid concen-
tration, causes the maxima and minima in the pre-
viously reported curves of distribution ratio vs. iodide
concentration. Cadmium is readily stripped from the
MIBK extract with 20% nitric acid/20% hydrogen
peroxide solution.

Indium and thallium

Figures 3(a) and (b) show that indium(III) is
quantitatively  extracted from 2M  sulphuric
acid/0.05-0.5M potassium iodide and from 0.1M
potassium iodide/0.1-5M sulphuric acid. Extraction
was about 97% complete from 0.1M potassium io-
dide in the absence of sulphuric acid. These results
are consistent with recent results obtained by Sem-
kow and Wahl® who found that indium can be
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Fig. 3. Effect of H,SO, and KI concentrations on the extraction of In(IIT) and TI(ITI). (a) O: In(II-2M
H,SO,; @: TI(IIN)-2M H,SO,; (b) O: In(II1)-0.1M KI; @: TIUIN-0.1M KI.

TAL. 33 1—D



40 ELSIE M. DONALDSON and MoHUI WANG

100

80

60

40

Extraction (%)

20

0.0 01 02 03 04

[KIT(M)

100 (B)
80 |-
# sor
c
Qo
& 4o
o
=
w
20
0 L I L 1 I
0 1 2 3 a 5

[H,S0, 1(M)

Fig. 4. Effect of H,80, and KI concentrations on the extraction of Sn(IV) and Ge(IV). (a) O: Sn(IV)-2M
H,80,; @: Sn(1V)-3M H,80,; @: Sn(IV)4M H,8C,; A: Ge(IV)-2M H,SO,; A: Ge(IV)-5M H,SO,:
(b) O: Sn(IV)-0.3M KI.

completely extracted into a mixture of 85%MIBK
and 15% cyclohexanone from an equal volume of
0.025-0.15M sulphuric acid/0.1-0.3M potassium io-
dide. Large amounts of indium (100 mg) can also be
quantitatively extracted into MIBK from an equal
volume of <0.5M sulphuric acid/0.5-1M potassium
iodide.”® The distribution ratio increases with potas-
sium iodide concentration up to at least 1M.1*%
MIBK extracts indium not only as the uncharged
complex, Inl;, but predominantly as an ion-pair of
[In1,]~."* In the present work, complete stripping of
indium from the MIBK phase could not be obtained
with 10% nitric acid, particularly from extracts ob-
tained during extraction from >3M sulphuric acid.
Quantitative back-extraction is readily achieved with
20% nitric acid/20% hydrogen peroxide solution.

The extraction profiles for thallium(III) [Figs. 3(a)
and (b)] show that the extraction is complete from
2M sulphuric acid/0.05-0.5M potassium iodide and
from 0.1M potassium iodide/0.5-5M sulphuric acid,
respectively. Although no information has been
found in the literature on the MIBK extraction of
thallium from sulphuric acid-iodide media, previous
work with cyclohexanone as solvent suggests that
thallium is extracted as the solvated neutral iodide,
TII,.S (where S represents the solvent), and as the
solvated ion-pair of [Til,]~, viz. K[TII,].3S.” Al-
though thallium(IIl) is reduced to thallium(I) by
iodide, it has been stated that in the presence of excess
of iodide the iodine produced can reoxidize the
thallium(I) with formation of the anionic tetra-
iodothaliate(I1T) complex.* Thallium(I) can also be
extracted from iodide solutions with polar sol-
vents.'** In the present work, thallium(IIT) could not
be completely back-extracted from the MIBK extract
(under the chosen conditions of volumes and shaking
times) with 10% nitric acid containing 70% hydrogen
peroxide, 20% nitric acid containing 20-50% hydro-
gen peroxide or 30% nitric acid containing 20%

hydrogen peroxide. With the 20-30% nitric
acid/hydrogen peroxide mixtures only ~45-60% of
the extracted thallium was recovered. However, 40%
nitric acid was found to be effective for stripping
purposes.

Germanium and tin

Figure 4(a) shows that, at the 500-u g level, germa-
nium is not extracted from 2M sulphuric acid con-
taining potassium iodide up to 0.5M concentration,
but is about 44% extracted from 5M sulphuric
acid/0.5M potassium iodide, which shows that the
degree of extraction increases with increasing acidity.
According to Byrne and Gorenc,’ and Tanaka and
Takagi,” who studied the extraction of germanium
into toluene and cyclohexane, respectively, from
sulphuric acid media, the degree of extraction also
increases with increasing iodide concentration. Al-
though Tanaka and Takagi’s results suggest that the
extraction is almost quantitative from ~5M sul-
phuric acid/1 M sodium iodide, tests with potassium
iodide showed that, at this acidity and iodide concen-
tration, potassium sulphate deposits in the solution
and interferes mechanically with the extraction. Only
~62% of the added germanium was recovered
from the MIBK extract under these conditions.
Germanium is extracted as the neutral iodide, Gel,,"?
and can be readily stripped from the extract with
water. However, the addition of methanol is required
after each stripping step to destroy the emulsions that
form.

The extraction profiles for tin(IV) [Figs. 4(a) and
(b)] show that the degree of extraction increases with
increasing potassium iodide and sulphuric acid con-
centrations up to at least 0.5 and SM, respectively,
and that the extraction is quantitative from 4M
sulphuric acid/0.1-0.5M potassium iodide and from
3-5M sulphuric acid/0.3M potassium iodide. These
results are consistent with those reported for the
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extraction of tin(IV) into toluene, a non-polar sol-
vent.* They are also consistent with those obtained
by Krivenkova et al.,2 who found that the distribu-
tion ratio, with MIBK as extractant, increases with
increasing sulphuric acid and potassium iodide con-
centrations up to at least 2.5 and 1.2M, respectively.
Tin(IT) can also be extracted into MIBK from sul-
phuric acid-iodide solutions containing chromous
chloride as reductant.”® Tin(IV) is extracted into
MIBK as the unsolvated neutral iodide, Snl,,? and
can be readily stripped from the extract with 20%
nitric acid/20% hydrogen peroxide solution. Tests
showed that back-extraction of tin with 40% nitric
acid/10% hydrochloric acid is incomplete. Only
about half of the tin in the extract is stripped under
these conditions. Conversely, in previous work'? it
was found that tin(IV), extracted as the iodide into
toluene, can be completely stripped from the extract
with a mixture containing 50% v/v nitric acid, 10%
v/v sulphuric acid and 20% v/v hydrochloric acid.
Consequently, it is possible that some SnCl, or higher
negatively charged species such as [SnCl]™ or
[SnCl]*~ are formed under these conditions and that
these complexes are insoluble in toluene but soluble
in MIBK.

Arsenic, antimony and bismuth

Figures 5(a) and (b) show that the extraction of
arsenic(IIl) into MIBK 1s quantitative only at rela-
tively high sulphuric acid and iodide concentrations,
viz. 4-5M sulphuric acid/~0.3-0.5M potassium io-
dide, and that the extraction increases with increasing
potassium iodide concentration up to at least 0.5M.
These results are reasonably consistent with those
reported for the extraction of arsenic into toluene
from sulphuric acid-potassium iodide media.*
Arsenic can also be quantitatively extracted at higher
acidities and lower iodide concentrations.

Arsenic(V) is reduced to arsenic(111) by iodide in acid
media, and this is extracted into MIBK as the neutral
molecule, Asl;,'? and can be readily stripped from the
extract with water, as described for germanium.
Antimony(III) is completely extracted from 2M
sulphuric acid/0.05-0.5M potassium iodide [Fig. 5(a)]
and from 0.1M potassium iodide/1-5M sulphuric
acid [Fig. 5(b)]. Antimony(V) is reduced to anti-
mony(IlT) by iodide in acid media. At potassium
iodide concentrations greater than ~0.5M the degree
of extraction of antimony decreases; about 96% is
extracted from 1M potassium iodide/2M sulphuric
acid. These results are reasonably consistent with
those obtained by Kakita and Gotd,?' who found that
the degree of extraction steadily decreases as the
potassium iodide concentration increases from ~0.5
to at least 3M. Krivenkova et al.*? found that the
distribution ratios for extraction into MIBK from
& 2M sulphuric acid decreased with potassium iodide
concentration up to =0.8M, then increased slightly.
Decreases in the degree of extraction have also been
observed, but to a much greater extent, with non-
polar solvents such as toluene®® and benzene.?+#
This decrease has been attributed to the formation of
the anionic [Sbl,]” species, which does not form
ion-pairs that are extractable into these sol-
vents. %4446 However, because polar solvents such
as MIBK extract both the uncharged Sbl, complex
and ion-pairs of [Sbl,]~,!*#434346 the effect of potas-
sium iodide on the extraction would be considerably
less with polar solvents than with non-polar solvents
which extract only Sbl;. The decrease in the MIBK
extraction of antimony at high iodide concentrations
may be caused by the liberation of iodine and sub-
sequent oxidation of antimony(III) to the less extrac-
table antimony(V).* Possibly, this decrease in extrac-
tion may be avoided by adding ascorbic acid to the
solution before the addition of potassium iodide, to
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Fig. 6. Effect of H,SO, and KI concentrations on the extraction of Te(IV) and Pd(Il). (a) O: Te(IV)-2M
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inhibit the formation of iodine. Although 40% nitric
acid was used in this work to strip antimony from the
MIBK extract, later work showed that ~3% nitric
acid is equally effective. Tartaric acid was required in
the test solutions to prevent hydrolysis of antimony;
erratic results were obtained in its absence.

Figures 5(a) and (b) show that the extraction of
bismuth is complete from 2M sulphuric acid/
~0.01-0.5M potassium 1odide and from 0.02M
potassium iodide/0.1-5M sulphuric acid. Although
no apparent increases or decreases in extraction were
observed at the acid and iodide concentrations used
in this work, previous investigators have found that
the degree of extraction with oxygen-compound sol-
vents decreases with increasing iodide concen-
tration,?#*%7 presumably because of the formation of
multicharged anionic [Bil;]*~ and [Bil;]*~ complexes
that are not extractable into the organic phase.
MIBK and other oxygen-containing solvents such as
tributyl phosphate and cyclohexanone extract bis-
muth as the neutral iodide, Bil;, and as ion-pairs of
[Bil,]~."**" The present work showed that it can be
completely stripped from MIBK extracts with 20%
nitric acid/20% hydrogen peroxide solution.

Selenium, tellurium and molybdenum

Byrne and Gorenc®® found that up to ~20 pg/ml
concentration in the aqueous phase, selenium(IV) is
~99% extracted into toluene from x0.1-6M sul-
phuric acid/0.05-1M potassium iodide, presumably
as the amorphous form produced by reduction with
hydriodic acid. However, in our work, the extraction
of selenium(IV) was incomplete and very erratic
because of this reduction. Only about 73-86% and
80-86% of the added selenium was extracted from
2M sulphuric acid/0.5-1M potassium iodide and
from 4M sulphuric acid/0.2—1M potassium iodide. In
these tests, selenium was stripped from the extract

with a mixture of nitric and acetic acids and hydrogen
peroxide.’>%

The extraction profiles for tellurium(I'V) [Figs. 6(a)
and (b)] show that it is quantitatively extracted into
MIBK from 2 sulphuric acid/0.01-0.5M potassium
iodide and from 0.02M potassium icdide/1-5M sul-
phuric acid. These results are reasonably consistent
with those obtained by Kakita and Got6,”' who
found that the extraction is complete from 0.5-4Af
sulphuric acid that is at least 0.5-1.5M in potassium
iodide and from 0.25-3M potassium iodide that is at
least 1-2.5M in sulphuric acid. They did not in-
vestigate the extraction of tellurium at iodide concen-
trations less than 0.25M. It is generally considered
that tellurium is extracted into oxygen-compound
solvents as ion-association complexes of [TelJ*~, and
possibly of [Tel;]~ from dilute iodide media.'> How-
ever, Havezov and Stoeppler® found that, at low
iodide concentrations, tellurium can be extracted
into o-xylene, a non-polar solvent, as the neutral
iodide, Tel,. Consequently, depending on the iodide
concentration, it is probably extracted into MIBK as
both Tel, and [Tel;]*~. Tellurium can be readily
stripped from the extract with 20% nitric acid-60%
hydrogen peroxide solution. Back-extraction with
20% nitric acid—20% hydrogen peroxide solution was
incomplete from extracts obtained from >2M sul-
phuric acid/>0.1M potassium iodide.

Molybdenum(VI) is ~5% extracted into MIBK
from SM sulphuric acid/0.5M potassium iodide. This
agrees with earlier work in which ~6% and <1%
extraction into diethyl ether from 6.9 hydriodic
acid® and from 0.75M sulphuric acid/— 1.5M potas-
sium iodide,* respectively was reported. Although it
has been reported that molybdenum is ~43% extrac-
ted into MIBK from 2.3M hydrochloric acid/0.2M
potassium iodide containing ascorbic acid,” it is
highly probable that it is largely extracted as a
chloro-complex under these conditions.
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Palladium

Figure 6(a) shows that palladium(II), which forms
a reddish brown iodide complex, is completely extrac-
ted into MIBK from 2M sulphuric acid/0.01-0.05M
potassium iodide, and that the degree of extraction
decreases with increasing iodide concentration. Ex-
traction is quantitative from 0.02M potassium
iodide/0.5-5M sulphuric acid [Fig. 6(b)]. MIBK ex-
tracts palladium as ion-association complexes of
[PdL} " .** The decrease in the extraction of palladium
at >0.05M potassium iodide concentration may be
caused by the formation of unextractable higher
multicharged anionic complexes.’! Palladium cannot
be stripped from the extract with 30% nitric
acid-30% hydrogen peroxide solution or with 40%
nitric acid. It is readily stripped with 50% hydro-
chloric acid containing 1% thiourea as a complexing
agent.’

DISCUSSION

The results of the present work show that, in
general, the degree of extraction of all the elements
investigated increases with increasing sulphuric acid
concentration, and that copper, silver, cadmium,
bismuth, tellurium and palladium can be quan-
titatively extracted as jodides into 50 ml of MIBK, in
one extraction from 100 ml of 2M sulphuric acid
containing potassium iodide at concentrations as low
as 0.02M. In the absence of mutual interference
effects between the extracted species,” the group
separation of copper, silver, cadmium, indium, thal-
lium, antimony, bismuth and tellurium from zinc, tin
and arsenic is possible by simultaneous extraction of
these elements into MIBK from =2M sulphuric
acid/~0.05-0.1M potassium iodide. It is probable
that all or most of the elements extracted can be
quantitatively back-extracted from the extract by
stripping first several times with 40% nitric acid
containing hydrochloric acid to remove silver, then
several times with 20% nitric acid—60% hydrogen
peroxide solution to ensure the complete recovery of
tellurium. Zinc, tin and arsenic can be included in the
group separation by extracting from 5M sulphuric
acid/0.4M potassium iodide or from 4M sulphuric
acid/0.5M potassium iodide. Tin, but not zinc and
arsenic, can be included by extracting from 4M
sulphuric acid/0.1M potassium iodide. Under these
conditions very little arsenic would be co-extracted,
and co-extracted zin¢ could readily be removed from
the extract by washing it with a sulphuric
acid-potassium iodide solution of the same com-
position as that used for the extraction. If the sepa-
rate recovery of zinc, tin and arsenic or of tin alone
1s required, copper, silver and the other elements
mentioned above can be extracted from 2M sulphuric
acid/0.05-0.1M potassium iodide as already de-
scribed, followed by one or two washes of the extract
with a solution of the same acid and iodide concen-
tration as that used for the extraction, to recover the

co-extracted zinc, tin and arsenic. Subsequently, after
adjustment of the sulphuric acid and potassium io-
dide concentrations of the combined aqueous phase
to the required levels mentioned above, zinc, tin and
arsenic, or tin alone, could be extracted, and finally
stripped from the extract with water, followed by
20% nitric acidd-20% hydrogen peroxide solution as
described below. However, for a single stage extrac-
tion, sufficient MIBK would have to be used in this
second extraction step for the volume ratio of the
organic to aqueous phase to be 1:2. The extraction
of tin and arsenic, or of arsenic alone, at the acid and
iodide concentrations mentioned above, is not appli-
cable in the presence of a large amount of zinc, and
none of the extraction schemes already mentioned is
applicable in the presence of a large amount of
copper. However, in the presence of a large amount
of zin, it should be readily possible to include tin and
arsenic in a separation scheme by extracting them
into toluene from = 5M sulphuric acid/0.5M potas-
sium iodide,* after the group separation of copper
and other elements from 2M sulphuric acid/0.05-
0.1M potassium iodide and the recovery of any
co-extracted tin and arsenic from the extract as
described above.

Some preliminary tests have shown that, in the
presence of 500 mg of zinc and 50 mg of iron(III), up
to at least 500 ug each of copper, silver, cadmium,
indium and bismuth can be simultaneously and quan-
titatively extracted into MIBK from 2A4 sulphuric
acid/0.1M potassium iodide under the conditions
used in this work. In these tests iron(IT1) was reduced
to iron(Il) with ascorbic acid before the addition of
potassium iodide. Co-extracted zinc and residual iron
were removed from the extract by washing it once
with 20 ml of 2M sulphuric acid/0.1M potassium
iodide and the extracted elements were stripped with
40% nitric acid-20% hydrochloric acid solution.
Because of the large amount of iodide present in the
extract under these conditions, more hydrochloric
acid than that used during the study of the extrac-
tability of silver (¢f. Table 1) was needed in the
stripping solution to keep silver in solution during the
stripping step. Subsequent work showed that if the
solution to be extracted contains lead sulphate and
this is removed by filtration before the extraction
step, low results will be obtained for silver, bismuth
and also for antimony, because of their partial oc-
clusion by the precipitate. Calcium sulphate also
occludes silver.” The occluded silver can be readily
removed from lead sulphate, but not from calcium
sulphate, by washing with 25% ammonia solution.’-
Work is continuing to find a simple and rapid method
for recovering the occluded bismuth and antimony
from lead sulphalte.

In the presence of moderate amounts of
arsenic(lll) (e.g., 1 mg), low results are obtained for
tin when it is stripped from the MIBK extract with
20% nitric acid-20% hydrogen peroxide solution.
Low results were also obtained previously' in similar
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circumstances when tin was extracted into toluene as
the iodide and stripped with 50% v/v nitric acid-10%
v/v sulphuric acid. This was caused by the formation
of a tin(IV)-arsenic(V) compound which, although it
was completely stripped from the toluene phase, was
insoluble in the stripping solution and partially re-
mained in the funnel after the back-extraction step.
This compound could be kept in solution by adding
hydrochloric acid to the stripping solution. However,
as found in the present work, stripping solutions
containing hydrochloric acid are ineffective for strip-
ping tin from MIBK extracts, because of the probable
formation of SnCl, or anionic chloro-complexes
which remain in the MIBK phase. Some further work
showed that although tin alone is not appreciably
stripped with water (only =13% at the 500-pg level),
it is completely stripped with water if sufficient
arsenic is present during the extraction step. This
suggests that under these conditions tin and arsenic
are extracted in the form of a tin(IV)-arsenic(I1l)-
iodide compound. Although this behaviour has not
been investigated further, it is possible that, in the
presence of both small and moderate amounts of
arsenic, complete back-extraction of tin from MIBK
extracts may be obtained by stripping the extract first
several times with water to remove the extracted
tin-arsenic compound and then with 20% nitric
acid~20% hydrogen peroxide solution to ensure the
recovery of any remaining tin.
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Summary—A survey of the use of flow-injection analysis for speciation studies is presented. Comments
are made about the future potential of the technique, and suggestions are made for further research.

Study of the speciation of an element involves the
determination of the various individual physico-
chemical forms.' This is of great interest, especially in
environmental analysis, because the toxicity of an
element depends on its chemical form. For example,
As(II) is more toxic than As(V) and As(V) has
higher toxicity as arsenate than as mono-
methylarsonic acid, which in turn is more toxic than
dimethylarsonic acid.> Chromium(V1) has been asso-
ciated with several diseases,” but chromium(IIl) is
relatively non-toxic. Such differences in toxicity are
one of the main reasons for the enormous recent
development of analytical methods for differentiating
the various forms of an element existing in the
medium of interest.' ¢

Flow-injection analysis (FTA) has been found very
useful in speciation studies, but its full potential has
not yet been realized. This article reviews existing
FIA methods for speciation, and mentions some that
have not yet been utilized but could help to overcome
certain problems encountered. Methods suggested up
to now have been concerned only with determination
of two oxidation states of an element, but there is
great potential for development of methods for more
complex systems.

In this review, FIA configurations have been di-
vided into two main groups, according to the number
of detectors needed for the determination. When
more than a single detector is used, subdivision is
possible, by considering whether the detectors are
arranged in series or parallel. Table 1 shows these
divisions, and also a further division according to the
presence or absence of a redox system.

CONFIGURATIONS WITH A SINGLE DETECTOR

Configurations with a single detector require some
imagination from the designer. The methods pro-
posed so far deal only with redox systems, and
involve the use of a single indicator reaction for one
of the species, and addition of a redox agent to
transform the other into the one which undergoes the
indicator reaction.

The simplest method uses redox pretreatment of
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alternate aliquots, so that one of the forms (sample
without pretreatment) or the sum of both (pretreated
sample) can be determined by the same reaction. An
example is the determination of NO,; and NOj
suggested by Valcarcel et al” in which NO; is
determined indirectly by AAS, through formation of
an ion-pair with the Cu(I)-neocuproin complex and
extraction into isobutyl methyl ketone. Prior oxi-
dation of NO; allows determination of the sum of
the two anions, and the NO; concentration is found
by difference. A slightly more complicated approach
for NO; and NO; employs an injection valve with
two loops that are used alternately. One loop con-
tains a microcolumn for reduction of NOj to NO; .%*
The sum of nitrate and nitrite is thus determined by
the Griess reaction (Shinn’s modification), which is
commonly used for photometric determination of
nitrite. Sample passed through the other loop is
analysed for only the nitrite originally present. The
Xu and Fang manifold for determination of NO;
and NO; in waters and soils' uses two channels,
each with its own injection valve, and one of the
channels incorporates a reducing column. The two
channels merge before the confluence with the re-
agents. [njection first into one channel and then the
other allows determinations of NO, and of
NO; + NO,".

The use of a valve to switch between streams with
and without a redox agent (Fig. 1) for sequential
determination of the oxidation states of an element
has been the most usual method for speciation by
FIA. Applications have included determination of
Fe(IIT) and Fe(Il) [indicator reaction Fe(II)-1,10-
phenanthroline; reductant ascorbic acid],'! Cr(VI)
and Cr(II) [indicator reaction Cr(VI)-1,5-diphenyl-
carbazide; oxidant Ce(IV)],"! ¥ and AsO;}~ and AsO;
(indicator reaction formation of molybdenum blue;
oxidant 105 )." Many methods used for arsenic speci-
ation, such as those based on detection by AAS or
ICP with prior selective hydride formation," ion-
exchange,'® volatilization'” or HPLC' have not yet
been adapted for FIA.

A method not requiring a redox agent could be
based on use of selective indicator reactions for each
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Tabie |. FIA configurations for speciation studies

With a single detector
With sample pretreatment

With redox column in sample loop or in reactor

With selecting vailve

two complexing agents
redox stream

With two flow-cells aligned with the same aptical path

With splitting and confluence points

With asymmetric merging zones

With double-beam spectrophotometer
With reversed FIA
With two detectors

With disselved
redox agent

series
Without dissolved
redox agent
With redox agent
in column
parallel With dissolved

redox agent

Without redox
agent

series flow-cells
parallel flow-cells

open system
closed system

two optical detectors

optical and electrochemical detectors
two electrochemical detectors

molecular and atomic optical detectors
optical and electrochemical detectors
two optical detectors

two electrochemical detectors

two identical detectors
(optical or electrochemical)

two identical or different detectors
(optical or electrochemical}

optical and electrochemical detectors

molecujar and atomic optical detectors
two electrochemical detectors

oxidation state, with a valve to switch between the
streams of the indicator reagents. The detector would
have to be sensitive to both products. Such methods
have not yet been described, probably because it is
difficult to find suitable chemical systems.

The speciation of an element can be determined in
a simultaneous manner with a single detector (the
term “simultaneous” in FIA means determination of
two or more species in the same injection sample)'® in
several ways.

(a) Two cells are aligned in the same optical path
of the detector in a manifold. The injected sample is
split into two sub-plugs, both of which reach a
detector cell, but at different times; each is first
merged with a reagent stream (for determination of
one of the oxidation states) or first with a redox

stream and later with that of the reagent (deter-
mination of the sum of the two oxidation states), as
shown in Fig. 2a. This has been done for chromium
with the indicator reaction already mentioned."

(5) A manifold with both splitting and confluence
points before the detector (Fig. 25) can also be used
for the chromium determination.'

{¢) The merging-zones mode® is an ingenious way
of performing speciation studies with a simple two-
channel manifold. A large sample volume is injected
along with a small amount of redox reagent, so that
only the final zone of the sample plug merges with the
redox agent. This channel then merges with that of
the reagent. In the two-peak recording obtained, the
first peak is due to one of the oxidation states and the
second to the sum of the two. A somewhat more
complicated configuration, but with greater possi-

Ly Lz

'

w

=]
Sampie v
Carrier /]\
h—y
Buffer + s
redox agent
Buffer :38
Reagent

Fig. 1. FIA configuration with a single detector for study of speciation by sequential determination.
S—selecting valve; IV—injection valve; P—peristaltic pump; L,, L,—reactors; D—detector; W—waste.
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Fig. 2. FIA configurations with a single detector for study of speciation by simultaneous determination:
(a) with two flow-cells aligned in the same optical path of the detector; (b) with a confluence point before
the detector.

bilities, involves use of the asymmetric merging-zones
mode in a closed system, to allow multidetection with
a single detector.”' In this way, reaction rates can be
studied and measurement methods unusual in FIA
applied.?

(d) A double-beam spectrophotometer can be used
without or with splitting of the sample if a series (Fig.
3a) or parallel (Fig. 3b) configuration of the cells is
used. The first configuration was tested for chromium
speciation with diphenylcarbazide (DPC), but was
unsuccessful because of the characteristics of the
chemical system;” it can be applied in chemical
systems without this shortcoming. The second
configuration gave good results with the same chemi-
cal system.”

(e) The potential of FIA for speciation studies is
increased by use of the reversed FIA mode, rFIA.?
The most serious problem of rFIA is that sample
consumption is higher than in normal FIA. However,
this is not a problem in studies of water samples (tap-,
sea-, waste-water, efc.), which are usually abundant.

(a)

Sample Iv

Carrier

Reagent

Redox

The three configurations outlined in Fig. 4 have been
tested for speciation of chromium in water [indicator
reaction Cr(VI)-DPC]. Configurations a and b allow
the simultaneous determination of the two oxidation
states; configuration ¢ permits their sequential deter-
mination. In Fig. 4a continuous analysis for Cr(VI)
and periodical analysis for Cr(III) is achieved, as
shown. In Fig. 4b, the asymmetric confluence of a
large DPC plug and a small plug of oxidant gives two
peaks, the first related to the Cr(VI) concentration,
and the second to the sum of the two oxidation states.
In Fig. 4c, valve S is used to switch between deter-
mination of Cr(VI) (upper sub-manifold) and of
[Cr(V]D) + Cr(111)] (lower sub-manifold).?

The rFIA mode has also been utilized for deter-
mination of NO; and NOj by the modified Griess
reaction. A valve allows passage of some of the
sample stream through a by-pass with a cadmium
microcolumn, in an alternating manner. After this
valve is a confluence point with sulphanilamide

Ly ) L2 2)

agent

(b)

Reagent

-
=

Sample Iv

Carrier

Redox agent

Reogent

g 0d
E

|

£

2

Fig. 3. FIA configurations with double-beam spectrophotometer for speciation studies (simultaneous
determination): (a) series configuration of the flow-cells; (b) parallel configuration.
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Reagent
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Fig. 4. Reversed FIA configurations for speciation studies, and the recordings obtained in each case: (a)

with continuous determination of Cr(VI) and periodical determination of Cr(IIl); (5) with asymmetric

merging zones; (c) sequential determination of Cr(VI) (upper sub-system) or overall chromium (lower
sub-system) with the aid of a selecting valve. S.

solution, before injection of N-(1-naphthyl)ethyl-
enediamine. The method has been applied to sea-
water.

Electrochemical detection has not been used in
such a configuration, but it seems likely that it would
increase the potential of FIA.

CONFIGURATIONS WITH TWO DETECTORS

Despite the greater costs, the inclusion of two
detectors in FIA manifolds for speciation studies
opens up many more possibilities. The use of a redox
agent in the chemical system is then not necessary.
The various designs are discussed in the order in
which they appear in Table 1.

Series detectors

When a suitable redox agent is used, manifolds can
involve (a) an optical and an electrochemical de-
tector; (b) two identical detectors, one of which
measures the concentration of one oxidation state,
and the other, located after the confluence with a
suitable redox agent, determines the sum of the two
oxidation states; (¢) two different electrochemical
detectors placed as in (). These possibilities have not
yet been applied.

When no redox agent is used in the chemical
system, both the chemical and the FIA systems
become simpler. The methods suggested by Burguera
and Burguera® and Lynch et al.?® for determination
of Fe(IIl)/Fe(Il) and Cr(VI)/Cr(III) use optical,
molecular and atomic detectors to determine one of
the oxidation states (molecular detector) and the
overall concentration (atomic detector) of the ele-
ment concerned. It would be possible to use an
optical detector to determine one of the chemical
forms of the element and an electrochemical detector
to determine the other or the sum of the two. The use
of two potentiometric detectors (ISEs) in series has
been outlined by RuZi¢ka er al. for nitrogen speci-
ation studies (NO; and NH;).# Voltammetry
could also be applied, with working electrodes suit-
able for the chemical system under study and at an
appropriate potential for detection of each of the
oxidation states. The more negative electrode would
provide the concentration of one of the species or the
overall concentration, depending on whether the
technique used were differential or not.

Parallel detectors

Two identical optical detectors in parallel and a
solid redox agent (reducing microcolumn) have been
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used to determine NO; and NOj. In parallel sys-
tems, there must be a splitting point after the injec-
tion port, to provide a sub-plug to each sub-system.”
Confluence with a redox agent could be used instead
of the column, and the optical detectors could be
replaced by electrochemical ones, but neither ap-
proach has yet been realized.

Two systems with no redox agent have been pro-
posed. (1) Use of a multichannel spectrophotometer
and multiple injection for determination of NH;} by
formation of indophenol blue, and of nitrate by direct
spectrophotometric measurement.”” The sample is
injected simultaneously, by the multiple valve, into
each of the sub-systems, later merging with the
reagent channels in the NH, sub-system. (2) Use of
two spectrophotometers, one for determination of
Fe(II) with 1,10-phenanthroline, and the other for
determination of Fe(III) with thiocyanate. The mani-
fold has a dual injection valve which inserts a plug
into each sub-system.”!

Possibilities that might be considered in the future
again include use of an optical and an electrochemical
detector, or two electrochemical detectors. Injection
could be performed by a dual valve, or a single
injection could be made into a manifold with a
splitting point located after the injection system.

The method suggested by Burguera and Burguera®
for determination of sulphide, sulphite, sulphate and
total sulphur with the aid of a molecular-emission
detector is of particular interest. The method is based
on the differing emission generation rates for the
various anions, resulting in the sequential appearance
of peaks due to S*~, SO~ and SOI~. The use of
hydrogen peroxide as carrier allows the deter-
mination of total sulphur.

A new alternative for the determination of more
than two chemical forms of the same element is
currently under study.® This makes use of some of
the configurations suggested for chromium speciation
studies (rFIA or normal FIA), along with a pH
microelectrode located in the sample stream before
the point of injection of the reagent (rFIA) or inside
the loop of the injection valve if normal FIA is used.
Once the sample pH is known, the use of known
values for the formation constants of the various
chemical forms [Cr,0:", CrO;~, HCrO,, H,CrO,
and Cr(IIl) hydroxo-complexes] allows the concen-
tration of these species to be calculated, along with
that of total chromium.

FUTURE DEVELOPMENTS

The potential of FIA for speciation studies is not
limited to the configurations and methods already
described. Many more analytical methods should be
amenable to adaptation for FIA. Some points de-
serve special attention.

(1) Separation techniques associated with con-
tinuous unsegmented flow systems may be used as a

means of eliminating interferences from other species
present, and also to separate the various chemical
forms of the element of interest. The following tech-
niques have been used in conventional speciation
methods: ion-exchange (in arsenic speciation'®), gel
filtration (aluminium speciation®), Donnan dialysis
(complexes of Pb, Zn, Cu and Cd with glycine and
humic and nitrilotriacetic acids in lake waters®),
HPLC (intermediate polar coal-derivatives,® arsenic
and selenium," organocopper complexes,” methyl-
tins,*® erc.), thermal vaporization (inorganic and or-
ganometallic compounds®). The selective formation
of hydrides can also be utilized as a separation
technique.'*'®

(2) Many useful detection techniques (infrared
spectrometry,’  atmospheric-pressure  ionization
mass-spectrometry,” inductively coupled plasma
spectrometry,'® ultraviolet resonance Raman spec-
trometry,* efc.) have not yet been used for detection
in FIA-speciation. Electrochemical techniques, es-
pecially potentiometry”™® and voltammetry*#
should also be useful since commercially available
instruments are affordable even by modest laborato-
ries. A diode-array detector has recently been used to
monitor the sample plug at several wavelengths* and
the potential of this for solving speciation problems
1s clear.

(3) So far FIA has been used in speciation studies
of very few elements. Currently, selenium is under
study’’ on account of its presence in waters and
biological fluids, but there are many other
elements® ! of interest.

(4) Conventional analytical methods have provided
interesting results in theoretical studies of speciation
(e.g., the work of Marinsky and co-workers*** but
FIA has not yet been used for this purpose.
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Summary—Analytical applications of spectroelectrochemistry are limited by the short path-length, in the
absorbing medium, that can be produced with most light-beam/electrode configurations. This disadvan-
tage is overcome for grazing incidence. A cell fitted with glassy-carbon electrodes and used in a
conventional spectrophotometer is described and applied to model systems illustrating the use of (a)
homogeneous redox reactions, (b) homogeneous redox reaction followed by chemical reaction and (c¢)
electro-deposition followed by stripping into a reagent solution. This last technique is the spectro-
electrochemical analogue of anodic-stripping voltammetry.

Although many spectroscopic techniques have been
used to monitor species both in the diffusion layer
and on the electrode surface (during and after elec-
trolysis), there have been few quantitative analytical
applications.! The aim of most of such studies has
been the elucidation of reaction mechanisms, mea-
surement of rate constants, diffusion coefficients, E°
and n values, and study of the electrode surface. As
candidates for quantitative analytical application,
spectroelectrochemical experiments based on the
absorption of light by species in the diffusion layer
after imposition of a potential step are the most inter-
esting, because the equations which relate the absorb-
ance to various parameters of the system are ana-
logous to the Beer—Lambert equation for con-
ventional solution spectrophotometry. These experi-
ments include total internal reflection at an optically
transparent electrode (OTE)* and normal trans-
mission at an OTE.? The limitations of the former
technique are set by the path-length in the absorbing
medium, which in turn depends on the extent to
which the totally internally reflected beam passes into
the solution at the other side of the electrode inter-
face. The latter technique is limited by the time taken
for the ‘“equivalent path-length”” to reach high
enough values, the basic equation being

Dt 12
A =eg2 ct

i
where 4 is the absorbance, ¢; the molar absorptivity
of the reduced species, D, the diffusion coefficient of
the oxidized species, ¢ time and C? the bulk concen-
tration of the oxidized species. This form of the
equation is for the reaction O + ne — R, namely a
homogeneous reduction at the electrode surface. The
“equivalent path-length” is 2(D,¢/)"* and thus for
a given system with constant &z, C° and D,, the
absorbance increases with the square root of the time.

o

(1
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For a hypothetical value of 10 *cm?/sec for D, the
change in equivalent path-lesgth (cm) with time is
given in Fig. 1. It can be seen that the path-length
(and hence absorbance) increases only very slowly
with time. It can readily be calculated from equation
(1) that it will take something approaching 22 hr for
the equivalent path-length to become 1 cm.

If the light-beam is passed at grazing incidence over
the surface of the electrode the equation (1) is
modified® to

A =g 2(Dot/m)" (b /h)C] @

where b is the length of electrode surface traversed by
the light-beam, 4 the width of the beam and the other
symbols have the same meaning as before. The
“equivalent path-length” in this equation is
2D, t/m) b /h) and is shown as a function of time
in Fig. 1 for values of b and & of 1 and 0.05cm
respectively. It can readily be seen that potentially
useful “‘path-lengths” are obtained in only a few
minutes.
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Fig. |. Variations of “equivalent path-length’” with time, for

a hypothetical compound with a diffusion coefficient of 10~°

cm?/sec, with absorbance measured normal to (curve A) and
parallel to (curve B) the electrode surface.
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The quantitative analytical basis of the technique
is also seen from equation (2). The absorbance is
directly proportional to concentration at a given
time, and furthermore, the slope of the 4 vs. t'? plot
is also proportional to concentration. The *“‘equiv-
alent path-length” model predicts that the absorb-
ance will reach a maximum value when
2(D,t/m)"? = h. For the values used here, the time for
this to occur is 196 sec.

In recent years there has been an increase in the use
of the parallel or near-parallel absorption method
(see, for example, references 5-10) and other methods
of increasing the sensitivity of the measurement, such
as use of a circulating, long optical-path, thin-layer
cell.!

In this paper, two methods using grazing incidence
and a glassy carbon electrode are reported. In the
first, homogeneous reactions are used, in which the
determinand species undergoes a spectral change on
oxidation or reduction at the electrode surface. The
possibility of producing a spectral change by a chem-
ical reaction subsequent to the electrode reaction was
also investigated. In the second method, a spectro-
electrochemical analogue of anodic-stripping volta-
mmetry is used, in which the metal to be determined
is electro-deposited on the electrode surface and then
stripped off into a solution of a spectrophotometric
reagent.

EXPERIMENTAL

Reagents

Metal-ion solutions were prepared from analytical-
reagent grade salts. Spectrophotometric and other reagent
solutions were prepared from the solid reagents. All solu-
tions were prepared with triply distilled water.

Apparatus

The cell-holder of a Pye Unicam SP600 Series 2 spec-
trophotometer was modified to accept a cell with two
glassy-carbon plate electrodes (see Fig. 2). Slits (approxi-
mately 1 mm wide) mounted in front of and behind the cell

Fig. 2. Sketch of the spectroelectrochemical cell. The glassy-
carbon electrodes, A (10 x 20 mm}, are mounted in resin
blocks, B, and connected to the external circuit by copper
wires, C, joined to their backs with silver-loaded epoxy
resin. The blocks are secured to a Teflon base, D, with the
electrodes about 20 mm apart. The cell windows are micro-
scope slides cut to size and glued in place. The path and
dimensions of the light-beam, E, are defined by the slits, F,
mounted either side of the cell assembly.

defined the light-beam and the cell was positioned by
horizontal adjustment with a worm gear drive. The cell was
equipped with a variety of inlets and outlets so that sample
solutions efc. could be pumped in and out, the solution
deoxygenated with oxygen-free nitrogen and a nitrogen
atmosphere maintained. The spectrometer output was con-
verted into absorbance by an SP45 unit and monitored with
an X-t recorder. The electrode potential was controlled by
means of a manual polarograph (Southern Analytical
A1650) or a potentiostat (Princeton Applied Research 174).
Procedures

The general procedure for the homogeneous reactions
was to transfer the solution (in background electrolyte) to
the cell, deoxygenate it, set zero and 100% transmission,
start the chart recorder and apply a potential step (typically
2 V vs. the counter-electrode). For the anodic-stripping
mode, after a suitable deposition time, the solution was
replaced by one containing the spectrophotometric reagent
(dissolved in background electrolyte), the absorbance scale
was set, the chart recorder started, and a potential step
applied.

RESULTS AND DISCUSSION

Homogeneous reactions

Various species were investigated, including
ferroin, ferrocyanide, phosphomolybdate, methyl
viologen (1,1’-dimethyl-4,4’-bipyridinium), perman-
ganate, dichromate and iodide. The oxidation of
iodide was monitored by means of the absorbance of
the iodine produced or that of the blue starch-iodine
compound. For all the species examined, the plots of
A vs. 1'7 had a linear region (as shown in Fig. 3), the
slope of which showed a high correlation with con-
centration. A similar correlation between the max-
imum absorbance obtained and concentration was
also observed. As examples, the results for phospho-
molybdate and the iodide-starch system are given in
Table 1.

Anodic-stripping

The following combinations of metal and spectro-
photometric reagent were investigated: (@) copper
and Pyrocatechol Violet (PCV), murexide, or pyridyl

o8 .-
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Fig. 3. Plot of absorbance (at 720 mm) against time'” for
phosphomolybdenum blue (8 x 107*M). The applied poten-
tial was —2.0 V.
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Fig. 4. Plot of absorbance (at 630 nm) against time'” for the
anodic redissolution of copper (at +2.0 V) into a solution
of Pyrocatechol Violet.

azo resorcinol (PAR), (») zinc and zincon or PCV, (¢)
cadmium and murexide or PCV, (d) silver and
1,10-phenanthroline plus tetrabromofluorescein. All
these systems exhibited a linear portion in the plot of
A vs. t"? (see Fig. 4 for example), with a slope
strongly correlated with concentration; the maximum
absorbance was also correlated with concentration.
Results for the copper—PVC system are given in Table
1. The best performance in terms of sensitivity and
detection limit was obtained for silver, with a
3% 107’M concentration (0.03 ug/ml) being de-
tectable after a deposition time of 15 min.

It is interesting that the linear A vs. ¢'? relationship
is obtained for systems which might be expected to be
far removed from the simple case of semi-infinite
linear diffusion. This shows that in the systems so far
chosen for investigation, the rcaction kinetics are fast
compared with the diffusion-controlled movement of
species in solution. The homogeneous reactions show
that the electrode acts as a solid redox reagent in the
system and eliminates the thermodynamic and kinetic
problems that are sometimes associated with the use
of conventional redox reagents. The chemistry of the
molybdenum heteropoly acid species provides a good
example of the difficulties that can beset a spectro-
photometric procedure. At least six different reducing
agents have been recommended for the production of
phosphomolybdenum blue and the product of the
reaction may be either the « or the § form, depending
on the reaction conditions and order of addition of
reagents.'>!* Often, as well as specifying the order of
addition of reagents, a conventional procedure will
specify a time period during which the absorbance
should be measured. The use of the slope of the A vs.

Table 1. Least-squares linear regression analysis of calibration data [4
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t'? plot as the quantitative parameter means that
solutions more concentrated than those that can be
handled by the conventional procedure can be mea-
sured without predilution. Both modes of operation
can provide procedures for given analytes, as select-
ivity can be introduced by control of the electrode
potential at the various stages, by use of masking
agents, and by use of consecutive chemical reactions
following the electrochemistry. At present the meth-
ods are slow and have not demonstrated any dra-
matic improvement in sensitivity or detection limits
(this is not expected for homogeneous systems), but
in principle the anodic-stripping mode could rival its
voltammetric analogue, as it is not limited by the
problem of distinguishing between faradaic and non-
faradaic processes. It can be seen from equation (2)
that the speed of the technique could be improved by
reducing /., the width of the beam defined by the slits.
With a conventional solution spectrophotometer,
there is a limit to the reduction in beam-width that
can be achieved before an unacceptable lowering of
the signal to noise ratio occurs. This difficulty could
be overcome by use of a laser as light-source, and the
use of a slit-width as narrow as 3 um with such a
source and consequent improvement in the rise time
have been reported.’ The electrode material, glassy
carbon. appears more suitable than platinum, which
was usced in previous studies™ and produced OH ™ in
the diffusion layer on reduction after an anodic
pretreatment. No special eleaning of the electrodes
has been found necessary and their efficiency has been
maintained for several months.

CONCLUSIONS

The results of these preliminary investigations
show that spectroelectrochemistry at a glassy-carbon
electrode with use of the grazing-incidence
configuration has considerable promise as a quanti-
tative analytical technique, particularly when coupled
with potential-step electrochemistry. The two modes
described here, homogeneous reaction and anodic
stripping, have both been shown to have features
capable of exploitation for achieving selective and
sensitive analytical determinations. It is expected that
some improvement on these preliminary results
would be obtained with a better quality spec-
trophotometer, but a purpose-built instrument (in-
corporating a tunable laser source) would be ex-

4
is maximum absorbance on absorbance-time plot,

X

m is slope of absorbance-time'~ plot (sec '?), C is concentration (M). n is number of data points, and r is Pearson’s
correlation coefficient]

A ts. C mrs. C
slope. slope,
System n Limole intercept ¥ n  l.mole ' .sec™'? intercept r
Phosphomolybdenum blue 10 8.1 x 10? 0.004 0.996 9 1.1 x 10° 0.014 0.999
Iodide-starch 9 8.5 x 10? —0.35 0.998 8 2.5 x 10° —0.10 0.988
Copper-Pyrocatechol Violet 7 4.6 x 10° -0.018 0.983 7 1.6 x 10° —0.003 0.993
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pensive, and one of the attractive features of the
technique in its present form is that it forms the basis
of a low-cost accessory for an existing conventional
spectrophotometer. It is expected that the analytical
capability of the technique could be extended by use
of fluorescence and chemiluminescence measurement.
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Summary—A procedure is described for matrix modification in the determination of metals in blood by
flame spectrometric methods. The protein is removed by precipitation with dilute nitric acid and
centrifugation and the supernatant liquid is used for direct analysis. Nitric acid is compared with other
acids as the precipitant. The technique is simple, contamination-free and provides a solution which may
be directly compared with aqueous calibration standards. Its application for determination of clinically
important metals by flame atomic fluorescence and emission spectrometry is demonstrated.

The direct determination of protein-bound metals in
blood samples is complicated by the high matrix
effect of the proteins themselves.! The nature of the
interactions between blood and metals is the subject
of much debate and numerous metals are present as
complexes with blood components and to a lesser
extent as the free ions.

Release of the metals from such complexes requires
either the use of chelating agents or destruction of the
ligand. The usual procedure for destroying organic
material in blood samples involves wet oxidation®
with mixtures of sulphuric and nitric acids. and/or
perchloric acid. Carter and Yeoman® have described
the use of low-temperature ashing in an oxygen
plasma, although this is also a time-consuming pro-
cedure. Various pressurized-bomb digestion systems
have been described® but there is always an appre-
ciable decomposition time and significant risk of
contamination.” Use of glassy carbon instead of the
traditional PTFE as the bomb material reduces con-
tamination.® Novel, contamination-free ultraviolet-
irradiation techniques have been described by Batley
and Farrar,” but are even slower, the oxidation taking
up to 12 hr.

Routine analysis for clinically important metals in
blood or plasma/serum has becn largely restricted to
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Zaria, Nigeria,

tNow at Department of Chemistry and Metallurgy,
Glasgow College of Technology. Cowcaddens. Glasgow,
Scotland.
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flame emission spectrometry (FES) and atomic-
absorption spectrometry (AAS). Flame atomic-
fluorescence spectrometry has been described for the
determination of both trace®™ and major'® metals,
with use of line and continuum sources respectively.
There are difficulties in the determination of metals
in whole blood, owing to the particulate nature and
viscosity of the sample. Such problems arc reduced by
dilution of the sample, but this increases the lower
limit of determination.

Removal of proteins from blood prior to col-
orimetric analysis is widely used in the biochemical
laboratory.'!''> The protein precipitants in common
use include sodium tungstate or alkaline zinc sulphate
solution, and trichloroacetic and perchloric acids.
Use of acids is preferred in metal analysis becausc
they are available in high-purity grades.

The addition of acids to blood denatures the
proteins. resulting in their precipitation,"” with dis-
solution and release of the melals into the super-
natant fluid. This is commonly used as a matrix
modification procedure when metals are determined
in blood by carbon-furnace atomic-absorption spec-
trometry (CFAAS)." '* Protein-free liquids produced
in this manner by centrifugation arc frcquently
referred to as “protein-free filtrates™ but the more
correct terminology “‘supcrnatant fluid™ will be used
throughout this article.

A comparison of several acids commonly used to
deproteinate blood is presented. The characteristics
of each are compared in terms of metal rclease and
suitability for flame spectrometric analysis. The ap-
plication of the technique for the AFS determination
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of cadmium, zinc, magnesium, calcium and iron is
described, together with the flame AES determination
of sodium and potassium.

EXPERIMENTAL

Apparatus

The spectrometer used for line-source atomic-fluorescence
spectrometry (LSAFS) was essentially the same as that
described by Michel and co-workers.*!® The temperature
control of the electrodeless discharge lamp (EDL) was
modified by incorporation of a thermocouple feedback
system to maintain a constant temperature environment for
the EDL.

An Eimac xenon-arc continuum source was used at low
power for background correction in LSAFS and also at
higher power as a primary source in continuum-source AFS
(CSAFS). In the latter case, background correction was
achieved by means of a laboratory-constructed wavelength
modulation device.® The same configuration of flame,
monochromator and detector was also used in the emission
mode (i.e., with no light source} and in this case background
correction was also achieved by means of wavelength mod-
ulation. In all cases, a nitrogen-separated flame was used to
reduce flame background.®

Reagents

Analytical-grade reagents were used for preparation of
solutions and “AristaR” nitric acid was used to precipitate
the blood proteins. In all cases, solutions were prepared with
high-purity demineralized water.

Blood sample collection and storage

The technique was developed with out-dated whole blood
samples supplied by the blood bank. Samples for evaluation
of the technique were collected in accordance with the
established procedure used for CFAAS determinations of
blood cadmium at Glasgow Royal Infirmary.!® Whole blood
was obtained by venepuncture and stored in contamination-
free tubes containing anticoagulant (potassium-EDTA or
lithium-heparin). All blood samples, including plasma and
serum, were stored temporarily at 4° or for longer periods
at —20°.

The sample containers, polypropylene centrifuge tubes
and volumetric ware were all soaked overnight in nitric acid
(1 + 1), then washed and rinsed with demineralized water
prior to use. The containers were regularly examined for
contamination, by rinsing with 2Af nitric acid and aspirating
the washings into the flame. The signals obtained were
below the detection limits in all cases.

Deproteination of the samples

A 2-ml portion of the blood sample was transferred into
a centrifuge tube containing 2 ml of precipitant. The tube
was stoppered and vigorously shaken, then the mixture was
centrifuged at 3000 rpm for 30 sec, after which the protein-
free supernatant liquid was separated for analysis. Plasma-
protein precipitation was found to be complete only if the
precipitant was refrigerated before mixing.

Each precipitant was considered in turn for its efficiency
in releasing metal ions from the proteins in blood, and the
physical properties of the deproteinated samples were com-
pared with those of the aqueous standards used for
calibration.

Evaluation of deproteinated samples for metal determination

Detection limits. The limit of detection was taken as the
analyte concentration equivalent to twice the noise level
associated with a deproteinated sample known to contain an
analyte concentration (after appropriate dilution) about
four times the detection limit for a purely aqueous solution.

Precision. To measure the precision of the entire pro-
cedure, 15 separate 2-ml portions of the same pooled blood
sample were deproteinated and diluted as appropriate for
each analyte. The precision was determined as the relative
standard deviation for each element measured in the 15
samples.

Accuracy. The accuracy of the procedure was evaluated
by direct comparison with other spectrometric methods
applied to the same samples. The levels of cadmium and zinc
found in the deproteinated samples were compared with
those obtained by the standard CFAAS method. Similarly,
flame AAS was used for checking the magnesium levels,
FES for sodium and potassium and colorimetry for calcium
and iron.

Analytical procedures

Calibration standards were prepared from 2000-ppm
stock solutions by serial dilution and were matrix-matched
to the acid concentration of the deproteinated samples. The
prepared samples were directly aspirated without dilution
for the determination of cadmium by LSAFS and of zinc
and iron by CSAFS. The solution was diluted 50-fold before
CSAFS determination of calcium and magnesium. Calcium,
sodium and potassium were determined with the instrument
in the wavelength-modulated FAES mode, the de-
proteinated samples being diluted 50-fold for calcium and
500-fold for sodium and potassium determinations.

The analytical standards and deproteinated samples were
all prepared so as to contain 1000 ug of lanthanum (added
as lanthanum nitrate solution) per ml to reduce anionic
interferences. The 1.0M nitric acid concentration in the
standards and deproteinated samples reduced the inter-
ferences from sodium, calcium and phosphate in the deter-
mination of iron. In the determination of sodium, it was
necessary to have 3000 ppm of potassium present in the test
solution, and for potassium, 2000 ppm of sodium, in arder
to suppress ionization effects.

RESULTS AND DISCUSSION

The four acids, hydrochloric, nitric, monochloro-
acetic (CA) and trichloroacetic (TCA), tested as
protein precipitants, were compared in terms of the
viscosity (measured as nebulizer uptake rate) and
volume of the supernatant liquid produced. The
release of metals from blood or plasma was assessed
from the spectrometric signal obtained when the
deproteinated sample was aspirated into the flame.

The four acids were directly compared for their
applicability to the determination of cadmium in
whole blood (Table 1). It was observed that use of
nitric acid gave the largest volume of supernatant
liquid from blood, and also from serum or plasma.
The nitric acid treatment gave a product with essen-
tially the same uptake rate as the aqueous calibration

Table 1. Comparative performance of acids as protein

precipitants

Volume of Uptake
Cadmium signal, supernatant rate,

Acid cps liquid, m{  mi{min
HCl (2.0M) 119 — 9.0
CA (1.5%) 101 1.6 2.9
TCA (1.0%) 94 1.6 29
HNO, (2.0M) 340 2.0 9.0
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standards, whereas CA and TCA gave products with
markedly higher viscosity, necessitating use of an
uptake-rate correction. The uptake rate for the nitric
acid products was practically the same (9.0 ml/min)
for all samples tested.

Hydrochloric acid proved unsuitable as a protein
precipitant because it caused excessive frothing and
gave variable volumes of supernatant liquid. The
optimum concentration of nitric acid for sample
preparation was found to be 2.0M, as shown in
Fig. 1.

Analytical recoveries

The efficiency of nitric acid in releasing metals from
blood, for analysis, was assessed by adding known
amounts of inorganic analytes to untreated blood
samples, deproteinating them, and determining the
recoveries of the analytes. The recoveries (Table 2)
for cadmium and zinc, in whole blood and serum
respectively, were all acceptable.

Good recoveries and accuracy were also obtained
for iron in serum, but the recovery for iron in whole
blood was very poor. It appears from this that
protein precipitation does not facilitate the release of
iron from red-cell protein and this may be attributed
to the strong covalent bonding of iron in the haemo-
globin molecule.

The concentration levels found for the de-
proteinated serum and plasma samples were generally
higher than those for aqueous dilutions of the same
samples (Table 3) and this is consistent with the acid
denaturing of plasma proteins, which quantitatively
releases metal ions by proton exchange.”® The 60%
increase in the calcium concentration found for
plasma and serum by the deproteination method,

Table 2. Analytical recoveries for Cd and Zn from whole
blood and serum

Cd (in whole blood)

Zn (in serum)

Apparent Apparent

Added, Found, recovery, Added, Found, recovery,
pgll. pgil % mgil.  mgl %
0 1.16 — 0 0.82 —
2 3.14 99 0.100 0.93 101
4 5.56 110 0.400 1.22 99
6 7.67 108 0.800 1.63 100
8 9.80 108 1.000 1.82 100
10 11.40 102 2.000 2.83 100
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Fig. 1. Optimization of the nitric acid concentration for
protein precipitation.

compared to the aqueous dilution results, indicates
the more efficient release of this metal by the acid
medium. The same trend was observed, though to a
lesser extent, for other essential elements, e.g., iron,
sodium and potassium.

When the protein precipitation method was com-
pared with previous work® a threefold improvement
in blood cadmium detection limits was observed. The
use of deproteination with nitric acid in the deter-
mination of cadmium in whole blood was further
tested by comparison with the routine CFAAS pro-
cedure employed at Glasgow Royal Infirmary. The
deproteinated samples were analysed for cadmium by
use of a Perkin—Elmer 2280 spectrometer with an
HGA-500 atomizer. The results, presented in Fig. 2,
are in good agreement.

The presence of particulate matter in the flame,
which is a characteristic of aspirated blood samples,
contributes significantly to the spectroscopic noise.
Since in atomic-fluorescence spectrometry it is the
flame noise levels that ultimately determine the at-
tainable detection limit, it is essential to minimize all
such noise. When the particles in the flame are of
atomic or molecular size, Rayleigh scatter predom-
inates as the normal limiting factor in fluorescence
measurements,? but for particles which have a di-
ameter significantly greater than the wavelength of
the incident radiation the noise-limiting factor will be
governed by Mie scatter.” Mie scatter is a major
problem when diluted blood is aspirated into the
flame, because of the size of the particles and the high
particulate content of the nebulized sample.

Table 3. Comparison of results obtained for samples treated by de-
proteination and by aqueous dilution

Concentration found, mg/ml

Element Matrix Deproteination  Aq. dilution Increase,t %
Ca Plasma 0.113 0.069 65
Ca Serum* 0.104 0.064 62
Na Serum 3.04 2.93 4

*The lower calcium values for serum are expected because of the
involvement of Ca in coagulation.
tIncrease = 100 (Deprotn. signal — Dilution signal)/(Dilution signal).



58

30—

Cd{pg/1.AFS)

1 1 |
20

Cd(ug/1.CFAAS)

Fig. 2. Correlation diagram for the analysis of blood for
cadmium by AFS (F) and CFAAS (A). Regression equa-
tion: F=mA + C =1.024 +0.91. The standard deviation
of the scatter®' of the F values about the line = .33 ug/l.

The absence of particulate matter in the de-
proteinated sample reduces the high scatter signal
associated with blood analyses by flame AFS.
Furthermore, the deproteinated sample does not clog
the nebulizer (clogging is a problem when the
haemolysis/dilution procedure is used). The particu-
late content of the sample presented to the flame
by the acid-deproteination and Triton X-
100/hydrochloric acid procedure was evaluated by
making cadmium measurements on the treated blood
samples, both with and without scatter correction.
The correction for scatter® involved nebulization of a
highly scattering matrix [e.g., calcium phosphate (in
hydrochloric acid) or 2% aluminium solution], irra-
diation of the flame with both the EDL and a
continuum source, and balancing of the two signals

Table 4. Scatter signals from

E. J. EKANEM e al.

by adjustment of the continuum source intensity
(measured at the cadmium wavelength). This pro-
vides automatic compensation for scatter, but any
variation in the balance between the two irradiation
intensities will result in a corresponding variation in
the scatter-correction. This sets a noise limit on the
lowest level of detection of the cadmium signal and
was one reason for modifying the temperature-
control system for the EDL. It is clear from the
results (Table 4) that the deproteinated matrix gives
virtually scatter-free signals.

The techniques used to assess the analyte content
of the deproteinated samples are listed in Table 5.
Their analytical figures of merit are described in
terms of detection limits and precision. The de-
proteination method gives lower detection limits than
the other matrix-modification procedures.

CONCLUSIONS

The results obtained by flame spectrometric tech-
niques for the determination of metals in blood are
highly dependent on the viscosity of the matrix. The
use of protein precipitation with dilute nitric acid has
been shown to give good results. This technique gives
a detection limit of 0.05 ug/l. for cadmium in blood
and provides a scatter-free matrix which closely
resembles the aqueous calibration standards. The
high accuracy and precision afforded, together with
the efficient release of metal ions, make this pro-
cedure eminently suitable for use with the techniques
of flame atomic spectrometry.

The instrument used in this assessment of protein
precipitation was an atomic-fluorescence spec-
trometer. It is very versatile in that it can function in
a line-source mode for single-element analyses, where
maximum sensitivity is important, or in a continuum-
source mode for the more abundant metals. It may
also be operated as a flame atomic-emission spec-
trometer. Each of these configurations incorporates

matrices used in blood analyses

Equivalent cadmium

Pretreatment Scatter signal, concentration,

method* Matrixt eps ug il

A W.B. I 0 0.0

B W.B. 1 301 2.6

A W.B. 2 2 0.0

B W.B. 2 266 2.3

A WB. 3 0 0.0

B W.B. 3 230 2.0

A Plasma 4 0 0.0

B Plasma 4 11 0.1

A Plasma 5 0 0.0

B Plasma 5 13 0.1
None 2% Al solution 18617 163
None 2% Ca,(PO,), solution 19099 168

(in hydrochloric acid)

*A = Deproteination with an equal volume of 2M nitric acid.
B = Treatment® with hydrochloric acid and Triton X-100 and dilution.

TW.B. = whole blood.
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Table 5. Figures of merit for the flame spectrometric techniques used for
blood analysis

Concen. Relative Detection
Wavelength,  tested.  std. devn. * limit,
Analyte  Technique nm ugil. % ngil
Cd LSAFS 228.8 8 1.9(10) 0.05
Zn CSAFS 2139 500 1.6 (15) 74
Mg CSAFS 285.2 40 2.3(15) 2
Ca CSAFS 422.7 500 0.8(15) 10
Fel CSAFS 248.3 500 0.9(15) 4
Ca FAES 4227 1000 0.5(15) 26
Na FAES 589.0 1000 0.9(15) 1
K FAES 404.4 10000 2.2(19) 213

*Number of replicates given in brackets.

tAs defined in text.
1Serum iron.

automatic background correction. The instrument
can thus offer an analytical service with rapid sample
throughput and high standards of accuracy and
precision and obviously has considerable potential
for the determination of most metals of interest in the
clinical laboratory.
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Summary—Methods are described for the determination of trace levels of calcium in steels by
atomic-absorption and atomic-emission spectrometry with a carbon furnace for atomization and
excitation. In both cases, a commercial electrothermal atomic-absorption instrument was used. Samples
were analysed after dissolution in a mixture of nitric, hydrochloric, and hydrofluoric acids.

Although calcium compounds play a major role in
the reduction of impurity levels during the prod-
uction of iron, the final levels of calcium in finished
steels are low and generally in the pg/g range. In the
past, calcium alloy additions during steelmaking have
been recommended for the deoxidation and de-
sulphurization of steels' * and have also been used in
the control of the type and distribution of non-
metallic inclusions.*> Calcium determination in steel
samples is not a common requirement in steelworks
analysis, but does occasionally appear important.® It
is then useful to have available a simple procedure
using readily available instrumentation with
sensitivity of approximately 1 pug/g and offering
acceptable precision and accuracy. The traditional
approach to this problem has been to use flame
atomic-absorption spectrometry with a nitrous
oxide-acetylene flame,*” '° but such methods gener-
ally lack the sensitivity required and may give un-
acceptable precision at the levels of calcium found in
most steel samples. Headridge and Richardson® did
provide a flame AAS method for the determination
of 2-60 pg/g calcium levels in steels, but this required
a solvent-extraction preconcentration procedure. Al-
though a convenient means of increasing the sensi-
tivity of the measurement, and of separating the
analyte from the major components of the sample,
such procedures increase the analysis time, and com-
plicate unnecessarily the essential simplicity of
atomic-absorption procedures. They may also in-
crease the possibility of errors due to contamination.
Atomic-absorption spectrometry with electro-
thermal atomization (ETA-AAS) should provide the
sensitivity required for the determination of trace
levels of calcium in steel samples. In fact, application
of ETA-AAS 1o calcium determinations in general is
"and limited to materials such as snow'* and

rare,
high-purity water.”” The reasons for the lack of

a
a

6l

interest in applying ETA-AAS to calcium deter-
minations may be several. Many types of sample
certainly contain calcium levels amenable to deter-
mination by use of flame atomization, but in any case
the determination of calcium by ETA-AAS with
commercial instrumentation has suffered from four
readily defined problems. In some early instruments,
excessive radiation from the wall or surface of the
atomizer was able to enter the monochromator,
causing severe noise in the atomic-absorption signal.
Until recently, background-correction procedures did
not adequately cover the wavelength of the most
sensitive calcium line. Although instruments incorpo-
rating the use of visible-range continuum sources, the
Zeeman effect, and the Smith-Hieftje method for
background-correction are now available, the major-
ity of instruments in current use still suffer from this
limitation. Finally, the graphite used for fabrication
of the atomizer usually contains significant levels of
calcium, which must be removed or controlled, and
as calcium is a ubiquitous element, there are often
contamination problems when low levels are being
determined. In our experience the last two factors
often lead to unacceptable precision unless rigorously
controlled.

In a recent paper, Fu et al.'* described an electro-
thermal atomic-emission spectrometry method for
the determination of calcium in steel samples. Al-
though this procedure gave acceptable sensitivity,
accuracy and precision for the trace levels of calcium
found in steels, it made use of an instrument which
was purpose-built for carbon-furnace atomic-
emission measurements.'> Thus the instrument was
based on a high-resolution echelle monochromator,
and incorporated a square-wave wavelength-
modulation system, which gives accurate and auto-
matic background correction at all wavelengths, in-
cluding that of the calcium line of interest (422.7 nm).
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Table 1. Instrumental parameters for calcium determination
Perkin-Elmer 306/HGA-500 Perkin-Elmer 503/HGA-2100

Wavelength, nm 422.7 422.7
Lamp current, mA* 14 20
Spectral bandwidth, nm 0.7 0.2
Volume of sample, ult 10 10
Argon flow-rate, ml/min 300 104
Temperature, "C -hold time. sec

Drying 140-30§ 100-25

Ashing 1300-40§ 1100-20

Atomization 2700-59 2800-6

*For the absorption measurements only.

tSolutions were applied to the furnace with Eppendorf micropipettes fitted with disposable plastic

tips.
§A heating rate of 10 was used.
YAt maximum heating power.

Carbon-furnace atomic-emission signals can readily
be sensitively measured with commercial electro-
thermal atomic-absorption instruments,'® but auto-
matic background correction is not then available,
and it is necessary to measure the background sepa-
rately and subtract it from the total signal obtained
in the presence of the analyte, to obtain the net
atomic-emission intensity. Whilst this procedure is
more tedious, it allows the sensitivity of the emission
technique to be utilized by any laboratory possessing
a commercial ETA-AAS system, and such a pro-
cedure was earlier adopted for the determination of
a number of elements in steels.!” Calcium was not one
of the elements included in that study, and the only
other report of calcium determination by electro-
thermal atomic-emission spectrometry was based on
the use of a molybdenum micro-tube atomizer.'® It is,
however, interesting that some of the earliest obser-
vations made with the King furnace were of calcium
atomic emission and absorption spectra.'

Since electrothermal atomic-absorption instru-
ments are now widely available, it seemed worthwhile
to investigate the practical difficulties involved in the
determination of calcium in steels with typical com-
mercial instruments. In the event, it proved possible
to develop and test procedures for this determination
by both carbon-furnacc atomic-absorption and
carbon-furnace atomic-emission spectrometry with
commercial ETA-AAS instruments, and the results of
these studies are reported in this communication.

After this work was completed, we became aware
of a report of the development of another carbon-
furnace atomic-absorption procedure for the deter-
mination of calcium in steels.” The method is similar
to ourprocedure, but uses laboratory-coated pyrolytic-
graphite tubes, and significantly different results were
obtained. Some of the difficulties investigated in the
present work do not appear to have been considered
and may be thc cause of anomalous results.

EXPERIMENTAL

Instrumentation

Two different atomic-absorption/emission spectrometer/
graphite furnace systems were used.

(a) A standard Perkin-Elmer model 306 atomic-
absorption spectrometer equipped with an HGA-500
graphite-furnace atomizer in conjunction with a Servoscribe
Is strip-chart recorder.

() A standard Perkin-Elmer model 503 atomic-
absorption spectrometer equipped with an HGA-2100
graphite-furnace atomizer and coupled to a Perkin-Elmer
model 056 strip-chart recorder.

Both spectrometers were provided with a deuterium-arc
background-correction system. A Varian-Techtron calcium
lamp and a Perkin-Elmer multi-element lamp (calcium,
magnesium, zinc) were used as sources for the atomic-
absorption measurements. Standard and pyrolytically-
coated graphite tubes were used as atomizers. The instru-
ments were operated under the conditions listed in Table 1.

Reagents

Reagents of the highest purity available were used
throughout. To avoid calcium losses due to diffusion into
the glassware walls, and to be able to use hydrofluoric acid,
plastic vessels were employed during the preparation of
standards and samples. Distilled demineralized water was
used for dilution.

Stock calcium solution, 500 ug/ml. Dissolve 1.249 g of
previously dried primary standard calcium carbonate in
water containing sufficient **AristaR™ nitric acid to complete
dissolution. Transfer the solution to a 1-litre standard flask,
add more nitric acid to make the final nitric acid concen-
tration 1% v/v and dilute to the mark with water.

Stock iron solution, 10.0 mg/ml. Dissolve 0.50 g of
high-purity iron granules (BCS 149/3) in a slight cxcess of
“AristaR" nitric acid (1 4+ 1), transfer the solution to a
50-ml standard flask and dilute to the mark with water and
enough nitric acid to give a 1% v/v final concentration.

Stock nickel solution, 1000 pg/mi. Dissolve 1.000 g of
nickel metal in a minimum volume of “AristaR™ nitric acid
(1 4+ 1). Transfer the solution to a 1-litre standard flask, add
enough acid to make its final concentration 1% v/v and
dilute to the mark with water.

Stock chromium solution, 1000 ugiml. Dissolve 3.735 g of
potassium chromate in water and dilute to 1 litre.

Stock strontium solution, 10.0 mg /ml. Dissolve 2.415 g of
strontium nitrate dihydrate in water, add enough “AristaR™
nitric acid to give a final 1% v/v concentration, transfer the
solution to a 100-ml standard flask and dilute to the mark
with water.

Standard calcium solutions, 0.025-0.2 pg/ml. Prepare
immediately before use by appropriate dilution of the stock
calcium solution with water.

Sample treatment

Weigh 0.5 g of steel sample into a 100-ml poly-
tetrafluoroethylene beaker and dissolve it in a minimum
volume of a mixture of “AristaR™ nitric and hydrochloric
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acids (3 + 1), then add 40 p1 of concentrated hydrofluoric
acid. When the reaction has subsided, heat gently until the
solution is fully oxidized. Transfer the solution to a 100-ml
plastic standard flask and dilute to the mark with water.

RESULTS AND DISCUSSION

Presence of calcium in the graphite atomizer

Calcium is present as an impurity in most graphites
used for fabrication of electrothermal atomizer tubes,
and presents a problem in any calcium determination.
This problem usually manifests itself as a poor pre-
cision of measurement (>20% RSD). Before any
analysis is attempted, the calcium present in the
atomizer must be removed, which can be done
effectively by repeated heating at high temperatures
(~2800"). The number of heating cycles needed for
cleaning the tube sufficiently to bring the blank signal
to an insignificant level could be taken as an indi-
cation of the amount of calcium present in the
graphite and the rclative difficulty of removing it.
Approximately 10-15 firings were required for stan-
dard electrographite and pyrolytic-graphite coated
tubes, the electrographite tubes being rather worse
than the coated tubes. The repeated high-temperature
firing of the tube, necessary before analysis can start,
causes a deterioration in tube lifetime and per-
formance. The electrographite tubes rapidly became
dusty and more porous and exhibited poorer re-
producibility and sensitivity, owing to increased
soaking of the analyte solution into the graphite.
Pyrolytic-graphite coated tubes deteriorated much
less significantly and gave much better performance
after cleaning and were used throughout this study.
After initial removal of the calcium impurity, a single
cleaning stage is perfectly adequate between atom-
ization cycles.

Reproducibility and sensitivity

Calibration graphs for absorption and emission
determinations were plotted from peak-height mea-

surements for aqueous calcium standards containing
1% v/v nitric acid. Background measurcments in the
atomic-emission work were made sequentially with
the sample measurcments, and the background signal
corresponding to the maximum peak-height for the
analyte emission plus background signal was
recorded and subtracted to give the net analyte
atomic-emission signal.

No background signal was observed for atomic-
absorption signals from aqueous solutions, but the
atomization of steel solutions gave rise to significant
background signals caused by the steel matrix. This
was first observed with a Perkin-Elmer HGA 72
atomizer, which has an open-ended furnace arrange-
ment, and is mainly due to matrix condensation with
air to give a “‘smoke” which is formed in the optical
beam and gives rise to a background signal due to
scatter. In the HGA 500/2100 series this problem is
minimized, as condensation with air takes place out
of the optical beam of the spectrometer. Since neither
of the instruments used in this work was provided
with background-absorption correction facilities for
measurements at 422.7 nm, the background signal
was made negligible by appropriate choice of ashing
conditions, and the use of high gas flow-rates during
the atomization stage. An attempt was made to
operate with the deuterium-arc background system,
but use of the hollow-cathode lamp at low currents
led to unacceptable signal-to-noise ratios. At the
matrix levels investigated and with the atomization
programme adopted, no matrix-induced background
was observed in atomic-emission measurements.

The reproducibility of the instrumental mea-
surement of calcium was routinely tested with a 10-u1
injection of a 0.05 yg/ml solution of calcium in 1%
v/v nitric acid medium. Typical results are shown in
Table 2. A similar experiment performed with a
solution of BCS 261/1 steel standard containing
17 pg of calcium per g (0.085 ug/ml in the sample
solution) gave slightly higher RSD values for all three
systems used. The RSD values are a little higher than

Table 2. Figures of merit for the analysis of trace levels of calcium in steels by electrothermal atomization

Atomic-absorption

Atomic-emission

PE306/HGA-500 PES03/HGA-2100 PES03/HGA-2100

Reproducibility, RSD (for 10
readings) for:

Ca aqueous standard (0.05 pg/mi). %
BCS 261/1, %

Reproducibility, RSD (for 10
complete determinations) for:
BCS 261/1, %

BCS 333, %

Detection limit, pg/ml

Linear calibration range (orders of
magnitude)

32 34 4.7

5.4 5.0 6.5

8.8 7.5 8.3
1.3 9.7 12.2

0.003* 0.008* 0.009t

2 o

*Detection limit expressed as twice the standard deviation for a calcium solution of concentration slightly

greater than the detection limit.

+Detection limit (DL) calculated from DL =2 C, RSD./(5/B) where C, = Ca concentration ol test

solution, RSD, = relative
background ratio.

standard deviation ol

10 blank measurements, S'B = signal-to-
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Table 3. Determination of trace levels of calcium in steels by electrothermal atomization

Calcium content* found by AAS, ug/g

- Calcium content* found by AES, ug/g

Sample PE306/HGAS00  PES03/HGA2100 PE503/HGA2100
BCS 261/1 15.5 14.7 17.0
BCS 325 4.2 5.6 5.0
BCS 330 2.5 5.8 4.5
BCS 331 3.0 4.2 35
BCS 333 4.5 4.0 38
BCS 334 3.5 4.7 5.2
BCS 335 4.0 4.5 3.0
BCS 401 6.7 5.9 5.6
BCS 403 6.0 5.1 5.9
BCS 405 17.0 19.1 247
BCS 409 12.0 13.8 12.5
BCS SS 31 9.8 — —
BCS SS 32 2.2 — —
BCS SS 35 20.0 — —
BCS SS 67 6.5 — —
BCS SS 69 6.7 — —
NBS 32¢ — 33 29
NBS 72f — 2.7 2.2
NBS 160b — 3.2 33
NBS 344 — 4.2 3.0
NBS 339 — 35 3.2

*Corrected for blank solutions.

would be expected for most elements in deter-
minations with modern instrumentation, even allow-
ing for the manual injection procedure, and may be
due to residual small amounts of calcium impurity.
The reproducibility for atomic-emission measure-
ments is slightly poorer than that for atomic-
absorption, which may be a result of the subtraction
procedure used for emission background correction.
In all cases, the precision is undoubtedly adequate for
the determination of trace amounts of calcium in steel
samples.

Interference studies

The effects of the presence of some of the major
components of steels (iron, chromium and nickel) on
the absorption/emission signals of a 0.05 pg/ml cal-
cium solution were examined. Concentrations equiv-
alent to those found in the standard steels BCS 334
and 219/3 were the highest levels tested. Very small
enhancements were observed, and these were traced
to calcium impurities in the iron and nickel metals
and chromium salt used to prepare the standard
solutions. BCS standard 261/1 was analysed by the
standard-additions method and this procedure gave
exactly the same result as that obtained by using a
calibration graph prepared from aqueous calcium
standards. Finally, to test for the possibility of poten-
tial interferences due to excessive ionization of cal-
cium during atomization, strontium in the range
500-1000 pug/ml was added to a typical calcium
solution. No appreciable difference of either the
absorption or net emission signal was observed for
calcium with and without the strontium addition.

Determination of calcium in steels

The results of the interference studies indicated the
validity of analysing steel for calcium by either

atomic-absorption or atomic-emission by use of the
commercial instrumentation without background-
correction facilities, and simple aqueous (1% v/v
nitric acid) calcium standards. Two steel samples
were analysed (ten separate samples of each) to test
the reproducibility of the whole procedure. The re-
sults are shown in Table 2. The calcium content of
BCS 261/1 is approximately 17 pg/g (0.085 pg/ml in
the injected solution) and of BCS 333 approximately
4 ng/g (0.02 pg/ml in the solution). The RSD values
obtained reflected the levels of calcium in these
samples, and gave detection limits of 0.6 and 1.6 ug/g
by atomic-absorption and 1.8 ug/g by atomic-
emission spectrometry. The performance of all three
instrumental methods appears adequate. Until re-
cently, no standard steel samples had been assigned
a certified calcium content, but a value of 17 ug/g has
now been assigned to BCS 261/1. The results ob-
tained agree satisfactorily in this case (Table 3).
Results obtained for other samples show acceptable
agreement between the different measurement tech-
niques (absorption or emission) and in different
laboratories carried out at significantly different times
(in Scotland and Venezuela). Whilst these results do
not allow a total confirmation of analytical accuracy,
for which a wider range of certified materials or more
different analytical procedures would have been pref-
erable, the good agreement represents useful support-
ing evidence.

CONCLUSIONS

The results presented in this paper suggest that
typical commercially available electrothermal
atomic-absorption instruments may be used success-
fully for the determination of calcium in steel sam-
ples. Either atomic-absorption or atomic-emission
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measurements can be used although the latter are
slower owing to the need to use sequential
background-signal measurement. The calcium levels
in typical steel samples can be determined with
adequate precision without the need for precon-
centration or extraction procedures. As long as care
is taken to remove the effect of calcium impurities in
the graphite tube, either method can be used by
laboratories with ETA-AAS equipment. Simpler pro-
cedures or better performance might be possible with
spectrometric  systems incorporating automatic
background-correction facilities at the calcium wave-
length, and an automatic sample-dispenser, but the
present method is probably acceptable for most of the
routine requirements of the steel industry.

Acknowledgements—The authors are grateful for the pro-
vision of pyrolytic-graphite coated tubes for the HGA 500
by Dr. B. Lersmacher of Phillips Research Laboratories,
Aachen, German Federal Republic, and would like to thank
B. Welz of Perkin-Elmer, Bodenseewerk, West Germany for
the loan of the HGA 500 electrothermal atomizer.

REFERENCES

1. C. E. Nelson and B. L. Otis, U.S. Patent, No. 2221263,
1940.

2. E. C. Smith and G. T. Motock, U.S. Patent, No.
2255016, 1941.

f RV

65

. D. R. Moore, U.S. Patent, No. 2026243, 1935,

. R. A. Grange, F. J. Shortsleeve, D. C. Hitty, W. O.
Binder, G. T. Motock and C. M. Offenhauer, Boron,
Calcium, Columbium and Zirconium in Iron and Steel,
Wiley, New York, 1957.

. M. L. Taylor and C. B. Belcher, Anal. Chim, Acta, 1969,
45, 219.

6. H. G. Engell, M. K&hler, H. G. Fleischer, R. Thielmann

and E. Schiirmann, Stahl und Eisen, 1984, 104, 443,

. G. L. Vassilaros and J. P. McKaveney, Talanta. 1966,
13, 15,

. P. H. Scholes, Analyst, 1968, 93, 197.

. J. B. Headridge and J. Richardson, ibid., 1969, 94, 968.

. Euronorm 177, European Standardization Committee,
1983.

. C. W. Fuller, Electrothermal Atomisation for Atomic
Absorption  Spectrometry, The Chemical Society,
London, 1977.

. J. H. Cragin and M. M. Herron, At. Abs. Newsl., 1973,
12, 37.

. A. R. Knott, ibid., 1975, 14, 126.

. B. Fu, J. M. Ottaway, J. Marshall and D. Littlejohn,
Anal. Chim. Acta, 1984, 161, 265.

. J. M. Ottaway, L. Bezur and J. Marshall, 4nalyst, 1980,
105, 1130.

. J. M. Ottaway, R. C. Hutton, D. Littlejohn and
F. Shaw, Wiss Z. Karl-Marx-Univ. Leipzig, Math.-
Naturwiss. R., 1979, 28, 357.

. J. M. Ottaway and F. Shaw, 4nal. Chim. Acta, 1978, 99,
217.

18. M. Suzuki and K. Ohta, Talanta, 1981, 28, 177.

19
20

. A. S. King, Astrophysics J., 1905, 21, 236.
. T. Glenc and J. Jurezyk, Hunik, 1981, 48, 147.

Dedication—Dedicated to Dr. R. A. Chalmers in celebration and recognition of his 20 years of dedicated
service as Editor of Talunta. On his retirement from a distinguished career at the University of Aberdeen,
the authors and all our colleagues at the University of Strathclyde join in sending our good wishes, and
trust he will continue to serve the Journal in his efficient and friendly manner for many years to some.

John Ottaway



Talanta, Vol. 33, No. 1, pp. 67-73, 1986
Printed in Great Britain. All rights reserved

0039-9140,/86 $3.00 + 0.00
Copyright ¢ 1986 Pergamon Press Ltd

SAMPLE PRETREATMENT IN THE TRACE
DETERMINATION OF DRUGS IN BIOLOGICAL FLUIDS

ANIL C. MEHTA
Department of Pharmacy, The General Infirmary, Leeds, Yorkshire, England

(Received 12 July 1985. Accepted 21 August 1985)

Summary—Because of their complex nature, biological samples are often subjected to a pretreatment step
before instrumental analysis. This paper outlines the methods available for sample preparation prior to
gas or high-pressure liquid chromatography. Practical aspects are emphasized.

Analysis of biological fluids for drugs and their
metabolites requires detailed consideration of the
methods for collection, storage, and preparation of
samples before the analysis. The drug is usually
present at trace levels (mg/l. or below) in a complex
biological matrix, and the potentially interfering en-
dogenous substances (which are usually present at
higher concentrations than the drug) need to be
removed before the analysis.! * The amount of sample
preparation required depends on the chemical nature
and concentration of the drug or metabolite, the
sample type, and the nature of any interfering sub-
stances. It also depends on instrumental factors such
as the sensitivity of the high-pressure liquid chro-
matographic (HPLC) detectors, or the tolerance of
specific gas-chromatographic (GC) detectors to con-
tamination.” The sample preparation step should
therefore be capable of concentrating the sample and
at the same time reducing the amount of interfering
material so as to prolong column and/or detector life.
No sample pretreatment is required for immuno-
assays (e.g., Syva EMIT or Abbott TD, assays) which
are increasingly used in hospitals for diagnostic tests
and routine monitoring of certain drugs such as
antiepileptics. However, most of the routine and
research drug assays in hospitals are done by chro-
matographic techniques, for which sample prepara-
tion is necessary. In general, the sample clean-up
procedure is simpler for HPLC than for GC.
Prechromatographic sample treatment for plasma,
serum and urine will be considered here.

In drug analysis the most commonly sampled body
fluid is plasma or serum, because a good correlation
between drug concentration and therapeutic effect is
usually found. Urine is useful when a drug or a
rapidly formed metabolite is extensively excreted in
it. Drugs can usually be detected as metabolites in
urine for some time after they have become un-
detectable in blood. Urine analysis for drugs is used
in connection with urinary excretion and bio-
availability studies. Saliva and cerebrospinal fluid
(CSF) arc also analysed for drugs. but less frequently.
Drug concentrations in saliva are sometimes assumed
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to represent {ree plasma levels, but this is found to be
truc for only a few drugs (e.g.. carbamazepine,
phenytoin). For others, the correlations arc less
satisfactory or apparently non-existent.®* It is not
practical to analyse CSF samples routinely, but
occasionally CSF levels may be required if damage to
the blood-brain barrier is suspected.

SAMPLING AND STORAGE

Collection of an uncontaminated specimen at the
correct time in relation to the dose is vital in any
projects involving drug analysis. If insufficient care is
taken in collection and handling of biological speci-
mens, data generated by using even the most soph-
isticated techniques may be invalidated. If plasma or
serum is analysed, the expressions “blood samples™
or “blood levels™ should not be used in description
of the analytical procedure unless whole-blood
samples are also to be analysed for some reason (for
example, for drugs with high affinity for red cells,
such as chlorthalidone or cyclosporin). Specimen
collection tubes containing anticoagulants (for blood)
or preservatives (for urinc) arc commercially avail-
able. The choice of anticoagulant may affect assay
results, as may some plasticizers released from blood
collection tubes made of plastic. The sample should
be accompanied by a rcquest form containing
adequate information about the patient and therapy,
including co-administered drug(s). The latter may be
useful in the prediction of interferences and for
development of an appropriate strategy for sample
clean-up.

On no account must the blood sample be frozen
without treatment, because it would be haemolysed.
It is essential to avoid this, since haemolysis prevents
subsequent scparation of plasma or serum. After
collection of blood (5-10 ml) a clot can be allowed to
form and the supernatant liquid (serum) collected
after centrifugation. Coagulation is complete in
about 30 min at room temperature. Alternatively the
blood can be collected in a tube containing an
anticoagulant (e.g., heparin, EDTA) and the super-
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natant liquid (plasma) collected after centrifugation.
Since the anticoagulation effect is temporary, col-
lected specimens must be centrifuged quickly to pre-
vent eventual clotting. Plasma is more frequently
used than serum in drug analysis. Although assay
results for plasma or serum are usually identical,
plasma is preferred to serum since the anticoagulated
blood can be centrifuged immediately, whereas serum
cannot be sampled until coagulation is complete.
Moreover, it is relatively easy to centrifuge blood that
has been treated with anticoagulant, since the plasma
separates quickly and the maximal volume can be
recovered if required.

Drug may be lost to the container or be degraded
during storage. Thus, the stability of a drug in
biological fluid at various storage temperatures
should be studied, so that any effect of storage on the
ultimate analysis can be predicted. This is especially
important if samples arrive irregularly and assays are
done on a batch basis. Fresh plasma or serum
samples can usually be kept for 6 hr at room tem-
perature, or for 1-2 days in a refrigerator at 4° (this
slows down enzymatic and bacteriological processes).
For longer-term storage, samples should be frozen at
—20°C. Recently, the Council of the Pharmaceutical
Society has issued guidelines for a pharmacy-based
pharmacokinetic service which includes instructions
on sampling and storage of blood.’

Urine drug analysis is done either on a single or a
24-hr specimen. Both pH and volume are important
factors in urine drug analysis, and must be recorded
immediately on collection. If urine is allowed to stand
at room temperature, bacterial action causes the
decomposition of urea into ammonium carbonate
and subsequently to ammonia, with a resulting in-
crease in pH. Urine can be preserved by freezing at
—20° or by addition of a preservative. Freezing is to
be preferred, since the preservative may interfere with
the drug analysis. Toluene, boric acid, and concen-
trated hydrochloric acid are commonly used as urine
preservatives.

Frozen samples of plasma/serum or urine should
be brought to room temperature and subjected to
vortex-mixing for 10 sec to ensure homogeneity be-
fore analysis.

DIRECT INJECTION

After centrifugation to remove particulate matter,
and suitable dilution (preferably with mobile phase),
urine can be injected directly into a liquid chro-
matograph. For example, antibiotics!® and other
drugs'! can be determined in urine by HPLC with
on-column injection. To protect the analytical
column from irreversible adsorption or blockage a
precolumn should be used when the direct injection
method is employed. Similarly, blood can be analysed
for alcohols or anaesthetic gases by direct injection
into a gas chromatograph.'>!* However, such direct
on-column injection of samples is possible in only a
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few cases, since biological samples contain material
such as lipids or proteins which deposit in the chro-
matographic column and impair its performance, and
such substances can also contaminate GC detectors.
To avoid these problems, sample clean-up is neces-
sary. The most widely used procedures are protein
precipitation, and solvent and solid-phase extrac-
tions. These procedures improve the sensitivity and
selectivity of the assay, and the performance of the
chromatographic equipment, relative to those for
direct introduction of samples.

PROTEIN PRECIPITATION

In this method, one volume of plasma or serum is
mixed with three volumes of acid (6% w/v perchloric
acid) or organic solvent (ethanol, methanol, ace-
tonitrile). This precipitates the proteins and releases
the drug from protein-binding sites. After vortex-
mixing and centrifugation, an aliquot of the clear
supernatant liquid is injected into the HPLC column.
Some protein precipitants, such as trichloroacetic
acid (10% w/v) or acetone, absorb in the ultraviolet
region and should be used in conjunction with an
ultraviolet detector only if the solvent front does not
interfere with the peaks of interest. This method of
sample preparation is simple, rapid, accurate and is
increasingly used in analysis of drugs by HPLC.

The protein precipitation method serves to protect
columns against deposits of proteins. The reagents
mentioned above will remove 99% of the proteins if
three volumes are added to one volume of sample.'
Dilution of the sample effectively decreases the sensi-
tivity, but this drawback can be counteracted to some
extent by increasing the sample injection volume say
up to 100 ul. Tt should be remembered that the
supernatant liquid contains many constituents other
than proteins, and often the drug peak is accom-
panied by extraneous peaks in the chromatogram. It
may, therefore, still be necessary to make a judicious
choice of HPLC conditions in order to obtain ade-
quate separation of the drug peak.

The deproteination procedure can sometimes give
low recoveries for drugs that are strongly bound to
proteins. Also, certain protein precipitants may co-
precipitate or degrade the drug or its metabolites. For
acid-labile or easily oxidizable drugs, it is advisable to
use organic solvents instead of perchloric acid for
deproteination. On the other hand, certain drugs
require a strong reagent, such as perchloric acid, for
quantitative recovery. For these reasons, when a new
method is being developed, several precipitation re-
agents, in various proportions, should be in-
vestigated, to test their efficiency in removing proteins
and producing a relatively interference-free super-
natant liquid with good recovery of the drug. Al-
though methanol is slightly less effective as a protein
precipitant than other organic solvents,' it should be
used whenever feasible, because of its relatively low
cost and low toxicity.
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The protein-precipitation method is particularly
useful for highly polar (e.g., antibiotics) or ampho-
teric (e.g., sulphonamides) drugs, which are difficult
to extract from plasma with organic solvents. Since
the method is straightforward, it should be consid-
ered first whenever possible. Analyses with good
reproducibilities are often possible, without the use of
internal standards."

Proteins can also be removed by ultramicrofiltration
of plasma or serum, but the ultramicrofiltrate con-
tains only the free (i.e., unbound) fraction of the
drug. Modern ultrafiltration membranes provide
nearly complete removal of proteins, so ultramicro-
filtration is becoming a useful tool in the monitoring
of free drug levels in plasma or serum.'®

SOLVENT EXTRACTION

Liquid-liquid solvent extraction is by far the most
widely used method for the preparation of biological
samples for subsequent analysis, owing to its ver-
satility.!”"?® Samples treated by solvent extraction are
chromatographically cleaner than protein-precipi-
tation samples, in that they contain lower amounts of
interfering substances. Also, since the sample can be
concentrated in the process, the limit of detection is
improved. The choice of sample size depends on the
amount of specimen which can be obtained con-
veniently from the patient, and on the sensitivity of
the assay. Generally a single extraction step involving
1 ml of sample (pH adjusted if necessary) and 5 ml of
organic solvent, which may give over 80% recovery,
is adequate for the routine assay of a large number
of samples. The addition of a large amount of the
extractant is intended to prevent or minimize emul-
sion formation. Glassware used in extractions must
be scrupulously clean and free from any residual
detergents.

Extraction by shaking on a roller mixer is time-
consuming but more effective than other methods
because the mixing of the two phases is more uni-
form. Shaking by vortex mixer is quicker, provided
that equilibrium is reached rapidly. With a vortex
mixer, 1 min of gentle shaking is recommended, since
vigorous shaking favours emulsion formation. If
emulsions occur, they can be broken by centrifu-
gation.

The polarity of the extractant and pH of the
aqueous phase (sample) are major factors to be
considered in the design of a suitable solvent extrac-
tion scheme. Trial extractions should be performed
and the solvent/pH combination which gives a high
recovery of the drug and minimal extraction of
interfering material should be chosen. As the polarity
of the solvent increases, the range of compounds
extracted also increases. Drugs of high polarity are
difficult to extract and require strongly polar, and
hence non-selective, solvents. Chin and Fastlich®!
have listed a number of drugs that are extractable in
the presence of sodium dihydrogen phosphate with

diethyl ether but not with hexane. Bailey and Kelner*
have investigated the extraction recoveries of 28
acidic drugs from water and plasma, with hexane,
diethyl ether, toluene, n-butyl chloride and chloro-
form. As classes, the barbiturates, sulphonamides,
and diurctics were optimally extracted with diethyl
ether from both water and plasma, but considerable
variation in recovery was noted between solvents for
the other drugs.

1t is possible to select a mixture of solvents which,
although it does not completely extract the drug, does
give cleaner extracts. For example, barbiturates can
be extracted from blood with a mixture of equal
volumes of hexane and ether at pH 7.5. The use of
a more polar solvent or a low extraction pH increases
the co-extraction of interfering material consid-
erably.”

As well as having the correct polarity, the solvent
should be of highest purity, non-toxic, not highly
flammable, and have a suitable volatility. It should be
redistilled if the preservative or a trace impurity is
found to react with the drug or produce an interfering
peak on the chromatogram. The most popular sol-
vents for extraction are diethyl ether and chioroform.
Although ether is flammable, it has the advantages
that it is reasonably selective, and can be readily
evaporated for recovery of the drug. Its low density
facilitates phase transfer after extraction and min-
imizes contamination of the organic extract with the
aqueous phase during the transfer step. Moreover,
ether emulsions are easier to break. Solvents such as
benzene or carbon tetrachloride should be avoided
because of their toxicity. Toluene, chloroform or
dichloromethane should be used instead.

The effect of pH is important in solvent extraction,
particularly for the ionizable drugs. It 1s the un-
charged (i.e.. non-ionized) form of the drug which
is extracted into the organic solvent. Thus. acidic
drugs are extracted under acidic conditions and basic
drugs under alkaline conditions. The optimum pH
for extraction of acidic drugs usually lies 1-2 pH units
below the pK, value and for basic drugs 1-2 pH units
above the pK, value. Amphoteric drugs also show
an optimum pH for extraction. The extraction of
neutral drugs is independent of pH; they are extrac-
table over a wide pH range. Hence, they can be
co-extracted with acidic or basic drugs, but they
remain in the organic phase on back-extraction of the
other drug into an alkaline or acidic (as appropriate)
aqueous phase. However, consideration of pH is
important even when assaying neutral drugs. A
higher pH is often desirable to ensure cleaner ex-
tracts, since many endogenous compounds are acidic
and hence are not extracted from alkali. Several
methods involving extraction of drugs at a single pH
have been reported, particularly in the context of
toxicological monitoring.*

Another useful method is pre-extraction of inter-
fering substances into an organic phase which is then
discarded. Urine contains large amounts of endo-
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genous compounds, and a preliminary extraction
from acidic urine improves the purity of the sub-
sequent basic extract. Urine can also be cleaned up by
extraction with diethyl ether or n-hexane before
HPLC.? Sometimes the drug may be extracted into a
very small volume of organic solvent (100 u1 or less).
After centrifugation, an aliquot of organic solvent is
injected directly into a GC.**% The avoidance of a
solvent evaporation step minimizes the possibility of
losing drugs by adsorption onto glassware, and pre-
vents the volatilization of certain drugs such as
amphetamine. This approach is quick, simple, and
particularly suitable for rapid screening of drugs of
abuse.

Extraction can be problematic when the drug is
water-soluble at all pH values (water-soluble ampho-
teric and neutral drugs, zwitterions), since pH adjust-
ment does not help in this situation. In some cases,
a salting-out procedure (addition of an excess of salt
to the sample before extraction) can shift the par-
tition equilibrium in favour of extraction, and result
in a better extraction yield for the drug in question.
Such an approach has been used by Horning ez al.¥
in the screening of plasma and urine for acidic, basic
and neutral drugs and their metabolites. By using
ammonium carbonate as the salt and ethyl acetate as
the solvent, they were able to extract drugs with
recoveries better than 80%. The identification and
determination were done by GC or GC-MS. An
advantage of salt—solvent extraction is that emulsion
formation is minimized. Polar water-miscible solvents
(e.g., n-propanol, acetonitrile) can also be used as
extractants in this technique, because the presence of
an excess of inorganic salt results in a phase sepa-
ration in which the upper layer consists mainly of the
organic solvent.?®

Back -extraction

Gas chromatographic analysis usually requires
further purification of extracts, for example by back-
extraction, to prevent extraneous substances present
in the initial extract from contaminating the GC
detectors, particularly the nitrogen/phosphorus de-
tector and the electron-capture detector.>'** The
drug present in the first extract is back-extracted into
an aqueous phase of appropriate pH. This should
reduce the amount of neutral material contaminating
the drug, since neutral molecules remain in the or-
ganic solvent. For back-extraction of basic drugs into
an acidic aqueous phase. sulphuric and phosphoric
acid are preferred to hydrochloric acid, because many
hydrochlorides are soluble in organic solvents. After
the back-extraction, the pH of the aqueous phase is
readjusted to that of the first extraction, and the drug
is re-extracted into an organic solvent. The solvent is
then evaporated and the residue is either converted
into a derivative® * prior to GC or redissolved in an
appropriate medium, an aliquot of the solution being
injected into the GC.

Extraction of metabolites

. Metabolites of a drug are usually more polar than
the drug itself, and if the metabolites are of interest,
then the solvent chosen should be capable of extrac-
ting all the compounds of interest, so that they can
subsequently be separated and determined by GC or
HPLC. However, if desired, extraction with solvents
of increasing polarity and/or at different pH values
can achieve selective separation of a drug from its
major metabolites. Another approach to extracting
the more polar metabolites is to extract the drug, then
add a high concentration of a salt such as sodium
chloride to the aqueous phase, and re-extract. This
forces the desired compounds into the organic phase.
The salting-out procedure does not always work, but
it has been used in the extraction of hydroxy metab-
olites of barbiturates from urine.” Occasionally the
metabolites are similar in polarity to the parent drug,
and both the metabolites and the drug are extracted
by the same solvent. Partition of the extracted com-
pounds between solvent and a buffer of appropriate
pH can sometimes separate the individual com-
ponents sufficiently to permit analytical deter-
mination, as in the case of chlorpromazine and
imipramine metabolites.” A review by Martin and
Reid* and a book edited by Reid and Leppard® deal
with solvent extraction and other approaches to
isolating metabolites.

It should be emphasized that absolute specificity is
difficult to achieve by selective extraction alone, and
co-extraction of metabolites is inevitable (except
where very different molecular structures are in-
volved). Thus, the separation usually must include a
chromatographic step. HPLC is generally the method
of choice,** since the drug and its metabolites can
usually be analysed without conversion into deriva-
tives or use of extensive clean-up procedures. After
evaporation of the extraction solvent, the residue can
be dissolved in the mobile phase and an aliquot of the
solution injected into the HPLC.

Silanization of glassware or the inclusion of 1-2%
of alcohol (ethanol or 3-methylbutan-1-0l) in a non-
polar extractant such as hexane or heptane usually
prevents adsorption of the drug onto glassware dur-
ing the solvent evaporation step. Adsorption is much
more noticeable when a drug is present at low
concentrations. The measures described are not al-
ways effective, and others may have to be devised.

Hydrolysis of conjugates

Many drugs and metabolites are present in urine as
conjugates such as glucuronides or sulphates, which
are very polar and essentially not extractable into
organic solvents. It is often necessary to hydrolyse
these conjugates so as to release the parent molecules
for extraction. This is done chemically with hydro-
chloric acid or sodium hydroxide, or enzymatically
with enzymes such as f-glucuronidase. Chemical
hydrolysis decreases the yield of drugs that are heat-
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labile (e.g., certain benzodiazepines) and sensitive to
aggressive reagents. Enzymatic methods, on the other
hand, are slow but the mild conditions required are
less likely to cause degradation of the compounds to
be determined. After hydrolysis, the products can be
extracted after pH adjustment. If necessary, the ex-
tract can be clecancd up further by back-cxtraction.
Generally a urinc sample is divided into two sub-
samples. One is hydrolysed to give the total (i.e.,
conjugated and unconjugated) concentration of the
drug, and the other is extracted without hydrolysis to
give the free (i.e., unconjugated or directly extrac-
table) concentration of the drug. The concentration
of the bound (i.e., conjugated) form is obtained by
subtraction. This is done, for ecxample, in the
determination of oxmetidine and its sulphoxide
metabolite.”’

lon-pair extraction

A useful approach to dealing with a highly polar
ionic drug is to convert it into a neutral ion-
association complex by addition of an excess of
suitable ions of opposite charge, and extract it into an
organic solvent such as chloroform. The counter-ions
used may be inorganic (halide, perchlorate, thio-
cyanate) or polar organic (benzoate, sulphonate, tri-
or tetra-alkylammonium). Formation of the complex
depends on factors such as the pH of the aqueous
phase, the polarity of the extracting phase, and the
nature and concentration of the counter-ion. The
ion-association complex technique can be used for all
kinds of ionizable drugs, but it offers particular
advantage for compounds that are difficult to extract
in unchanged form (penicillins, amino-acids, conju-
gated metabolites). This i1s the only method that
allows extraction of quaternary ammonium com-
pounds.®** For example, tubocurarinc can be extrac-
ted from an alkaline plasma or tissue solution into
dichloromethane after ion-pair formation with potas-
sium 1odide. The use of this approach to achieve
selective extractions has been discussed by Schill®
and Tomlinson,*

A further variation of the technique is extractive
alkylation. In this procedure the drug is extracted as
an ion-pair into an organic solvent where it immedi-
ately reacts with an alkyl halide to form a derivative
suitable for analysis by GC. Usually tetra-alkyl-
ammonium salts are used as ion-pairing reagents and
alkyl halides as alkylating agents. This approach is
quicker than other derivative-formation methods and
has proved useful for GC analysis of several classes
of drugs. such as barbiturates’ and sul-
phonamides.**#

LIQUID-SOLID EXTRACTION

In liquid—solid extraction the sample is poured
directly onto a column packed with solid adsorbent,
and compounds of interest are ¢luted with organic
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solvent for subsequent analysis. Among the many
adsorbent materials that have been used arc Celite,
alumina, silica, chemically bonded silica, Florisil, and
non-ionic and ion-exchange resins. These materials
fall into two broad catcgories, according 1o whether
they retain all the sample, or only the drugs and
related compounds. In the first group. a hydrophilic
packing matcrials such as inert particles of di-
atomaceous earth (kicselguhr) is used to adsorb
sample (including water) over a large surface area.
The second group is more selective, and requires
either hydrophobic (e.g.. by bonded silica) or ion-
exchange retention of the drug and metabolites.

In the case of the first group, the sample (a complex
aqueous solution) is adsorbed by the support so that
a thin aqueous film is formed on the surface of each
particle. A small volume of a water-immiscible or-
ganic solvent such as chloroform is then passed
through the column and this effectively extracts the
drug from the aquecous film of sample. Water and
endogenous material such as pigments, particulates
and polar compounds are retained in the matrix. This
type of extraction is essentially a liquid-liquid extrac-
tion, so drugs can be selectively eluted by approaches
similar to those used in liquid-liquid extraction.

The second type of liquid—solid extraction works
on chromatographic principles. Compounds of inter-
est are retained on the adsorbent surface when the
sample is passed through. Certain undesirable com-
pounds which are adsorbed at this stage may be
removed by washing with a specific solvent or buffer.
Drugs and related compounds are then eluted by
passing an appropriatc solvent through the column.
The clution solvent may be miscible or immiscible
with water, because little samplc water remains on the
column. The eluate is processed further as required or
injected directly into the HPLC. Such chro-
matographic systems can be tailored to requirements
by choosing adsorbentls with suitable properties
(polar, non-polar, or ionic).

Liquid—solid extraction can be done with home-
made columns, for example a Pasteur pipette packed
with adsorbent. However. disposable columns of
various sizes (up to 20 ml), and covering a wide range
of adsorbents, are available commercially (¢.g., from
Waters Associates, Analytichem International).
These columns have a high sample-loading capacity
but are for single use only, since components left in
the column matrix by a previous sample could affect
the performance on subsequent use. In spite of this,
some workers** have shown that C, bonded-phase
disposable columns can be regenerated and used
again without any loss of performance. Vacuum
manifold devices are available from the companies
listed above, to allow simultaneous extraction of up
to 10 samples in a few minutes under gentle vacuum.

The liquid—solid extraction technique is becoming
a serious challenger to conventional solvent extrac-
tion (liquid—liquid partition). It is simple and time-
and labour-saving (though prepacked disposable
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columns are by no means cheap). There are no losses
due to emulsion formation and the extraction results
in cleaner samples, which extend the life of the
analytical column. The efficiency and reproducibility
are as good as, or better than, those of liquid-liquid
extraction. The technique is well suited to automation
and is particularly useful for highly polar or ampho-
teric compounds which are difficult to extract from
samples at any pH (e.g., antibiotics). The columns
can also be used for sample storage during trans-
portation.

Adsorbents such as charcoal* and XAD-2 resins®
are popular in screening for drugs of abuse in urine,
whereas columns containing purified diatomaceous
earth, reversed-phase or ion-exchange material are
increasingly used for extraction of drugs as individu-
als or groups. For example, serum can be extracted
with diatomaceous earth for the HPLC deter-
mination of prednisone and prednisolone.”* Sample
concentrates for GC determination of tricyclic
antidepressants*® and HPLC determination of anti-
convulsants® and benzodiazepines and metabolites*
can be obtained by extraction of samples with
reversed-phase disposable columns. Ion-exchange
resin columns are particularly valuable for the
extraction of ionic compounds such as amino-
glycosides.’

Suppliers of prepacked extraction columns do “in
house” development work to expand the applications
and the range of their products. It is sometimes
beneficial to contact them for advice on specific
problems.

INTERNAL STANDARDS

During sample preparation, it is usual to add a
fixed amount of an internal standard to each sample
at the earliest possible stage, to permit correction for
losses during sample treatment and to minimize
errors due to variation in instrument response (col-
umn, detector, efc.), injection volume, or yield of a
derivative. Most internal standards are compounds
chemically similar to the drug to be assayed. An
internal standard should be well separated on the
chromatogram, not only from the drug but also from
other peaks. The ratio of the detector response (peak
height or area) for the drug and the internal standard
is then used in calibration and assay.

Fike” has investigated a number of organic com-
pounds, mostly aromatic hydrocarbons, for use as
internal standards in GC analysis of drugs. Retention
times at various temperatures on five commonly used
columns have been determined. McAllister®® has rec-
ommended prazepam, a structural analogue of di-
azepam, as a possible internal standard for the GC
determination of diazepam. Prazepam can also be
used as internal standard for the HPLC deter-
mination of diazepam or other benzodiazepines, for
example clobazam.*

FUTURE DEVELOPMENTS

Since sample pretreatment is an important but
labour-intensive step in GC and HPLC analysis, it
seems likely that use of microprocessor-controlled
automated systems for this task will increase greatly
in the future. This is a new area and at present only
a few systems exist. Such equipment is of value when
large numbers of samples are to be analysed routinely.
The Technicon FAST-LC unit provides on-line sol-
vent extraction of drugs from serum, including sol-
vent evaporation, redissolution of drug in the mobile
phase and injection into the HPLC column. The Du
Pont Prep 1 system is based on solid-phase extrac-
tion, and incorporates an XAD-2 resin cartridge. The
drugs and metabolites are isolated on the column and
eluted with a selected solvent. The extract, after
solvent evaporation, is presented in dry form for
subsequent analysis by GC, HPLC, or GC-MS.
Procedures are described for the isolation of anti-
epileptic drugs® from biological samples with the
FAST-LC system and of barbiturates and other
drugs™ with the Prep 1 system. Recently, the Zymark
Corporation has introduced a robotic system® to
automate sample-handling procedures, including
liquid- and solid-phase extractions. The system is
programmed by the user to meet the requirements of
a particular procedure. Clarke and Robinson have
surveyed different approaches to the automation of
sample preparation prior to HPLC.%®

Apart from automation, the current trend towards
liquid-solid extraction seems likely to continue, and
new or modified adsorbents will appear, offering
more selectivity in solid-phase extraction.

Another relatively recent development which has
been engaging attention is on-line sample preparation/
concentration by direct injection of plasma/serum or
urine into the HPLC.® % On-line concentration and
clean-up is done with a small precolumn. Chro-
matography takes place, after column-switching, in
an analytical column. If two pre-columns are used,
they can be alternately switched to avoid loss of
time in the sample washing step. At present there are
practical problems, especially during unattended
operation, e.g., clogging of the autoinjector needle,
baseline shift, and increase in back-pressure. How-
ever, the principle of on-line sample handling may
well be widely applicable once the practical problems
are overcome. The technique has the following
advantages: (1) possible sources of error during ex-
traction, including adsorption losses during solvent
evaporation, are avoided; (2) unstable samples can be
processed immediately; (3) analytical time is reduced.
Tamai er al.®* have used a protein-coated HPLC
column for the direct injection of plasma samples
containing propranolol and its hydroxy metabolite.
Before sample injection, the reversed-phase C,; col-
umn is saturated with protein by repeated injection of
bovine serum albumin. The protein-coated column
shows no affinity for protein but does have an affinity
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for drug molecules. Although the results with pro-
pranolol are encouraging, more work needs to be
done before this approach is routinely applied to
other drugs.
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ANALYSIS OF SWEEPS

THE CUPROUS SULPHIDE COLLECTING SYSTEM

SiLVE KALLMANN
Ledoux & Co., 359 Alfred Avenue, Teaneck, NJ 07666, U.S.A.

(Received 20 March 1985. Accepted 2 August 1985)

Summary—A new method for collection of precious metals in analysis of “sweeps™ is presented. It is based
on use of copper sulphide as collecting agent. The oxidation state of the copper has been carefully
investigated and the chemistry of the system is discussed. The method gives good accuracy and
reproducibility and can be combined with a wide variety of methods of determination.

Because of their substantial intrinsic value, precious
metals are commonly recycled after use. Because of
the wide variations in composition, it is desirable to
reduce precious-metal “'scrap” to a form which can
be sampled effectively. If in powdered form, this
scrap is generally referred to as “‘sweeps”.

Sweeps may contain from 0.01 to 50% of total
precious metals and a variety of base-metal com-
pounds. Analytical requirements for sweeps depend
on the net weight of the lot being evaluated and the
value of the precious metals in it.

In a previous paper' the collection of precious
metals from sweeps by means of nickel sulphide, first
proposed by analysts at the National Institute of
Metallurgy, in South Africa,>® was discussed. In this
procedure the sample is fused with a flux consisting
of nickel powder or a nickel salt, sulphur, alkali-
metal carbonate, silica and alkali-metal borate. On
cooling, the heavier nickel sulphide phase separates
readily from the lighter phase consisting of a glass-
like slag containing the non-sulphide-forming constit-
uents of the sample. The precious-metal sulphides
accompany the nickel sulphide. The latter is readily
soluble in hydrochloric acid, whereas the precious-
metal sulphides remain insoluble. We expressed our
disappointment that gold could not be recovered
quantitatively by this method and conjectured that
gold, unlike the other precious metals, docs not
readily form a sulphide and therefore appears to pass
partially as frec gold into the slag or to become
embedded in the walls of the assay crucible.

In our study' we observed that in the presence of
increasing amounts of copper the collection of gold
by nickel sulphide markedly improved, presumably
by a mechanism involving the formation of *“‘copper
metal which alloys with gold during the fusion step,
before it and the gold are converted into their sul-
phides™.

The realization of the beneficial effect of copper on
the collection of gold by nickel sulphide eventually
motivated us to investigate the copper—precious-
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metal sulphide system, concerning which there
appears to be no analytical literature.

EXPERIMENTAL
Opening up of samples

Thoroughly mix 1-25 g of finely ground sample (finer
than 100-mesh) with a flux consisting of 20 g of silica (or an
amount equal to the sample weight, whichever is the larger),
100 g of sodium carbonate, 60 g of boric acid, 35 g of cupric
oxide and 15 g of sulphur. For alumina-based catalysts add
an extra 10 g of silica. Transfer the charge to a “40-g” assay
crucible, place in a furnace at about 850°, and close the
furnace. After the initial reaction, which involves the release
and expulsion of CO, and H,O, increase the temperature
gradually to 1200°, and maintain at this temperature for
about 30 min.

Remove the crucible from the furnace and pour the
molten mass into an iron mould. Cover with the inverted
assay crucible to avoid loss of slag during cooling. When the
copper sulphide button is sufficiently cool to be handled
comfortably (50-60"), remove it from the mould and gently
separate any adhering slag with a hammer or some other
tool. but exercise care, since the button is somewhat brittle.

To recover traces of precious metals retained by the slag,
return the latter to the assay crucible and add a mixture of
50 g of sodium carbonate, 30 g of boric acid, 15 g of cupric
oxide and 8 g of sulphur. Cover the charge with a little borax
to avoid oxidation of sulphur during the initial heating.
Place the crucible in a furnace at 800", close the furnace,
heat again gradually to about 1200, and maintain at this
temperature for about 10 min. Pour the molten mass into
an iron mould, cool and separate the copper sulphide button
(which will usually weigh a little less than half as much as
the first button).

Weigh the two buttons together (total weight usually
60-63 g) and grind them in appropriate equipment to about
100-mesh particle size. Reweigh to establish any grinding
loss, which will be taken into consideration during the final
calculations. Analyse for one or more of the precious metals
by one of the methods given below.

Treatment of the copper sulphide

Since the copper sulphides, particularly Cu,S, are only
slightly soluble in hydrochloric acid, dissolution procedures
suitable for nickel sulphide are obviously not applicable.
The following approaches have been thoroughly in-
vestigated.

Decomposition with aqua regia. This technique is applic-
able to the determination of one or more of the precious
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metals (except osmium, but see discussion) in amounts
greater than 4 mg. This minimum of 4 mg is due to the fact
that the method does not involve removal of copper.

Decomposition with sulphuric acid, formic acid and thio-
sulphate. This approach is applicable to the determination
of silver, gold, platinum and palladium, each in amounts
greater than 1 mg. Ruthenium and osmium are largely lost
during the heating with sulphuric acid. Rhodium and iri-
dium are only partially dissolved and are incompletely
recovered. If rhodium and iridium are to be determined,
Method III (below) should be used (but see discussion for
a modification allowing determination of rhodium).

Decomposition with hydrobromic acid. This more recent
approach is applicable to determination of all the precious
metals (osmium requires some modification) in amounts
greater than 0.2 mg. Results obtained during the last year
indicate that this approach may be preferable in most
instances to the other dissolution techniques. A slightly
modified version of this method allows the determination of
osmium (Method IIIA).

Method I, aqua regia method for Ag, Au, Pt, Pd, Ir, Ru
andjor Rh

Transfer the ground copper sulphide to a 1-litre beaker.
Cover the beaker and add 500 ml of concentrated hydro-
chlori¢c acid and from time to time 10-15 ml portions of
concentrated nitric acid to give rapid but not too violent
decomposition of the copper sulphide. Add up to 150 ml of
the nitric acid over a period of about 1.5-2 hr until there is
apparently no more reaction. Warm on a hot-plate until the
renewed reaction slows down, then boil down the solution
to about 300 ml. Dilute to 500 ml with water, cool, add 2
ml of concentrated hydrofluoric acid and filter through a
medium-porosity paper into an 800-ml beaker. Wash about
5 times with 2% v/v nitric acid. Wipe the beaker with a piece
of filter paper and add this to the funnel. Evaporate the
filtrate to a convenient volume.

Ignite the filter paper and contents in a zirconium crucible
at low temperature until all organic matter and sulphur have
been oxidized. Mix the residue with an appropriate amount
of sodium peroxide and heat until a clear melt is obtained.
Cool, transfer the crucible to a 600-ml beaker, leach the melt
with water, then remove the crucible and rinse it with hot
water. Clean the crucible with concentrated hydrochloric
acid and add the solution to the 600-ml beaker. Acidify the
solution with concentrated hydrochloric acid and heat until
clear. If necessary, evaporate the solution to an appropriate
volume. Combine this solution with the aqua regia solution
containing the bulk of the copper, and dilute to volume in
a l-litre standard flask, adding sufficient hydrochloric acid
to give a final 30% v/v concentration of the acid to prevent
precipitation of silver chloride. Determine all the elements
except silver by d.c. plasma spectrometry,' using aliquots
diluted by at least a factor of 4. Determine silver by
atomic-absorption spectrometry (AAS).! See discussion for
an alternative procedure involving separate handling of the
soluble and insoluble fractions.

Method I, sulphuric acid/formic acid/thiosulphate method
for Ag, Au, Pt and/or Pd

Transfer the ground copper sulphide to a I-litre beaker.
Add 250 ml of concentrated sulphuric acid. Heat first at a
temperature of about 250°. When the reaction subsides,
increase the temperature to the boiling point of sulphuric
acid and maintain at this temperature for a minimum of 3
hr. Should the solution become too viscous, indicating the
removal of too much acid, add more acid to ensure complete
decomposition of the sample. Cool, wash down the sides of
the beaker with water, add about 100 ml of water and 20
ml of formic acid and stir. When the reaction slows down,
heat at low temperature for about 30 min. Dilute with hot
water to about 800 ml. If a silver determination is required,
add sufficient hydrochloric acid to precipitate the silver.

Heat the solution just to the boil then remove from the heat.
After | min, add 1 g of sodium thiosulphate. Heat again and
boil for about 5 min. Remove from the heat, again add 1
g of sodium thiosulphate and boil for 5 min. Maintain the
volume of the solution at 800 ml. Allow to stand for at least
3 hr, preferably overnight.

If some copper sulphate crystallizes out during the cool-
ing, dissolve it by gently heating or, after the filtration, by
washing with warm water. Filter off the residue on a
medium porosity paper and wash a few times with warm
water. Discard the filtrate.

Wash the precipitate into the original 1-litre beaker.
Dilute to about 150 ml, add 15 ml of concentrated nitric acid
and 7 ml of concentrated hydrochloric acid. Boil the solu-
tion for about 5min to dissolve the maximum amount of
sulphides (mostly copper sulphide), cool, and filter with the
same paper, washing the paper 5 times with 2% v/v nitric
acid and wiping the beaker with a piece of filter paper,
adding this to the funnel. Evaporate the filtrate on a
steam-bath.

Ignite the paper and residue in a zirconium crucible and
fuse with sodium peroxide as in Method 1. Add the acidified
solution of the cooled melt to the main solution. Since in this
case silver accompanies the other precious metals, maintain
a 20% v/v hydrochloric acid concentration, which will keep
up to 50 mg of silver in solution in a volume of 250 ml.
Make up the combined solution to volume and complete the
analysis as in Method 1.

Method 111, hydrobromic acid method for Ag, Au, Pt, Pd, Rh,
Ru and Ir

Transfer the ground copper sulphide to an 800-ml or
1-litre beaker. Add 500 ml of concentrated hydrobromic
acid and heat for at least 3 hr on a steam-bath or at low heat
on a hot-plate. Then heat to the boiling point and let simmer
for about 2 hr or until the volume has been reduced to 400
ml. Dilute with 200 ml of water and cool to room tem-
perature.

Add 2 ml of concentrated hydrofluoric acid and mix.
Filter through a 15-cm hardened paper containing a gener-
ous amount of filter-paper pulp. Wash the paper a few times
with 30% v/v hydrochloric acid. (Determine HBr-soluble
silver in the filtrate by AAS or evaporate the filtrate to
dryness and convert the copper bromide into copper sul-
phate by heating to fuming with about 200 ml of concen-
trated sulphuric acid. After cooling and dilution, precipitate
the silver as chloride. The coppet bromide solution may also
contain a amount of gold, which can easily be determined
by AAS as described below or recovered with thiosulphate
from the copper sulphate solution in conjunction with the
silver determination.)

Wash the precious-metal sulphide precipitate into the
original beaker, and treat it with concentrated nitric and
hydrochloric acids as described in Method 11, third and
fourth paragraphs. Determine Au, Pt, Pd, Rh, Ru, Ir by d.c.
plasma spectrometry' or, if preferred, by inductively-
coupled plasma spectrometry (ICP spectrometry). HBr-
insoluble silver is best determined by AAS. If present at
suitable concentrations, some of the precious metals other
than silver can also be determined by AAS.!

Determination of traces of gold in the hydrobromic acid
filtrate. Transfer the solution to a |-litre standard flask.
Transfer a 25-100 ml aliquot to a 250-ml separatory funnel.
Add a measured volume of butyl acetate (10-25 ml), shake
for 1 min, allow the phases to separate, draw off the lower
phase into a second separatory funnel and extract it with an
additional 10 ml of butyl acetate. Draw off the lower layer
and discard. Combine the two butyl acetate extracts in a
standard flask of appropriate size, dilute to volume with
butyl acetate and mix. Measure the gold by AAS directly in
the butyl acetate solution.! The sensitivity is about 0.1
ug/ml. If preferred, evaporate the butyl acetate extract to
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dryness and after treatment of the residue with a
nitric/perchloric acid mixture, determine the gold, in cy-
anide medium, by AAS or d.c. plasma spectrometry.'

Method I1A, determination of osmium after hydrobromic acid
treatment of the copper sulphide

Treat the ground copper sulphide, which should contain
at least 50 mg of any other platinum metal, with hydro-
bromic acid as described in Method 111, and filter under
suction, with a Gooch crucible containing a fibre-glass filter,
finally transferring the precious-metal sulphides into the
crucible. Wash a few times with 30% v/v hydrochloric acid
to remove copper bromide, then wash in succession with
ethanol, diethyl ether and carbon disulphide. Maintain the
suction for a few minutes to remove residual CS,. Transfer
the precipitate and filter pad to a zirconium crucible and
remove any adhering particles by wiping with a fibre-glass
filter pad. Dry the pads and residue, add an appropriate
amount of sodium peroxide and fuse until a clear melt is
obtained. Cool, transfer the crucible to a 400- or 600-ml
beaker, leach with water, wash the crucible and keep it for
futher cleaning. Boil the contents of the beaker for a few
minutes to remove excess of peroxide, add 25 ml of satur-
ated sulphur dioxide solution and acidify the solution with
hydrochloric acid. Clean the zirconium crucible with con-
centrated hydrochloric acid and add the washings to the
beaker. Warm until the solution clears, adding. if necessary,
a few drops of concentrated hydrofluoric acid to dissolve
any precipitated silica.

Cool the solution, transfer it to a standard flask of
appropriate size and determine osmium and other precious
metals by d.c. plasma spectrometry (DCP)' or, if preferred,
by inductively-coupled plasma spectrometry (ICP).

DISCUSSION

The composition of the copper sulphide button

As will be demonstrated later, the stoichiometry of
the copper sulphide affects the quantitative collection
of gold but not that of the other precious metals.
Though there is a considerable literature on the
composition of copper sulphides produced by heating
copper or copper compounds with sulphur, there are
no literature reports on analytical applications of the
copper sulphide system.

The composition of copper sulphides may range
from orthorhombic or pseudohexagonal Cu,S (as the
mineral chalcocite), through orthorhombic Cu, S
(as the mineral djurleite), isometric Cu,Ss (as the
mineral digenite), orthorhombic Cu,S, (as the
mineral anilite), to hexagonal CuS (as the mineral
covellite).*?

Because of the complex parameters of our fusion
scheme, which has to accommodate samples of
widely varying compositions and weights, little
help was expected from the published literature in
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elucidating the composition of the copper sulphide
generated in our procedure.

Since CuS (covellite) is unstable at temperatures
above 450°C, it was not expected to be formed even
in the presence of an excess of sulphur. The ex-
pectation was that the fusion temperature of our
procedure, which reaches 1250°, would favour the
formation of Cu,S, which has a melting point of
1127°. Our operation, however, involves a cooling
period for the separation of the matte (synthetic
sulphide) phase from the slag phase. It must therefore
be assumed that during the cooling period the Cu,S
will, at least in part, react with excess of sulphur to
form, depending on the quantity of sulphur available,
digenite (Cu,S) or anilite (Cu,;S). Since some of
the non-precious metal components of the sample
may also form sulphides and the fusion charge may
be subject to some oxidation during heating and
cooling, the precise composition of the copper sul-
phide formed will vary from sample to sample and
also, but to a lesser extent, depend on the position of
the assay crucible in the furnace.

Although X-ray diffraction studies performed for
us at several establishments®° do not fully agree, the
general conclusion can be drawn that the com-
position of the copper sulphide will vary between
Cu,S and Cu, S as long as the fusion process is
based on a ratio of 35 g of cupric oxide to 15 g of
sulphur, a ratio which was experimentally shown to
yield optimum gold recoveries (Table 1). While the
amount of sulphur specified in our procedure (15 g)
is theoretically in excess of that required for the
formation of any of the copper sulphides listed above,
this excess of sulphur is partially consumed in for-
mation of the sulphides of the precious and certain
base metals and is partially oxidized in some of the
reactions taking place during various stages of the
fusion.

Using only 10 or even 12 g of sulphur, instead of
the 15 g specified in our procedure, caused the
formation of a copper sulphide button of poor ap-
pearance and frequently resulted in a blueish col-
oured slag which indicated incomplete formation of
copper sulphide and presumably of the precious-
metal sulphides. Using more than 18 g of sulphur
yielded a good looking copper sulphide button, but
gold collection was incomplete (Table 1).

Experiments done in the early stages of this in-
vestigation indicated that the collection of silver and
the platinum group elements is quantitative, irre-

Table 1. Chemical analysis of copper sulphides obtained with various CuO/S ratios

CuO S Copper Sulphur  Atomic ratio Na,O Gold
used,g used,g  found, % found, % Cu/S found, % recovery, %

35 15 78.00 21.05 1.866 0.65 100

35 15 75.15 23.36 1.620 1.05 100

35 15 78.25 20.65 1.908 0.80 100

35 20 72.47 26.20 1.388 1.14 95

35 25 70.64 28.23 1.260 1.15 91

36 30 68.00 30.87 1.109 1.26 87
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spective of whether 15, 20, 25 or even 30 g of sulphur
are used to react with 35 g of cupric oxide. This was
not entirely surprising, since these elements form,
under varying experimental conditions, stable sul-
phides such as Ag,S, PtS and PtS,, Rh,S;, and
RhySq, RuS,, IrS,, and OsS,. In contrast, the exis-
tence of stable gold sulphides appears to be uncertain,
with only Au,S being listed in Gmelin'® as a verified
but unstable compound. In connection with our work
on the nickel sulphide system,’ we established that
gold is largely reduced by the sulphur to the free
metal during the fusion process, passing partially into
the slag and partially being retained by the walls of
the assay crucible. Since gold can be collected by
copper sulphide, it must be assumed that this involves
the formation of a gold sulphide, presumably Au,S,
in solid solution with Cu,S. This is borne out by our
tests incorporating **Au into our fusion charge. The
results indicate that the slag and the assay-crucible
walls retain less than 0.1% of the total gold, provided
that (a) the 35/15 CuO/S ratio is applied, and (b) the
total amount of gold in the sample charge does not
exceed 0.75 g. This assumption is indirectly confirmed
by X-ray diffraction studies, which indicate the pres-
ence of free gold only when there is more than 1 g of
gold in 60 g of copper sulphide. It was noted by one
observer that the powder diffraction analyser indi-
cated no free elemental gold in the original sample,
but samples which had been exposed to the air for
several days showed a progressive increase in the
elemental gold peak and the appearance of copper
sulphate compounds.®

That, unlike nickel sulphide, copper sulphide (pre-
sumably as Cu,S) forms solid solutions with gold
sulphide (presumably as Au,S) or is isomorphous
with it is not altogether surprising, since nickel be-
longs to group VIII of the periodic table, and copper,
silver and gold belong to group IB. (As a corollary,
preliminary tests with silver sulphide, Ag,S, as the
matrix showed that it quantitatively collects copper
and gold.)

Increasing S/CuOQ ratios favour the formation of
copper sulphides approaching the composition of
CuS, instead of Cu,S (see Table 1). This leads to the
assumption that gold sulphide does not form solid
solutions with CuS for the simple reason that AuS
does not exist. Excess of sulphur apparently leads to
the formation of metallic gold, with attendant gold
losses to the slag and crucible.

All copper sulphide buttons produced in our labor-
atory contained a small amount of sodium (see Table
1). About half of the sodium is water-soluble and
unexpectedly was found to be in the form of sodium
sulphite and/or sodium thiosulphate. Although the
source of the sodium is undoubtedly the sodium
carbonate used as a flux component, no other species
contained in the flux could be detected in the cleaned
copper sulphide by emission spectrographic analysis.
The data in Table 1 indicate that the sodium content
of the copper sulphide increases with the percentage

of sulphur in the flux. It is assumed that the for-
mation of Na, SO, and Na,S,0, is part of a complex
overall reaction during the fusion process and the
cooling of the resulting Cu,S underneath the slag.
The water insoluble sodium fraction was found to be
a part of the copper sulphide structure. Cu,Na,S, is
the only such compound listed in X-ray diffraction
tables. (It should be noted that in calculating the
stoichiometry of the copper sulphide, Table 1, the
sulphur results were not corrected for the amount of
sulphur contained in any Na,SO,, Na,S,0,; or
Cu,Na,S,.)

Individual features of the copper sulphide method

Fusion of the sample. Tt is essential that the furnace
door be kept closed during the entire fusion process,
to avoid losses of sulphur by oxidation.

On the assumption that the slag cannot be entirely
removed from the sulphide button, sodium carbonate
is used instead of potassium carbonate (which is used
in the nickel sulphide procedure flux) to prevent
formation of K,PtCl, in the aqua regia dissolution
procedure.

Dissolution of the residue insoluble in aqua regia.
Fusion of the residue with sodium peroxide, though
quite effective, imposes limitations on the final vol-
umes used for AAS and/or DCP measurements. For
dealing with small quantities of precious metals, the
alternative acid treatments described should be con-
sidered.

The aqua regia dissolution procedure. To counteract
the effect of silica introduced into the system by
incomplete removal of the slag, a small amount of
hydrofluoric acid is added to the cold diluted solution
to form silicofluoride and thus act as a filtering aid.
(For the same reason, hydrofluoric acid is also used
in Method II1.)

The solubility of individual precious-metal sul-
phides (which may partly be in solid solution with
copper sulphide) in aqua regia varies from virtually
zero for ruthenium and iridium, and very slight for
rhodium, to almost 100% for gold (Table 2). Most
unexpectedly, 80-90% of the osmium sulphide re-
mains insoluble if the sample contains at least 50 mg
of any other “insoluble” precious-metal sulphide,
and more than 70% of it is insoluble if osmium is the
only precious metal present. The insolubility of the
sulphides of Ru, Ir and Os, the slight solubility of
rhodium sulphide, and the relative solubility of plat-
inum and palladium sulphides in aqua regia depends
to a large extent on their relative concentration and
also on their ratio to the sum of all precious-metal
sulphides present. (The limited solubility, in aqua
regia, of the precious-metal sulphides collected by
copper sulphide is in sharp contrast to the high
solubility of precious-metal sulphides prepared by
passing hydrogen sulphide into their chloride solu-
tions.)

The fraction insoluble in aqua regia contains virtu-
ally all of the ruthenium and iridium and only traces
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Table 2. Solubility of precious-metal sulphides in aqua regia

Ag  Au Pt Pd Rh  Ru Ir Os
Present, mg — 50 30 25 25 50 10 25
Insoluble, % — 2 85 60 98 101* 101* 85
Present, mg 75 120 150 120 75 75 75 50
Insoluble, % 15 24 83 75 100 99 99 85
Present, mg 100 120 150 120 — — — —
Insoluble, % 13 6 72 57 — —
Present, mg 25 30 12 10 25 2 25 —
Insoluble, % 6 2 80 55 98 98 99 —
Present, mg 50 50 50 50 — — —
Insoluble, % 10 7 30 45 — — — —
Present, mg — — — — 50 100 100 —
Insoluble, % — — — — 99 101* 99 —
Present, mg — 25 25 25 20 — — —
Insoluble, % — 3 72 77 98 — — —

*The apparent manufacture of an element is an artefact due to experi-

mental error.

of rhodium, even in the presence of an aqua regia-
soluble, copper-rich, fraction containing almost all of
the gold and significant amounts of platinum and
palladium. Hence, the sensitivity of Method I for the
determination of Ir, Ru, and Rh can be much im-
proved by fusing the insoluble residue (from the aqua
regia treatment) with a minimum amount of sodium
peroxide and measuring the concentration of the
precious metal by DCP in the virtual absence of
copper, in volumes of 250 ml or less. The aqua
regia-soluble fraction containing the copper can be
examined with adequate sensitivity for possible traces
of Rh and major quantities of gold, platinum and
palladium (Table 2). In individual determinations,
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Fig. 1. Effect of copper on DCP measurements of 1-ug/ml

however, the effect of copper and sulphuric acid
(formed by oxidation of the sulphide) on mea-
surements of trace amounts of precious metals cannot
be entirely disregarded.

Figure 1. for instance, shows the effect of various
concentrations of copper (as sulphate) on DCP mea-
surements of 1-ug/ml palladium at 3242.703 A Ttis
apparent that the final sample solution should not
contain more than 10 mg of copper per mi for
measurements of 1-gg/ml palladium to be meaning-
ful. Examination of the spectra of other precious
metals at the 1-pg/ml level in the presence of various
amounts of copper (as sulphate) showed similar
effects of copper (Table 3). Table 3 clearly demon-
strates the necessity of adding copper to DCP stan-
dards when the concentration of the precious metal
is less than 5 pg/ml and that of copper is 10 mg/ml.

As can be seen from Table 3, the effects of copper
are negligible in the case of gold and most pro-
nounced in the case of palladium. The copper inter-
ference is usually positive, but for ruthenium is
slightly negative. The extent of interference depends
to a large extent on variations in the photomultiplier
settings and gains used to compensate for substantial
differences in the sensitivities of the signals from the
precious metals at the interference-free wavelengths
chosen.

Extensive tests made in our laboratory indicate
that there are only minor effects from copper when its
concentration is less than 10 mg/m! or the concen-
tration of the precious metal is more than 5 ug/ml.

The sulphuric acid dissolution method. Formic acid
is used to precipitate any palladium and platinum
which may have been partially solubilized by the
strong fuming with sulphuric acid. The additional
precipitation of a small amount of copper sulphide
with sodium thiosulphate ensures complete precip-
itation of trace amounts of gold, silver, platinum and
palladium. The mechanism of this reaction will be
explained in a separate paper.

It was mentioned earlier that rhodium is not
quantitatively collected in Method II. This is due to
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Table 3. Effect of copper on DCP measurements of the
precious metals (all solutions contained 1% NaCl and 1.6%

LaCly)
Precious  Copper Precious metal
metal, added, found,* Wavelength,
ug/ml mg /ml! ug /ml A
Aul 0 0.963 0.961 2675.95
[ 10 0.985 0.981
5 4] 4.86 491
5 10 4,94 5.08
0 0 0.045 0.033
0 10 0.057 0.054
Pt 1 0 1.12 1.12 2659.45
1 10 1.03 1.01
5 0 5.10 5.07
5 10 5.02 4.90
0 0 0.202 0.191
0 10 0.125 0.139
Pd 1 0 1.23 1.32 324270
1 10 1.23 1.37
5 0 4.80 4.68
S 10 5.00 5.31
0 0 0.229 0.258
0 10 0.281 0.295
Rh1.34 0 1.30 1.31 3434.89
[ 10 0.924 0.884
2.68 0 2.59 2.66
5 10 5.05 4.85
0 0 0.065 0.064
0 10 —0.044 —0.054
Ir 1 0 1.14 1.16 2639.71
1 10 1.02 1.07
5 0 4.61 4.86
5 10 4.92 4.79
0 0 0.260 0.298
0 10 0.211 0.222
Ru0.973 0 1.06 1.04 3728.03
1 10 0.867 0.888
5.83 0 5.76 5.80
5 10 4.63 4.46
0 0 0.018 0.013
0 10 —0.246  —0.243

*Non-zero values obtained when no precious metal is
present are artefacts of the experimental system.

the formation of a stable rhodium sulphate complex
which prevents quantitative collection of the rhodium
as sulphide. In line with earlier observations'' it was
expected that rhodium sulphate would be converted
into cationic rhodium chloride by prolonged treat-
ment with concentrated hydrochloric acid. Sub-
sequently, the following modified procedure was
developed, which ensures quantitative collection of
the rhodium as sulphide.

Heat the sample strongly with sulphuric acid as
described in Method II. Omit the treatment with
formic acid. Raise the cover of the beaker and
evaporate to dryness or until fumes of SO, cease to
escape. Cool, add 300 ml of water, mix, add 150 ml
of concentrated hydrochloric acid and boil for 1 hr
with the beaker covered. Raise the cover and evapo-
rate the solution to 300 ml. Dilute to 700 ml with hot
water and precipitate the precious metals with four
~ 1-g additions of sodium thiosulphate, boiling for
2-3 min between additions. Allow to settle. Filter and
continue as described in Method TI. Since silver

chloride is considerably soluble in the hydrochioric
acid medium used for the precipitation of the
precious metals, do not discard the filtrate. Transfer
it to a I-litre standard flask, dilute to volume and
measure the silver concentration by AAS.

The hydrobromic acid dissolution method. The dis-
solution of Cu,S in hydrobromic acid (Method III)
was derived from the classical use of this acid in the
evolution procedure for determining sulphur in
brasses or bronzes.'? It will be recalled that owing to
the greater stability of CuBr, copper can reduce the
protons from concentrated hydrobromic acid, though
it cannot reduce those from concentrated hydro-
chloric acid. It was therefore conjectured that hydro-
bromic acid would be an equally efficient solvent for
Cu,S. Method I11 is the best proof that this reasoning
is correct. (It should be mentioned that hydrobromic
acid is quite expensive if bought in small quantities;
buying the technical grade, which is quite satis-
factory, in a S50-gallon drum, results in a 75-80%
saving over the single 1-gallon bottle price.)

The most attractive feature of the technique is that,
with the exception of silver and possibly small
amounts of gold, the other precious metals are not
dissolved during the dissolution of the copper sul-
phide. (However, even gram amounts of silver pass
almost quantitatively into the filtrate, from which the
silver can be readily recovered or in which it can be
easily determined by AAS. Provisions have been
made to determine any soluble gold by easy AAS
measurements. It is assumed that the small amount of
gold dissolved arises from the decomposition of the
Au,S in solid solution with Cu,S.) The remaining
precious metals and small amounts of silver are
collected together, virtually uncontaminated by cop-
per. Base-metal sulphides collected by the Cu,S (e.g.,
those of Pb, Bi, Ni, Fe, Co, Sn) are all soluble in
hydrobromic acid and are quantitatively removed. Of
particular interest is the tolerance of the method for
substantial amounts of lead. It is assumed that a
small amount of gold may be dissolved by the action
of cupric bromide formed by aerial oxidation of
cuprous bromide. This dissolution can be prevented
by adding a small amount of zinc metal to the
solution and/or the filter paper before the filtration.

Unless an osmium determination is required (OsO,
would be lost during ignition and requires the
modification outlined in Method II1A) fusion of the
HBr-insoluble residue with sodium peroxide after
ignition in a zirconium crucible therefore represents
the most rapid approach for determining all the
precious metals instrumentally in one master solu-
tion. Starting with the dissolution of the Cu,S in
hydrobromic acid, a master solution can be prepared
for instrumental measurements in less than 5 hr.

If the concentration of the precious metals (partic-
ularly platinum and palladium) is greater than may
be desirable for instrumental analysis, determination
of one or more of the precious metals by gravimetric
methods may be preferred. One approach successfully



Analysis of sweeps

used in our laboratory consists of: (1) treatment of
the HBr-insoluble material with dilute aqua regia,
followed by filtration to remove all but traces of the
copper, most of the gold and small amounts of
platinum and/or palladium (Solution A); (2) ignition
of the aqua regia-insoluble residue to convert the
precious metals in the combined Solutions A and C
regia followed by filtration (Solution B) and fusion of
the ignited residue from (3) with sodium peroxide and
acidification of the leached melt with hydrochloric
acid (Solution C); (4) DCP measurement of the
precious metals in the combined Soulutions A and C
(Ag by AAS); (5) gravimetric determination of the
major concentration of platinum and/or palladium in
Solution B.

This method represents a good example of a recent
trend in analytical chemistry, demonstrating the in-
terdependence of classical chemical and instrumental
techniques.

Interferences

sulphide. Base metals which do not form sulphides do
not interfere, since they will aggregate in the slag.
Thus there is no interference from Al,O;, MgO, CaO,
TiO,, BaO, Ta,0;, Nb,O;, ZrO,, V,0, and even
from Cr,0, (which seriously interferes in lead col-
lection schemes).

Sulphide-forming elements are collected together
with the Cu,S; these include Ni, Co, Fe, Pb, 5n, Bi,
but up to 2 g of these elements (the amount tested)
will not interfere individually or as a group with the
collection of the precious metals by copper sulphide.

Up to 7 g of combined precious metals, with a limit
of 0.75 g for gold, can be quantitatively collected by
copper sulphide, but for determination of less than 10
mg of precious metals it is advisable to add to the
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sample charge 20-25 mg of a precious metal which is
not to be determined, to avoid physical losses of the
precious metals during the treatment of the copper
sulphide.

Interferences in the measurements. The effect of
copper and sulphuric acid on DCP measurements
when Method I is used has already been discussed. A
fourfold dilution (to yield 10 mg/ml Cu) allows the
measurements of all the precious metals at the
1-pg/ml level. Sodium salts introduced as a result of
fusing the acid-insoluble residue with sodium per-
oxide do not interfere if the final concentration of
sodium chloride is not greater than 1%. Mea-
surements by ICP may require additional dilution.

All sulphide-forming elements collected by the
copper sulphide will be found in the aqua regia
solution, but do not interfere in the DCP mea-
surements provided their individual concentrations in
the final solution are below the test limit, namely 1
mg/ml.

In Methods II, I1I and IITA virtually all the copper
is removed. Residual amounts of copper (<1 mg/ml)
and sulphuric acid (<0.1 mg/ml) have no effect on
any of the precious metals at
levels of 0.5 pug/ml or more. All sulphide-forming
base elements have been removed and therefore do
not interfere. The sodium chloride introduced as a
result of the sodium peroxide fusion and acidification
of the melt presents no difficulties so long as its
concentration in the final solution is kept at 1%, the
preferred level for all DCP measurements.

Flame AAS measurements of Au, Pd, and Rh
match in precision those by DCP. AAS mea-
surements of Pt, however, are significantly affected by
sodium chloride. Ru and Ir determinations by DCP
are much superior to those by AAS. It is assumed
that TCP is equal to DCP in its ability to measure the
precious metals. XRF and flameless AAS mea-
surements of the precious metals appear feasible in
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Table 4. Cu,S collection method applied to synthetic standards made by
additions to blank sweep sample No. 1.; all measurements by DCP except for Ag

(AAS)
Aqua regia H,S0, HBr

decomposition decomposition decomposition

Added, Found, Added, Found, Added, Found,
Element g g mg g ng g
Au 25.2 24.9 50.3 49.6 18.2 18.4
85.3 86.2 125.7 1233 34.5 352
Ag 1254 126.2 130.3 1328 257 24.0
65.3 63.4 75.6 757 250.8 253.7
Pt 68.7 69.4 25.2 254 17.2 17.9
257.5 259.0 120.6 1220 343 330
Pd 175.4 173.8 63.1 62.2 15.0 15.2
60.5 61.6 68.4 67.5 38.5 378
Rh 15.2 15.2 24.7 — 4.8 4.8
63.7 63.0 18.5 — 28.5 29.7
Ru 7.5 7.3 15.5 — 38.5 39.6
18.4 18.9 30.3 — 3.9 35
Ir 16.8 17.2 60.2 — 40.7 41.4
12.0 12.3 75.4 — 5.4 5.4
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Table 5. Analysis of sweep sample 27303

Contents, %

Collection  Isolation Final
method method measurement  Ru Rh Ir Pt Pd Au Ag
Cu,S HBr DCP 40.5 1510 494 0.728 0460 0.425 —
Cu,S HBr DCP 40.3 1520 490 0.709 0463 0.427 —
Cu,S HBr AAS — 15.05 — — — 0.420 1.56
Cu,S HBr AAS — 15.14 — — — 0.433 1.60
Cu,S Aqua regia DCP 40.4 1522 496 0.730 0.483 0.395 —
Cu,S Aqua regia DCP 40.3 15.07 4.96 0.735 0474 0.407 —
Cu,S Aqua regia AAS — 15.05 — — — — 1.50
Cu,S Aqua regia AAS — 15.20 — — — — 1.62
*NiS HCI DCP, AAS 40.2 1507 493 0711 0475 0.393 1.50
*Na,0, Direct DCP 39.8 14.9 463 070 0.46 0.42 —
fusion measurements AAS — 14.8 — — e — 1.46
*From previous work.
Table 6. Analysis of sweep sample 92822-224
Contents, %
Collection Isolation Final
method method measurement  Au Ag Pt Pd Rh Ru Ir
Cu,S HBr DCP 0.695 — 0278 0.172 179 0.060 0.108
Cu,S HBr DCP 0.692 — 0280 0.170 1.76 0.058 0.104
Cu, S HBr AAS 0.690 6.90 — 0.162 1.75 — —
Cu,S HBr AAS 0.700 6.92 — 0.168 1.80 — —
tCu, S H,SO, DCP 0.689 — 0270 0.168 1.78 — —
1Cu, S H,SO, DCP 0.701 — 0.282 0.180 1.75 — —
1Cu, S H,S0, AAS 0.695 6.90 — 0.175 1.78 — —
*NiS HCI DCP 0.659 — 0274 0162 1.77 0.055 0.106
*NiS HCL AAS 0.650 6.85 0.277 0.167 1.77 —
*Na,0, Direct
measurement DCP 0.69 — 0275 0.185 1.76 0.066 0.10
*Na, 0, Direct
measurement AAS — 6.87 — — 1.74 — —
*Ag bead Parting DCP 0.694 — 0273 0.164 1.78 — 0.108
*Ag bead Parting AAS 0.686 — 0274 0.160 1.76 —
*Qutside
Lab. No. 1 0.706 6.87§ 0.294 0.171§ 1.78 0.064§  0.110
*Qutside
Lab. No. 2 0.630 7.16§ 0.250 0.160§ 1.75 0.052§ 0.100
tModified procedure.
*From previous work.
§No referee analysis required.
Table 7. Analysis of sweep sample 92822-424
Contents, %
Collection Isolation Final
method method measurement  Au Ag Pt Pd Rh Ru Ir
Cu,S HBr DCP 0282 — 0.770 0945 0412 0.042 0.070
Cu,S HBr AAS 0284 1.15 — — — — —
tCu, S H,SO, DCP 0286 — 0.775 0928 0402 — —
tCu, S H,SO, AAS 0289 1.15 0.764 0943 — — —
Cu,S Aqua regia DCP 0.288 — 0.770 0928 0.402 0.060 0.065
Cu,S Aqua regia AAS — 1.17 — — — — —
*NiS HCl DCP 0.266 — 0.772 0940 0.387 0.071 0.068
*NiS HCl AAS 0.260 1.13 0773 0932 0400 — —
*Na, 0, Direct
measurement DCP 0.28 — 0.76 0.94 0.41 0.05 0.076
*Ag Bead Parting DCP 0.282 — 0.763 0932 0383 — 0.070
*Ag Bead Parting AAS 0280 — 0.764 0935 0391 — —
*Qutside
Lab. No. 1 0294 1.17 0.835 0966 0.388  0.082§ 0.081
*Qutside
Lab. No. 2 0.280 1.04 0.770 0930 0.380 § 0.069

tModified procedure.
*From previous work.

§No referee analysis required.
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Table 8. Determination of osmium, iridium, ruthenium and rhodium

Iridium, Osmium, Ruthenium,  Rhodium,

% % % %
Method II1A, 12.10 14.15 4.35 2.80
HBr decomposition 11.96 14.29 4.27 2.80
Method 1, aqgua regia 11.80 14.45 4.28 2.83
decomposition
Outside Lab. No. 1 12.27 14.06 4.18 2.75
(unknown methods)
Outside Lab. No. 2 11.85 14.00 4.05 2.78

(unknown methods

some instances, but were not included in this in-
vestigation.

Mutual interference of precious metals. No mea-
surable interference was noted in DCP measurements
of any one precious metal at the 1-ug/ml level in
the presence of 200 ug/ml of any other individual
precious metal or 1000 pg/ml total concentration in
a mixture of precious metals.

Recommended methods

For general purposes we prefer the hydrobromic
acid method, reserving the others for quality control
or cross-checking. However, if only Au, Pt and Pd are
to be determined, Method II is recommended, and
the aqua regia technique (Method I) is perhaps
preferable for comparatively large amounts of all the
precious metals or for trace amounts of Ir or Ru in
the presence of larger amounts of the other precious
metals.

Validation of the method

No standard samples were available, but com-
parison with results obtained by other techniques or
made available to Ledoux & Co. by co-operating
clients after the conclusion of referee analyses demon-
strates the validity of the proposed procedure. As in
our earlier publication,' synthetic standards were also
used for verification. Tables 4-8 give the results.

Acknowledgement—The generous and valuable assistance of
Paul Blumberg and Charles Maul, senior members of
Ledoux & Co,’s analytical staff, in various phases of this
investigation is gratefully acknowledged.
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ETUDE ANALYTIQUE DU GOODRITE 3114,
ANTIOXYDANT DES POLYOLEFINES

COMPORTEMENT VIS A VIS DES AGENTS DE STERILISATION

F. PELLERIN, C. MAJCHERCZYK et D. BAYLOCQ

Laboratoire de Chimie Analytique, Centre d’études Pharmaceutiques, Université de Paris XI,
rue J. B. Clément: F 92290 Chatenay Malabry, France

(Recu le 18 janvier 1985. Accepté le 20 mars 1985)

Résumé—Un procédé d'identification et de dosage par HPLC, du Goodrite 3114 et des produits formés
sous I'action d'agents de stérilisation, est décrit. La structure du produit de dégradation résultant de
Pirradiation 7 a été établie. Une méthode de recherche des migrations est proposée.

De nombreux antioxydants phénoliques sont intro-
duits dans les polyoléfines haute et basse densite, et
les polypropylénes, en vue de protéger le polymeére au
cours des traitements de conservation et également au
cours de sa transformation. De trés nombreux tra-
vaux ont été consacrés a leur mise en évidence et a
leur dosage, au moyen des techniques spec-
trophotométriques, et chromatographiques.'™ Les
antioxydants phénoliques, en nombre limite, sont
utilisés pour la stabilisation des polyoléfines, a usage
alimentaire, pharmaceutique, ou médico chirurgical.

Le Goodrite 3114, tris(di-tert butyl 3,5 hydroxy-
benzyl 4-S-triazine-2,4,6 (1H,3H,5H) trione, ou
tris(di-tert butyl 3,5 hydroxybenzyl-4) isocyanurate
(1), est utilisé comme antioxydant a usage alimentaire
dans de nombreux pays.

CLCHy), CICHy),
HO CH, CH, OH
C(CH:‘))3 \ o / C(CH3)3

" i R
o} o}
N
I |
CH,
R
(H,C)C C(CH4)q

OH

L’emploi de cet antioxydant dans les polyoléfines
a usage pharmaceutique ou médico-chirurgical, im-
plique sa mise en évidence et son dosage dans les
matéreaux. Pour cette application, il convient de
considérer son comportement vis a vis des agents de
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stérilisation ainsi que les risques de migration dans les
médicaments.

De nombreux travaux et brevets ont été consacrés
a l'étude du réle et des transformations des anti-
oxydants au cours de la radiostérilisation des
matiéres plastiques;*® en régle générale, les produits
de dégradation n'ont pas été isolés.

Le présent mémoire décrit une méthode de chro-
matographie liquide permettant I'identification et le
dosage du Goodrite 3114, avant et aprés traitement
a l'oxyde d'éthyléne et aux rayonnements y. Les
produits de dégradation ont été mis en évidence et la
stucture du produit formé aprés irradiation a été
établie. Une étude d’interactions en vue de révéler
déventuelles migrations d’antioxydants a été éb-
auchée.

PARTIE EXPERIMENTALE

Réactifs

Plaques de polypropyléne ne renfermant pas
d’antioxydant. Plaques de polypropyléne renfermant 0,29
de Goodrite 3114. Plaques de polypropyléne renfermant
0,2%; de Goodrite 3114, irradiées par rayonnements (2,5 et
10 Mrad). Goodrite 3114 pur. Goodrite 3114 irradié a 2,5
et 10 Mrad.

Appareillage

Chaine de chromatographie liquide comprenant: une
pompe Chromatem 320 équipée d'un Programmateur 420;
une vanne d’injection (Rhéodyne) munie d’une boucle de
20 ul; un détecteur ultraviolet visible (Spectroflow) a long-
ueurs d’ondes variables, dont I'échelle des sensibilités, ex-
primées en densités optiques varie de 0,001 4 2,999. Une
colonne de silice greffée a polarit¢ de phase inversée C
(7 um); 25cm de longueur.

Mode opératoire

Extraction. Le mode d’extraction peut étre direct, en
utilisant un solvant spécifique de I'antioxydant, ou indirect,
par dissolution du matériau par un solvant approprié et
précipitation du polymére par le méthanol. Ce deuxiéme
procédé permet d’obtenir en solution I'ensemble des additifs
contenus dans le matériau.
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Chromatographie. Phase mobile; acétonitrile/eau (95/5),
débit: 1,5 ml/min. Longueur d’onde: 280 nm. Atténuation:
0,002. Solution de référence: Goodrite 3114 dilué dans le
tétrahydrofuranne (0,005 a 0,050%).

RESULTATS ET DISCUSSION

Conditions d’extraction

La chromatographie realisée sur I’extrait obtenu a
partir des plaques de polypropyléne témoins ne ren-
fermant pas de Goodrite 3114 ne révéle aucun additif.
Le procédé permet de déterminer les teneurs en
Goodrite 3114 des plaques de polypropyléne par
comparaison avec le chromatogramme d’une solution
témoin de cet antioxydant. Les résultats montrent
que I'extraction est compléte (trouvé 0,205%;; théorie
0,200%,).

Action de I'époxyéthane (oxyde d’éthyléne)

Les plaques ont été exposées & I'oxyde d’éthyléne
dans des conditions plus agressives que celles génér-
alement retenues pour la stérilisation du matériel
médico-chirurgical. Ces plaques ont subi dix stér-
ilisations successives. L'examen du chromatogramme
obtenu a partir de la solution extractive (dichloro-
méthane) montre I'absence du pic correspondant au
Goodrite 3114, ainsi que celle d’un éventuel produit
de dégradation. Les plaques traitées a I'oxyde
d’ethyléne ont été extraites par dissolution—
précipitation; le chromatogramme obtenu, examineé
comparativement & celui correspondant & I'analyse
d’une solution témoin de Goodrite 3114, montre
la disparition de I'antioxydant et I’apparition d’un pic
différent de celui du Goodrite 3114 et de I'extrait des
plaques de polypropyléne n'ayant pas ¢té exposées a
I'oxyde d’éthyléne. Le temps de rétention est accru et
quelques essais nous conduisent a formuler
I'’hypothése de la formation d’un dérivé d’oxydation
dont la structure en cours d’étude n’a pas été actu-
ellement précisée.

Action des rayonnements 7y

L’irradiation 4 10 Mrad du Goodrite 3114 fait
apparaitre une intense coloration bleue. Aprés irra-
diation, les plaques de polypropyléne ne révélent
aucune coloration, alors que celles renfermant 0,29
d’antioxydant présentent une coloration jaune.

La chromatographie en phase liquide, éffectuée
dans les conditions décrites ci-dessus, d’une solution
de Goodrite 3114 irradiée a 2, 5 et 10 Mrad, révéle
la présence d’'un composé non décélé dans
I’échantillon témoin non irradié. Ce composé est
caractérisé par un temps trés réduit par rapport a
celui du Goodrite 3114 (Fig. 1,E,F) qui permet
d’émettre I'hypotheése de la formation d’un produit de
dégradation résultant de la coupure de la molécule 1.

L’examen des chromatogrammes obtenus & partir
des plaques irradiées et non irradiées, renfermant
I’antioxydant (Fig. 1, B, C, D), met en évidence la
diminution importante du Goodrite 3114; celui-ci
n’est plus extractible par le dichlorométhane.

Le produit de dégradation a été obtenu par
dissolution—précipitation du matériau; ’examen des
solutions obtenues dans ces conditions, & partir des
plaques de polypropyléne irradiées, montre la prés-
ence d’un pic dont le temps de rétention est identique
a celui obtenu dans I'examen de la solution effectuée
directement a partir du Goodrite 3114.

Spectrométrie de masse du Goodrite irradié

Les produits de dégradation formés par irradiation
du Goodrite 3114 et des plaques de polypropyléne qui
le contiennent se sont révélés identiques, aprés les
analyses en chromatographie liquide dans les condi-
tions décrites ci-dessus.

L’étude de la structure du produit de dégradation
formé par irradiation du Goodrite a été éffectuée
directement sur I'antioxydant ayant subi une irra-
diation de 10 Mrad.

L’analyse a été effectuée par couplage GLC/MS, a
partir d’une solution de Goodrite 3114 irradiée; la
GLC/MS a été conduite dans les conditions sui-
vantes.

-————————{
-—————————
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A By et .1 SR T T [ h" L1t "t
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Fig. 1.

A, Solution de Goodrite 3114 dans le tétrahydrofuranne. B, Goodrite 3114 extrait d'un

polypropyléne non stérilisé. C, Goodrite 3114 extrait du polypropyléne stérilisé a 2,5 Mrad. D, Goodrite

3114 extrait du polypropyléne irradié a 10 Mrad. E, Goodrite 3114 pur, irradié¢ a 2,5 Mrad: (1) produit

de dégradation du 3114; (2) Goodrite 3114 résiduel. F, Goodrite 3114, irradié 4 10 Mrad: (1) produit de
dégradation du 3114; (2) Goodrite 3114 résiduel.
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Chromatographie C(CHgj)s
Colonne: OVI; 25m x 0,3 mm. hoct on
Gaz porteur: hélium, a 0,35 bar. 2
Température de I'injecteur: 260° R -56
Température du four: 280°. C(CH3)y l
Programmation: 40° 4 160° (40°/min) Ly H
160° & 260° (10°/min). m/z =219 .
Systéme d’injection: splitless. 1_H+ HC 0
Spectrométrie de masse c{- H
Spectrométre: NERMAG 10-10c. Hct o m/z =106
Traitement de données: Ordinateur P.D.-P 11. 3
[onisations: impact électronique a 20 eV et ion- I Ci l-CO
isation chimique par le methane. N
m/z =218
Résultats CHj *——@
H.C
,Quel qu’e son.le procédé d 1oms,at.1on apphqge, il _56 —C—cH,
n’a pas été possible de mettre en évidence le pic de ”
masse du Goodrite 3114 (m/z = 784), irradié ou non, H B
. . CH, m/z=78
du fait de sa segmentation au cours du stade chro- .
matographique. En effet, la séparation par GLC HaC Y
révele dans le cas du Goodrite 3114 non irradié un J
composant dont le pic de masse correspond a C<‘
m/z =218 (II); l'analyse fragmentaire confirme la m/z =162
structure du radical R constitutif de la molécule
initiale. I
1
1
L |
M > 4 JL? —1 — e
100 200 200 400 500 600 700 800 900
Time (sec)

Fig. 2. GLC du Goodrite 3114 irradi¢ a 10 Mrad: (1) produit de dégradation; (2) Goodrite 3114 residuel.
Colonne OV1; solvant H,CCl,; injection 1,5 ul; température de I'injecteur 260°; programmation: 40 a 160°
(40°/min), 160 a 260° (10°/min).

Dans le cas de ’échantillon irradié, la séparation
chromatographique (Fig. 2), fait apparaitre un pro-
duit dérivé du Goodrite 3114 absent dans I’analyse du
témoin non irradié.

Le spectre de masse obtenu par le procédé d’impact
électronique (20eV) a partir du composé dérivé du
Goodrite 3114 irradié et séparé par GLC, révéle un
pic de masse m/z = 234. Celui-ci correspond & une
structure oxydée du radical R en position para, soit
le di-tert butyl-3,5 hydroxy 4-benzaldéhyde (III).

TAL. 33.1—G
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L’application du procédé d’ionisation chimique,
aprés la séparation chromatographique, confirme les
résultats.

Les spectres de masse obtenus a partir des com-
posés séparés par GLC, révelent les pics de masse
suivants.

M+ D7 M+29)*
Composant 1 218 +1 =219 218 +29 =247
Composant 2 234 +1 =235 234 429 =263

Les structures des formes ionisées correspondent aux
configurations suivantes:

C'Hsg
H,C o} ———  H,C OH + CHyg4
¢ ¢«
+
CzHs |
H,C o} — - H,C o+
¢ ¢ o

m/z =218 +29=247

v

/]\

CHg

(@]
I

Ch Hs

(o]
I

LA

m/z =234 +29=263

En conclusion, I'analyse par spectrométrie de
masse, couplée a GLC, permet de conclure a la
présence d’un produit d’oxydation de structure
monomeérique, dans I'échantillon soumis aux ir-
radiations (10 Mrad). Le résultat est obtenu par les
deux procédés d’impact électronique (20 eV), et
d’ionisation chimique par le méthane.

La structure de ce dérivé correspond au di-tert
butyl 3,5 hydroxy 4-benzaldéhyde.

MIGRATION DU GOODRITE ET DE SES
PRODUITS DE DEGRADATION DANS
LES MEDICAMENTS

Divers polyoléfines sont utiliseés pour la fabri-
cation des excipients & usage pharmaceutique, ou de
matériel médico-chirurgical, tel que les seringues pour

————— CH,+C

m/z=234+1=235

——

'injection parentérale. L’emploi de ces matériaux est
subordonné a une étude d’interactions ‘“‘contenant-
contenu”, et notamment a la recherche de décharges
des additifs dans les solutés. Une telle étude doit étre
entreprise dans chaque cas particulier. Toutefois, des
résultats antérieurs™'® ont montré que certains sol-
vants hydro organiques des médicaments injectables
ont un pouvoir extractif important vis a vis des
polyoléfines; tel est le cas en particulier des solutions
de polysorbate qui se sont révélées d’excellents
liquides de simulation, et qui sont présentes dans de
nombreuses formules médicamenteuses.

HO*

(o]
I

C
+

H
\
/

HO

c'

\I
4\4\4\%

oH

H

Ce dernier procédé a été appliqué au polypropyléne
renfermant 0,29 de Goodrite 3114, directement,
aprées irradiation a 10 Mrad, et stérilisation a I'oxyde
d’éthyléne (5 stérilisations successives).

Mode opératoire

Le polypropyléne irradié, et non irradié, a été mis
en contact avec une solution de polysorbate 40 a 2%,
dans un tampon phosphate pH = 4,5 durant 48 heu-
res a la température ambiante et a 45°; la solution a
eté examinée par HPLC, selon la technique décrite
ci-dessus, qui permet de révéler la présence du Good-
rite 3114 et de ses produits de dégradation engendrés
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par les traitements de stérilisation (rayons y et oxyde
d’éthylene).

L'examen du chromatogramme obtenu aprés
I'analyse des solutions de simulation, montre
qu’aucune décharge n’est décelable aprés leur contact
avec les plaques de polypropyléne non stérilisées aux
rayons y, a I'oxyde d'éthylene.

Ces résultats ne permettent pas d’extrapoler
I'absence de décharges observées dans un cas partic-
ulier 4 tous les solutés, et il convient pour chaque
type, d’envisager une étude spécifique; néanmoins ce
procédé peut étre proposé comme schéma d’études
d’interactions entre un matériau plastique et divers
solutés.

-D"N!\J
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Summary—An HPLC method for the identification and determination of Goodrite 3114 and of the
product derived from it by y-ray irradiation is described. The chemical structure of the by-product
obtained by the y-irradiation has been established. A technique for research on migration phenomena is

proposed.
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DETERMINATION OF SILVER, BISMUTH, CADMIUM,
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SPECTROPHOTOMETRY
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Summary—A simple atomic-absorption spectrophotometry method is described for the determination of
silver, bismuth, cadmium, copper, iron, nickel and zinc in lead- and tin-base solders and white-metal
bearing alloys, with use of a single sample solution. The sample is dissolved in a mixture of hydrobromic
acid and bromine, then fumed with sulphuric acid. The lead sulphate is dissolved in concentrated
hydrochloric acid. The method is particularly suitable for the determination of silver and bismuth. which
are co-precipitated with lead sulphate. The other elements can also be determined after removal of the

lead sulphate by filtration.

Lead- and tin-base solders and white-metal bearing
alloys differ widely in composition. The major ele-
ments range in concentration from 0.1 to 99% for Pb,
0.5 10 95% for Sn and 0.02 to 20% for Sb. The alloys
also contain various amounts of trace elements such
as silver, bismuth, copper, zinc, nickel, cadmium and
iron. Spectrophotometric,'® spectrographic® and
polarographic” methods have been used in the deter-
mination of the trace elements. The lead can be
separated as lead sulphate®*¢ or chloride,” or com-
plexed with tartrate* or EDTA.® Atomic-absorption
spectrophotometry (AAS) has also been proposed for
the determination of these trace elements after the
sample has been dissolved with various acid mixtures
and reagents. Farrar® used a mixture of hydrobromic
acid and bromine to dissolve lead-base bearing alloys
and type metal for determination of copper and zinc
by AAS. Hwang and Sandonato’ used a special
mixture of nitric acid, fluoroboric acid and water in
the ratio 3:2:5 v/v to dissolve tin-lead solders. They
claimed that the resulting solutions remained stable
for up to 48 hr. Carleer e al.'" used aqua regia to
dissolve lead- and tin-base solder for the deter-
mination of several major, minor and trace elements
by AAS. Mixtures of fluoroboric, nitric and tartaric
acids,’! and of fluoroboric acid and hydrogen
peroxide'? have been used to dissolve type metal and
lead alloys, respectively, for the determination of tin
and antimony by AAS. In general, the greatest
problem in the dissolution is the stability of the
solution, because precipitation of lead and some of
the trace elements can occur on dilution or after
standing for some time.

A mixture of hydrobromic acid and bromine is
effective in dissolving lead- and tin-base solders and
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white-metal bearing alloys and has the advantage
that tin, antimony and arsenic may be removed by
volatilization on fuming with sulphuric acid. How-
ever, there have been many reports*!* of the partial
co-precipitation of some elerients with the lead sul-
phate produced. In this stuay it was found that the
co-precipitation of silver and bismuth with lead sul-
phate was substantial, rendering invalid any attempt
to remove the precipitatc and determine silver and
bismuth in the solution. However, if the lead sulphate
is dissolved in concentrated hydrochloric acid, the
solution, after dilution, is stable for some weeks and
silver and bismuth can easily be determined by AAS.
Other trace elements such as nickel, cadmium, zinc,
copper and iron can also be determined in the same
solution or, since they are not co-precipitated with
lead sulphate, they can also be determined after the
lead sulphate has been filtered off.

EXPERIMENTAL

Instrumentation

A Varian Techtron model AA875 atomic-absorption
spectrophotometer, equipped with a 10-cm air-acetylene
burner was used in all measurements. Standard single-
element hollow-cathode lamps were used as line sources.
The air and acetylene flows were set at 28 and 9, re-
spectively, the aspiration rate was 6 ml/min and the absorb-
ance read-out integration time was 3 sec. Other conditions
used were as indicated in Table 1.

Reagents

Standard copper, iron, cadmium and nickel solutions ({000
ug/mi). Dissolve 0.25 g of the metal in 12.5 ml of concen-
trated hydrochloric acid. Add 3 drops of concentrated nitric
acid in the case of nickel and copper. Make up accurately
to 250 ml with distilled water. Dilute to the desired concen-
tration.
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Table 1. AAS conditions

Absorbance
Wavelength, Band width, Lamp current, expansion
Element nm nm mA factor

Ag 328.1 0.5 35 1
Bi 223.1 0.2 10 1
Cd 228.8 0.5 3.5 1
Cu 3248 0.5 3.5 1

Fe 248.3 0.2 5 1, 10*
Ni 2320 0.2 35 2
Zn 2139 1.0 5 5

*For very low iron values.

Standard silver solution (1000 pg/mi). Dissolve 0.25 g of
silver metal in 25 ml of 50% nitric acid. Make up accurately
to 250 ml with distilled water. Dilute to the desired concen-
tration. Keep in a dark place.

Standard zinc solution (1000 ug/ml). Dissolve 0.3112 g of
zine oxide, previously dried for 1 hr at 105°, in 12.5 ml of
concentrated hydrochloric acid. Make up accurately to 250
ml with distilled water. Dilute to the desired concentration.

Standard bismuth solution (1000 pg/mi). Dissolve
0.2787 g of bismuth oxide, previously dried for 1 hr at 1057,
in 12.5 ml of concentrated hydrochloric acid. Make up
accurately to 250 ml with distilled water. Dilute to the
desired concentration but maintain the acid concentration
at 2% to prevent hydrolysis of bismuth.

Procedures

Method involving the dissolution of lead sulphate. Weigh
accurately 0.4 g of lead-base bearing metal or 1.0 g of
tin-base bearing metal or 0.5 g of solder into a 150-ml
beaker. Add 10 ml of concentrated hydrobromic acid,
followed by 2 m! of saturated bromine water. Cover with a
watch-glass and heat on a hot-plate with occasional swirling
until the sample is completely dissolved. It may be necessary
to add a little more hydrobromic acid or a few extra drops
of bromine for complete dissolution, depending on the type
of sample. Wash down the glass cover and sides of the
beaker and add 4 ml of 50% sulphuric acid and heat to
strong fuming on top of a thin asbestos sheet on a hot-plate,
then until the lead sulphate is white. Direct heating on a
hot-plate before this stage may lead to spattering. Heat the
beaker directly on the hot-plate until the lead sulphate
becomes crystalline and about 0.5 ml of sulphuric acid
remains. Allow to cool, add 40 ml of concentrated hydro-
chloric acid and stir until all the lead sulphate has dissolved.
Dilute with distilled water and transfer the solution to a
200-ml standard flask. Cool to room temperature and make
up to the mark. Transfer 50.0 ml of the solution as soon as
possible into a 100-ml standard flask and dilute to the mark
with distilled water; this step must be done quickly because
solutions containing large amounts of lead may yield a small
amount of lead sulphate precipitate on standing. However,
the diluted 50-ml aliquot is stable for some weeks. The final
solution is now suitable for aspiration and AAS deter-

mination of the various elements but may be further diluted
where necessary, as in the case of the determination of
copper in tin-base bearing metal.

Preparation of calibration graph. Prepare a blank and
mixed standards of silver, bismuth, cadmium, copper, iron,
nickel and zinc by pipetting aliquots (as indicated in Table
2) into a series of 150-ml beakers. Add 10 ml of concentrated
hydrobromic acid and 2 ml of saturated bromine water and
proceed as for samples.

Method involving the separation of lead sulphate. Weigh
accurately 0.25-1.0 g of sample into a 150-ml beaker and
proceed as above, up to the point at which about 0.5 ml of
sulphuric acid remains. Then cool, add 10 ml of 1% v/v
sulphuric acid and filter off the precipitate on a 9-cm
Schleicher and Schiill No. 589° paper (or equivalent, e.g.,
Whatman No. 40), collecting the filtrate in a 100-ml stan-
dard flask. Wash the precipitate with 40 m! of 1% sulphuric
acid. Make the solution up to the mark with distilled water.
The solution is now ready for aspiration and the deter-
mination of the various elements. It may be diluted with 1%
sulphuric acid when necessary to bring the absorbance
within the calibration range.

Preparation of calibration graph. Prepare a blank and
mixed standards of copper, zinc, cadmium, nickel and iron
by pipetting aliquots (as indicated in Table 3) into a series
of 150-ml beakers. Add 10 ml of concentrated hydrobromic
acid, 2 ml of saturated bromine water and 4 ml of 50%
sulphuric acid. Heat to fuming until about 0.5 ml of
sulphuric acid remains. Allow to cool and transfer to a
100-ml standard flask with 50 ml of 1% sulphuric acid, and
dilute to the mark with distilled water.

RESULTS AND DISCUSSION

Co-precipitation of some elements with lead sulphate

Lead sulphate has been reported' to co-precipitate
a number of elements such as silver, bismuth, copper,
antimony, calcium and strontium under certain con-
ditions. However, there is some disagreement on the
co-precipitation of certain elements by lead sulphate.

Table 2. Concentration range of standard solutions used in procedure
involving dissolution of lead sulphate

Stock solution, Aliquot,* Concentrationt in

Element ppm ml 100 ml, ppm

Ag 10 4.0,8.0,12.0 0.1,0.2,03

Bi 100 2.0,4.0,6.0 0.5,1.0,1.5

Cd 10 4.0,8.0,12.0 0.1,0.2,0.3

Cu 100 04,12,24 0.1,0.3,0.6

Fe 100 04,1.2,24 0.1,0.3,0.6

Ni 10 2.0,4.0,6.0 0.05,0.10,0.15

Zn 10 0.8,1.6,24 0.02, 0.04, 0.06

*For making up to a volume of 200 ml.
tAfter dilution of 50 ml of the 200-ml standard solution to 100 ml.
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Table 3. Concentration range of standard solutions used in procedure
involving separation of lead sulphate

Stock solution, Aliquot, Concentration in
Element ppm ml 100 ml, ppm
Cd 10 1.0,2.0,3.0 0.1,0.2,03
Cu 100 0.5,1.0,2.0 0.5.1.0,2.0
Fe 10 1.0, 3.0,6.0 0.1,0.3,0.6
Ni 10 1.0, 1.5,2.0 0.1,0.15,0.20
Zn 1 2.0,4.0.6.0 0.02,0.04.0.06

Karabash er al® reported that there was no co-
precipitation of some twenty metals, including nickel,
zinc, cadmium, copper, bismuth, iron and silver at
concentrations of 10710 '% of that of the lead.
Zhenpu Wang and Cheng* reported serious co-
precipitation of aluminium, bismuth and iron with
lead sulphate, but Luke® and Ota® determined alumi-
nium and iron, respectively, in tin and lead alloys
without considering co-precipitation with lead sul-
phate. In this study it was found that cadmium,
copper, iron, nickel and zinc were co-precipitated to
a negligible extent with lead sulphate, as shown in
Table 4.

The degree of co-precipitation of silver and bis-
muth seems to depend on the conditions used. If a
lead nitrate solution is used and hydrobromic acid
and bromine are not added, the degree of co-
precipitation of bismuth and silver with lead sulphate
is about 19 and 27%, respectively. If hydrobromic
acid and bromine are added, however, the degree of

co-precipitation increases to 75 and almost 100%,
respectively.

Solubility of lead sulphate and the stability of its
solution

The solubility of lead sulphate in hydrochloric acid
was studied at room temperature. It was found that
to dissolve lead sulphate completely and keep it in
solution after dilution to 200 ml with water, at least
13 ml of concentrated hydrochloric acid per 100 mg
of lead will be required for the initial dissolution, for
200-500 mg of lead. The 200 ml of solution obtained
in this way can be diluted fourfold without repre-
cipttation of lead sulphate.

Determination of silver, bismuth, cadmium. copper,
iron, nickel and zinc¢

From Table 4, it is clear that silver and bismuth are
considerably co-precipitated with lead sulphate
whereas the other elements are not. The results given

Table 4. Co-precipitation of bismuth, silver. copper, nickel, cadmium,
zinc and iron with lead sulphate*

Amount added,

Amount found,

Element mg mg Co-precipitated, %
Bi 0.100 0.020 —80
0.500 0.155 —69
Ag 0.100 0.001 —-99
0.500 0.001 —100
Cu 0.100 0.100 0
0.500 0.500 0
Ni 0.100 0.101 +1
0.500 0.495 -1
Cd 0.010 0.010 0
0.050 0.046 -8
Zn 0.0100 0.0104 +4
0.0500 0.0510 +2
Fe 0.100 0.101 +1
0.500 0.500 0

*The amount of lead was 1g, added as lead nitrate solution.

Table 5. Determination of silver, bismuth. cadmium, copper, iron, nickel and zinc (%) in NBS samples
by the lead sulphate dissolution method

NBS 53¢ lead-base
bearing metal

NBS 54d tin-base
bearing metal

NBS 127b solder
(Sn 40, Pb 60)

NBSrrvalue

Value founa NBS value

Value fé;i T\IBS value Value founrdr

Element
Ag 0.024 0.003 0.004 0.01 0.016
Bi 0.052 0.052 0.044 0.048 0.06 0.070
Cd — 0.003 — 0.005 — <0.001
Fe <0.001 <0.001 0.027 0.028 — 0.002
Ni 0.003 0.004 0.002 0.003 0.012 0.012
Cu 0.054 0.053 3.62 3.64 0.011 0.011
Zn - 0.0005 — 0.0005 — <0.0001
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Table 6. Determination of silver, bismuth, cadmium, copper, iron, nickel and zinc (%) in NBS samples
by the lead sulphate separation method

NBS 53e lead-base
bearing metal

NBS 54d tin-base

NBS 127b solder

bearing metal (Sn 40, Pb 60)

Element NBS value Value found NBS value Value found NBS value Value found
Ag — <0.001 0.003 0.001 0.01 <0.001
Bi 0.052 0.011 0.044 0.020 0.06 <0.01
Cd — 0.003 — 0.005 — <0.001
Fe <0.001 <0.001 0.027 0.028 — 0.001
Ni 0.003 0.003 0.002 0.003 0.012 0.011
Cu 0.054 0.052 3.62 3.60 0.011 0.011
Zn — 0.0006 — 0.0006 — <0.0001

Table 7. Recovery of silver, bismuth, cadmium, copper, iron, nickel

and zinc in a solder

sample (Sn 60, Pb 40)*

Amount added, Amount obtained, Recovery,
Element ug ug %
Ag 25 25.2 10t
Bi 250 240 96
Cd 25 26 104
Cu 150 149 99
Fe 100 96 96
Ni 25 24 96
Zn 10 10 100

*0.5 g of solder sample was analysed by the lead sulphate dissolution

method.

in Tables 5 and 6 show that good agreement has been
obtained with NBS values for nickel, iron and copper
by both the proposed methods, whereas for silver and
bismuth the lead sulphate separation method gives
exceedingly low results as a result of co-precipitation.
Thus the lead sulphate dissolution method is recom-
mended for determination of silver and bismuth. As
the silver value in NBS 127(b) is given to only two
decimal places, it is not possible to compare the third
decimal place. Consequently this sample was anal-
ysed for silver seven times by the lead sulphate
dissolution method. The silver value was found to
range from 0.0158% to 0.0160% with a coefficient of
variation of 0.6%. Although the lead sulphate dis-
solution method can be used to determine a wider
range of elements, the lead sulphate separation
method has the advantage that a larger sample size
can be used and is thus useful for elements that are
present in very small amounts and are not co-
precipitated with lead sulphate.

Recovery test

To test the validity of the lead sulphate dissolution
method, known amounts of silver, bismuth, cad-
mium, copper, iron, nickel and zinc were added to a
solder sample (Sn 60, Pb 40), the mixture was anal-
ysed and the recovery (total concentration obtained
for the element minus concentration of element
present in the sample) was calculated. The results are
given in Table 7 and the good recovery obtained
shows that the lead sulphate dissolution method is
reliable.

Conclusion

The lead sulphate dissolution method avoids those

analytical problems associated with the co-
precipitation of other elements and the insolubility of
lead sulphate. The only limitation is that it cannot be
used for large samples having high lead contents,
because reprecipitation of lead sulphate occurs on
dilution.
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Summary—A mixture of eight N-substituted and unsubstituted nitroimidazoles has been separated by
high-pressure liquid chromatography with 5% ethanol as the eluent. Compounds with the same capacity
ratios were selectively detected electrochemically by differential pulse polarography with a hanging
mercury drop electrode. The HMDE detector had higher detection limits than the photometric detector

set at 315 nm.

Nitroimidazoles are microbial agents used mainly as
feed additives to treat histomoniasis in poultry, swine
dysentery and bovine venereal disease.! They are also
used as radio-sensitizing agents on hypoxic tumour
cells.? Lately concern has been expressed that many
of the compounds have mutagenic or carcinogenic
activity.! They have been determined by various
procedures, including ultraviolet spectrophotometry,’
thin-layer chromatography,® polarography,® and
high-pressure liquid chromatography (HPLC).® Most
of the reports in the literature deal with simple
mixtures which can be resolved by changing the
wavelength used for photometric detection, or the pH
or strength of the eluent.

This report describes the separation of eight nitro-
imidazoles by reversed-phase HPLC on a C-18
bonded-phase column. Most of the compounds could
be resolved by use of photometric detection, and
clectrochemical detection by differential pulse polaro-
graphy enabled pairs of compounds with the same
capacity ratios but different reduction potentials to be
distinguished.

EXPERIMENTAL

Chemicals

All chemicals were of analytical reagent grade. The
nitroimidazoles used were 2-nitroimidazole (Aldrich),
metronidazole (Sigma), 2-methyl-5-nitroimidazole (Pfaltz
& Bauer), 4-nitroimidazole, 1-methyl-4-nitroimidazole,
I-methyl-5-nitroimidazole and 1,2-dimethyl-5-nitroimid-
azole (all synthesized™" from imidazole and l-methyl-
imidazole).

Apparatus
HPLC separations were done by use of a Constametric 111

*Monitoring and Criteria Division, Environmental Health
Centre, Health and Welfare Canada, Tunney's Pasture,
Ottawa, Ontario, Canada.

TAL 31 1—H

pump (Laboratory Data Control, Riviera Beach, Florida),
a home-made pulse-damper, and a Rheodyne sample-
injection valve Model 7125 with a 100-u1 loop. The column
was a Bio-Rad ODS-10 (25cm x 4.6 mm bore; 10 um par-
ticle size) with C-18 bonded-phase packing, and the spec-
trophotometric detector was a Bio-Rad Model 1305 variable
wavelength instrument with a deuterium lamp set at a
wavelength of 315 nm. The electrochemical detector was a
PAR Model 303 static mercury drop electrode coupled to a
Model 174A polarographic analyser (PARC, Princeton,
N.J.). The electrode was operated in the hanging-drop
mode.

For photometric detection the eluent was 5% ethanol and
for electrochemical detection the eluent was 5% ethanol in
0.1M sodium acetate buffer (pH 4.5). The flow-rate was
1.0 ml/min. The retentions of the compounds were expressed
as capacity ratios k', which were determined from the
formula:

=R
)
where 1, and ¢, are the retention times of a sample com-
ponent and of a non-retained compound (represented by
25 u1 of 0.1M nitric acid), respectively. The eluent was
degassed thoroughly under vacuum and the polarographic
cell was kept under a blanket of high-purity nitrogen.

Pretreatment of animal samples

Samples from poultry, such as turkey tissuc or eggs. were
macerated with aqueous borax solution (2 g in 8 m! of
water) and extracted with benzene (25 ml). The organic
phase was separated by centrifugation and decantation, then
stripped with 0.2M hydrochloric acid (5.0 ml). The aqueous
phase was then neutralized with 2M potassium hydroxide,
ethanol was added, the pH was adjusted with acetate buffer,
and the HPLC separation performed.

RESULTS AND DISCUSSION

Figure 1 shows a typical chromatogram (photo-
metric detection) and Table 1 displays the capacity
ratios and detection limits of the compounds studied.
The chromatographic conditions give satisfactory
separation of most components in the mixture. How-
ever, problems arise if both 2-nitroimidazole and
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Fig. 1. HPLC chromatogram of nitroimidazoles with

photometric detection: peaks for A, 2-nitroimidazole; C,

2-methyl-5-nitroimidazole; D, 1-methyl-4-nitroimidazole; F,
metronidazole; G, 1-methyl-5-nitroimidazole.

4-nitroimidazole, or both metronidazole and
1,2-dimethyl-4-nitroimidazole are present, since the
first pair give completely overlapping signals, and
metronidazole gives a shoulder on the trailing edge of
the 1,2-dimethyl-4-nitroimidazole peak. The polaro-
graphic reduction potentials of the nitroimidazoles
in 0.1 M acetate buffer (pH 4.5) are shown in Table

2, and show that polarography would permit analysis
of a two-component mixture but not of a more
complex system. A solution to this problem lies in
combining selective polarographic determination
with the HPLC separation.

Several methods of polarographic detection are
possible, including direct current polarography and
the pulse polarographic techniques, in which a rect-
angular polarization-voltage waveform is used.
Differential pulse polarography acts as a selective
detector since the applied (ramp) potential can be set
for the peak of the desired compound, and other
compounds with different peak potentials will not be
detected. This may be used for the selective detection
of compounds which have the same capacity ratios
but different reduction potentials. We have used this
technique for the detection of those nitroimidazoles
which could not be resolved by photometric de-
tection.

A hanging mercury drop electrode (HMDE) was
used in the electrochemical detector to eliminate noise
from varying drop size. A check of the polarographic
curves of the nitroimidazoles in the eluent indicated
cathodic shifts of 15-25 mV. The reduction potentials
of the compounds in the eluent are shown in Table
2. This table suggests that two potentials may be
useful for these compounds—a potential of
—400 mV ovs. Ag/AgCl would be suitable for
2-nitroimidazole, 1-methyl-5-nitroimidazole, met-
ronidazole and dimetridazole, and a potential of
—514 mV vs. Ag/AgCl would be suitable for the
other four compounds. Figure 2 illustrates the select-

Table 1. HPLC characteristics of nitroimidazoles in 5% v/v aqueous ethanol.

Detection

Compound k’  Sensitivity*  limit, ng
A 2-nitroimidazole 2.09 0.141 1
B 4-nitroimidazole 2.09 0.096 2
C  2-methyl-3-nitroimidazole 5.18 0.054 3
D 1l-methyl-4-nitroimidazole 6.46 0.032 4
E 1,2-dimethyl-4-nitroimidazole 9.50 0.021 7
F metronidazole 10.00 0.021 7
G l-methyl-5-nitroimidazole 12.36 0.032 4
H dimetridazole 19.72 0.042 4

*Absorbance per ug.

Table 2. Polarographic characteristics of nitroimidazoles

Compound

Peak potential, mV

2-nitroimidazole
4-nitroimidazole
2-methyl-5-nitroimidazole
1-methyl-4-nitroimidazole

metronidazole
I-methyl-5-nitroimidazole
dimetridazole

TOMmoOw >

1,2-dimethyl-4-nitroimidazole

in water in 5% ethanol
—372 —392
—491 —511
— 544 —564
—552 —575
—498 —518
—420 —435
—408 —438
—380 —399

All solutions were 0.1M in acetate buffer (pH 4.5). Potentials were
measured against an Ag/AgCl electrode. Conditions: differential
pulse polarography; dropping mercury electrode; 50-mV pulse; 1
drop/sec; medium drop size; scan-rate 2 mV/sec.
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Table 3. HPLC electrochemical detection of nitroimidazoles in pH 4.5
0.1M acetate buffer containing 5% ethanol

Applied Detection
potential, limit,
Compound my ng
A 2-nitroimidazole —400 300
B 4-nitroimidazole —514 320
E 1,2-dimethyl-4-nitroimidazole —514 325
F metronidazole —400 320
H dimetridazole —400 600

Potential set at -4Q0mv

c

Current

Potentigl sef at —5t4 mv

1 1 J
12 24 36

Minutes

Fig. 2. HPLC chromatograms of nitroimidazoles with elec-
trochemical detection: 5% ethano!l in 0.1M pH-4.5 acetate
buffer. A, Polarograph potential set at —400 mV; peaks for
A, 2-nitroimidazole; F, metronidazole; H, dimetridazole.
B, Polarograph potential set at —514mV: peaks for B,
4-nitroimidazole; C, 2-methyl-5-nitroimidazole; E, 1,2-
dimethyl-4-nitroimidazole.

ivity of the HMDE detection for 2- and
4-nitroimidazole, metronidazole and 1,2-dimethyi-4-
nitroimidazole. The calibration curves were linear in

the 0.01-2.0 ug/ml range studied. Table 3 gives the
applied potentials and detection limits for HPLC and
electrochemical detection of these compounds. The
sensitivity of the electrochemical detector was about
two orders of magnitude poorer than that of photo-
metric detection. This is partly due to difficulties from
oxygen in the electrolyte and to pump pulsations.
Most electrochemical work reported in the literature
is for the oxidative mode, where dissolved oxygen is
not a problem.
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ULTRAVIOLET IRRADIATION
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Summary—A simple and convenient photochemical decomposition method has been developed for the
determination of total phosphorus in natural and sewage water. Organic phosphorus compounds and
inorganic polyphosphates may be completely converted into orthophosphate in the presence of 0.3M
sulphuric acid and 0.12% potassium persulphate with 50 min irradiation. The relative standard deviations
found for analysis of natural water (P 35 pg/l.) and sewage (P 2.4 mg/l.) were 5.7% and 1.0% respectively.
The method gives results comparable to those obtained by digestion with persulphate.

Armstrong et al.' first used a high-pressure mercury-
arc lamp to decompose organic phosphorus com-
pounds in sea-water for determination of organic
phosphorus. They showed that phosphorus may be
liberated as orthophosphate from organic matter by
irradiation for 2 hr in the presence of hydrogen
peroxide, and that inorganic polyphosphates were
not hydrolysed by the same procedure. Their
apparatus handled 12 samples at a time. Later,
Henriksen? combined thermal hydrolysis with photo-
decomposition to decompose polyphosphates in
order to determine total phosphorus in water, and
designed equipment for simultaneous treatment of up
to 24 samples. Goossen and Kloosterboer® used a
75-W Zn—Cd-Hg medium-pressure lamp to convert
organic and hydrolysable phosphates completely into
orthophosphate in only 30 min. In their reactor,
however, only one water sample (50 ml) could be
irradiated at a time.

The method of photo-decomposition is particularly
attractive, but the earlier procedures had the disad-
vantage of either long irradiation times or restriction
to one sample at a time. We have chosen potassium
persulphate as a photochemical oxidant, and have
found it more effective than hydrogen peroxide,
which is commonly used. In 0.3M sulphuric acid
containing 0.12% potassium persulphate, the photo-
decomposition of organic phosphorus compounds
and the thermal hydrolysis of polyphosphates may be
completed in 50 min by irradiation. In our reactor, 12
water samples can be decomposed simultaneously.

EXPERIMENTAL

Apparatus

The reactor (Fig. 1) consists of a 1000-W high-pressure
mercury-arc lamp (Ist Lamp Factory, Shanghai, China), a
reactor body (65 cm long, 24 cm diameter) and a cooling
fan. The guard tube used by Henriksen is unnecessary. The
reactor holds twelve sample tubes, each with a capacity of
50 ml. The sample tubes are made of fused quartz and a
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stopper with a capillary hole is needed to relieve the pressure
generated during the irradiation.

The standard flasks and sample tubes are filled with
concentrated sulphuric acid, stood overnight, then emptied
and thoroughly rinsed. They are kept filled with distilled
water when not in use. The treatment with sulphuric acid is
required only occasionally.

Reagents

Potassium dihydrogen phosphate (99.8% pure, 0.1098 g)
was dissolved in redistilled water and made up to 500 ml (P
50 mg/l.), and diluted 500-fold before use. All organic and
inorganic phosphorus-containing solutions were prepared
with a phosphorus concentration of 1000 ug/l. and stored
in dark brown bottles. Potassium persulphate (7.5 g),
previously recrystallized and dried in a desiccator, was
dissolved in 250 ml of redistilled water. This solution may
be stored for two weeks in the dark at room temperature.

Procedure

A calibration graph is prepared by the method described
by Shoji et al.* The same slope is obtained with or without
photo-decomposition applied to the standards. For photo-
decomposition, pipette the phosphorus-containing solutions
(10-30 ml) into sample tubes. To each, add 2.0 m! of 3.0%
potassium persulphate and 1.0 ml of 7.5M sulphuric acid
and make up to 50 ml with redistilled water. Put the sample
tubes into the reactor and switch the lamp on. After 10 min

Sample +—
tube
| Mercury
arc lamp
13
———————— | Ventiiation
lj hole
Fun _‘E

Fig. 1. Diagram of photo-decomposition reactor.
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Table 1. Effect of acidity on the hydrolysis of poly-

phosphates
Na,P,0, [0H,0 (NaPO,),
H,S0,1, M 0.1 02 03 01 02 03
Hydrolysis, % 21,6 372 449 186 354 S1.2

irradiation, turn on the cooling fan and continue to irradiate
for a predetermined time. After cooling, pipette a suitable
volume for determination of orthophosphate. In water
analysis, use the same procedure but with an overall
irradiation time of 50 min.

RESULTS AND DISCUSSION

Acidity

Initial experiments showed that even if the irra-
diation time was prolonged to 2 hr, the polyphos-
phates may not be hydrolysed to orthophosphate in
neutral medium.’ According to our experiments, the
major factors for hydrolysis of inorganic poly-
phosphates are the acidity and temperature of the
solution. Solutions of sodium pyrophosphate and
hexametaphosphate (both containing 400 ug of
phosphorus per 1) were adjusted to different acid
concentrations, and irradiated for 20 min. The results
(calculated as orthophosphate) given in Table 1 show
that the hydrolysis depends on the acid concen-
tration, and the results are not affected by the pres-
ence of potassium persulphate. According to Table 1,
it seems that a still higher acidity might give higher
yields of orthophosphate. We have tested acidities up
to 0.5M, and the rate of hydrolysis was not much
increased when the acidity was higher than 0.3M
sulphuric acid. To avoid the tedious adjustment of

100 . L] L] —8
g 80 /
@ [
3
o 60r
s
©
£
o 90
—
20
1 L 1
10 20 30
Time (min)

Fig. 2. Relationship between temperature and irradiation

time. O——Q The cooling fan was turned on after 10 min

irradiation. @——@ The lamp and the cooling fan were
turned on at the same time.

Decomposed (%)
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Table 3. Results of interference test
P added, pg/!.
— — Recovery,
PO;~ (PO;), organic P P found, pg/l. Yo
250 250 250 764 102
250 0 500 755 101
200 200 400 790 98

Table 4. Water analysis for total P

Phosphorus found

Natural water, Sewagc;,
ngil mg /l.
Sample  (a) (b) (@) (b)
I 28 24 11.70 11.70
2 26 29 3.87 3.69
3 22 24 315 321
4 42 41 1.48 1.39
5 324 321

(a) Proposed method. () Wet chemical
digestion with potassium persulphate
in an autoclave.®

pH for the irradiation and again for the final deter-
mination, 0.3M sulphuric acid was used in further
work.

Temperature and irradiation time

The rate of hydrolysis of inorganic polyphosphates
is dependent on temperature. In our reactor, the heat
needed for hydrolysis is supplied by the high-pressure
mercury-arc lamp. It has been found that the sample

100 |- s —

80 L /o/

60 |- R

40— /o/

20— 4
| I\ 1 1
10 20 30 40

Time (min)

Fig. 3. Photo-decomposition of organically bonded phos-

phorus in 0.3M H,SO, containing 0.12% K,S,0y. O—0O

P 400 pg/l. in O,0-dimethyl-(2,2.2-trichloro-1-hydroxyethyl)

phosphonate solution. @——@ P 400 ug/l. in triethylphos-
phate solution.

Table 2. Effect of irradiation time on the hydrolysis of polyphosphates (400 ug

of P per 1)
Irradiation
time, min 20 25 30 35 40 50 60 120
Hydrolysis, P,04~ 449 56.8 737 97.8 982 994 98.1 100
% (PO,), 51.2 589 803 964 983 992 100 98.6
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Table 5. Recoveries of total phosphorus spikes

Water sample i 2 4 5 6 7 8

Original P, ug/l. 16 23 37 293 185 484 393

Added P, ug/l. 63 63 63 625 625 625 625

P found, ug/!. 77 81 88 907 823 1100 1010

Recovery, % 97.5 942 110 830 988 102 992 99.1
solutions may be brought to their boiling point much  Interferences

faster by the proposed system with controlled cooling
than by the commonly used cooling methods.!? The
relationship between temperature and irradiation
time for different cooling methods is shown in Fig. 2.
For 0.3/ sulphuric acid and controlled cooling, the
results given in Table 2 show that irradiation for
longer than 40 min does not increase the concen-
tration of orthophosphate in solution. To ensure
complete photo-decomposition, water samples are
irradiated for 50 min, and then analysed for their
orthophosphate contents.

Photo-decomposition of organically bonded phos-
phorus

The most favourable acidity for photo-
decomposition of organic phosphorus compounds
was found to be pH 2-4, and most of these com-
pounds may be completely decomposed by irra-
diation for 10 min in the presence of potassium
persulphate. Phosphorus may also be liberated from
organically bonded materials by irradiation in 0.3M
sulphuric acid containing potassium persulphate. In
this case, however, at least 35 min are required for
completing the reaction (Fig. 3).

Glycerol-2-phosphate, 0,0-dimethyl-2,2-dichloro-
vinyl phosphate, 0,0-dimethyl-O-(1-chloro-1-N,N-
diethylcarbamoyl) phosphate, tributylphosphine
oxide, 0,0-dimethyl-S-(N-methylcarbamoyl)methyl
phosphorodithioate, and 0,0 -dimethyl-S-(1,2-dicarb-
ethoxyethyl) dithiophosphate are all decomposed
quantitatively. In view of the quantitative decom-
position of these compounds, it seemed pointless to
test others.

Mixtures of phosphorus compounds in different
ratios were added to water. The results given in Table
3 show that there was no mutual interference between
the different phosphorus compounds in the photo-
decomposition and determination process.

Analysis of water samples

Various water samples, including natural and
sewage water, were analysed by the proposed method
and commonly used methods. The results are shown
in Table 4.

Precision and accuracy

The precision for total phosphorus determination
was measured as the relative standard deviation of »n
replicate analyses of natural water (mean P 35 ug/l.,
r.s.d. 5.7%, n = 10) and sewage (mean P 2.38 mg/l.,
r.s.d. 1.0%, n =8). The accuracy was assessed by
measuring the recovery of known amounts of phos-
phorus added to water samples. The results are
shown in Table 5.
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NAFRONYL ION-SELECTIVE MEMBRANE ELECTRODES
AND THEIR USE IN PHARMACEUTICAL ANALYSIS

MaRIANA S. IoNESCU, VERONICA BaDea, G. E. BAIULESCU*
and V. V. CosOFRETT

Institute of Chemical and Pharmaceutical Research Bucharest, 74351-Sos.Vitan 112, Bucharest-3,
Romania

(Received 21 December 1984. Accepted 17 April 1985)

Summary—A simple potentiometric method is described for the rapid determination of nafronyl-drugs
in pharmaceutical preparations such as tablets. Nafronyl ion-selective membrane electrodes with
either the nafronyl-dipicrylamine ion-pair complex in 1,2-dichloroethane or the nafronyl-
dinonylnaphthalenesulphonic acid ion-pair complex in a PVC matrix as electroactive materials were used.
Both electrodes exhibit near-Nernstian responses to protonated-nafrony! activity from 1072 to about
1073M. in pH ranges that depend on the nature of the electroactive material used in the membrane.
Nafronyl in the mg-range can be determined by potentiometric titration with sodium tetraphenylborate
solution, with a relative standard deviation of less than 2.0°%,. No interference from any excipients in the

0039-9140/86 $3.00 + 0.00
Copyright ¢ 1986 Pergamon Press Ltd

tablets was observed.

Ion-selective membrane electrodes are used exten-
sively for quality control of various drugs and have
become a useful tool for solving analytical problems
connected with complex pharmaceutical formu-
lations.'> Some of these sensors are responsive to a
large number of compounds, whereas others are
specially designed to be highly selective for a partic-
ular substance, and are often not commercially avail-
able. Not all such sensors provide acceptable sensi-
tivity and selectivity for the drug of interest.

In this paper, two types of nafronyl-selective mem-
brane electrodes are described, one based on the
nafronyl-dipicrylamine ion-pair complex dissolved in
1,2-dichloroethane, and the other on the
nafronyl-dinonylnaphthalenesulphonic acid (DNNS)
ion-pair complex embedded in a PVC matrix. These
electrodes exhibit useful analytical characteristics for
the determination of nafronyl-drugs either as the
pure substances or in complex pharmaceutical prepa-
rations.

Nafronyl oxalate [2-(1-naphthyl)methyl-3-(2-furyl)
propanoic acid 2-(diethylamino)ethyl ester oxalate, I]
is a well-known vasodilator used (as “Praxilene™) in
therapeutical practice since 1972.°

COOH

Hgl,

CH COOCH,CH,N (C,H,),

COOH

a o

CHZ\
CH,

*Department of Analytical Chemistry, National Institute of
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EXPERIMENTAL

Reagents

All reagents, except nafronyl oxalate (which was syn-
thesized and purified by us) were of analytical-reagent
grade. Pharmaceutical preparations were purchased from a
local drugstore.

Standard 0.01M nafrony! oxalate solution was prepared
by dissolving the appropriate amount in acetate buffer
solution (pH 4.5). Working solutions were prepared by
serial dilutions with pH-4.5 acetate buffer. Standard 0.05M
sodium tetraphenylborate was prepared and standardized as
previously described.’

Apparatus

Potentiometric measurements were made with a Pric-
itronic type MV 870 pH/mV meter and potentiometric
titrations were performed with an automatic Radiometer
assembly composed of a TTT?2 titrator, ABU 12 autoburette
and SBR 2C titrigraph recorder. The pH measurements
were made with a Radiometer G 202C glass electrode and
a saturated calomel electrode. For all measurements a
Radiometer K 401 saturated calomel electrode was used in
conjunction with the indicator electrode.

Nafronyl—dipicrylamine liquid ion-exchanger

The nafronyl-dipicrylamine complex was precipitated by
mixing 10 m! of 0.01M nafronyl oxalate with 10 ml of 0.01M
dipicrylamine solution (made by dissolving the reagent in
5% sodium carbonate solution by heating) in a separatory
funnel, and dissolved in 25 ml of 1.2-dichloroethane by
shaking the mixture for about 15 min. The organic phase
was separated, dried by passage through a folded filter paper
containing anhydrous sodium sulphate, transferred to a
50-ml standard flask and made up to volume with
1,2-dichloroethane. This solution (5 x 107*M concen-
tration) was the electroactive material for electrode A.

Construction of electrodes

Electrode A was made by impregnating the support
material (a graphite rod 15 mm long and 6.5 mm in
diameter, made water-repellent and with a stainless-steel
wire inserted in it to serve as reference) with the electroactive
material obtained as described above. The electrode was
stored in the electroactive material solution between mea-
surements.
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The construction of electrode B, based on the
nafronyl-DNNS ion-pair, has been described elsewhere.® '
The membrane composition was 4.0%, DNNS, 64.0% plas-
ticizer (o-nitrophenyloctyl ether) and 32.09, PVC. The
electrode body was filled with 107>M nafronyl oxalate
solution at pH 4.5 (acetate buffer). The electrode was
preconditioned by soaking it for 24 hr in 0.01M nafronyl
oxalate and was stored in the same solution when not in use.

Potentiometric titration of nafronyl oxalate

A 25.0-ml aliquot of the sample solution (adjusted to pH
4.5 with acetate buffer) was pipetted into the reaction-cell
and titrated with 0.05M sodium tetraphenylborate. The
inflection point of the titration curve was taken as the
end-point.
Potentiometric assay of nafronyl oxalate in tablets

Five tablets were finely powdered and a portion of the
powder equivalent to about 50 mg of nafronyl oxalate was
weighed into a 50-ml beaker, dissolved in about 30 ml of
pH-4.5 acetate buffer and potentiometrically titrated as
above.

RESULTS AND DISCUSSION

Characteristics of the electrodes

Typical calibration curves for the electrodes at
constant ionic strength and pH (both adjusted with
pH-4.5 acetate buffer) are shown in Fig. 1.

The e.m.f. measurements were made with an elec-
trochemical cell of the type:

Nafronyl Nafronyl oxalate
electrode (1075-1072M), S.C.E.
(A or B) = constant, pH =4.5

The e.m.f. is given by:
E = Ejs +0.051 log [nafronyl * ]
(for electrode A) (1)
and
Eg = E{ + 0.052 log [nafronyl "]
(for electrode B) (2)

250
200

150

£ (mV) vs. SCE

100

50

p [Nafronyl "3
Fig. I. Electrode functions for (a) electrode A, (b) electrode
B (constant ionic strength and pH maintained with pH 4.5
acetate buffer).
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200

150

100 —

50 -

E(mV)vs. SCE

pH

Fig. 2. Effect of pH on the response of (a) electrode A, (b)
electrode B to 10~*M nafronyl oxalate.

where the E{ values are the conditional standard
potentials for electrodes A and B, under the condi-
tions for use of the cell. The electrode responses are
linear over the range from 10~2 to about 10~°M, with
sub-Nernstian slopes. Electrode B reached stable
potential readings (+0.2 mV) within 30-60 sec, de-
pending on the nafronyl concentration; the response
time of electrode A was a bit longer, but still less than
1 min for 1072 and 1073M solutions. The detection
limits were 1.0 x 107°M for electrode A and
3.2 x 1075M for electrode B.

The influence of pH on the electrode responses to
10~*M nafronyl oxalate is shown in Fig. 2. The
working pH range depends on the nature of the
electrode. In acidic medium the nafronyl-DNNS
complex is stable, but the nafronyl-dipicrylamine
complex is not, the dipicrylamine becoming pro-
tonated. Electrode A is H*-sensitive outside the pH
range from about 5 to 7. At pH>7 free base
precipitates in the aqueous test solution, the concen-
tration of unprotonated nafronyl species increases,
and lower e.m.f. readings are recorded for both
electrodes.

Potentiometric selectivity coefficients for both elec-
trodes were measured by the mixed solution method
and calculated as previously described.'® Both elec-
trodes show high selectivity with respect to most
inorganic and organic cations tested. The selectivity
coeflicients, KRu. 5.+ with respect to glycine,
L-histidine, methionine, nicotinamide, atropine, sco-
polamine, diethanolamine, K*, Na*, Ca’* and Mg>*
were all less than 1073, Most excipients in pharma-
ceutical tablets (usually lactose or glucose as diluent
and corn starch or gelatin as binder) do not interfere.

Analytical applications

For the determination of nafronyl in aqueous
solutions either the standard-addition method or
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potentiometric titration can be used. We found ti-
tration to be advantageous, especially for assay of
complex pharmaceuticals. When 0.05M sodium tetra-
phenylborate is used as titrant, the potential jumps
around the equivalence point are high enough for
accurate evaluation of the equivalence volumes.

The average recovery in analysis of six pure na-
fronyl oxalate samples, each in duplicate and weigh-
ing between 40 and 70 mg was 100.6%. standard
deviation 1.9%. For nafronyl oxalate assay in three
pharmaceutical products a relative standard devi-
ation of 1.0-1.5% was obtained.

The potentiometric method requires no prior sepa-
ration steps and may be applied directly to coloured
or turbid solutions. The accuracy of the method is
typical of most ion-selective electrode potentiometric
titrations of pharmaceuticals.
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It is well known that titrations arc often done in
aqueous organic solvent media in order to determine
pK, values for sparingly soluble compounds, with
measurement of so-called pH-values obtained by use
of a pH-electrode and a pH-meter, generally cali-
brated with aqueous buffers. The bias due to neglect-
ing the medium effects and the liquid-junction poten-
tials leads to a non-thermodynamic or “apparent”
pK, value.

It has been known for some time that there are
several aprotic polar solvents in which 1:1 electro-
lytes are dissociated at low concentrations. We have
chosen N,N-dimethylformamide (DMF) as such a
solvent to study the pK, variations of a set of acidic
systems because its dielectric constant is relatively
high, but lower than that of water, and because of its
frequent use as a polar solvent. By means of the Van
Uitert and Haas' method, and using the relations
reported by Reynaud® for ionic activity coeflicients in
DMF-water mixtures, we have obtained the cor-
rections to be madc to glass-clectrode readings for
0-90% v/v mixtures of DMF with watcr.

When a pH-meter is calibrated with aqueous
buffers, and the pH-measurement is made in mixed
solvent solutions, the absolute error in the pH is given
by

PH — B =log Uy = log,, 7 + (E, — “E)F/2.303RT

where pH is —log «, in the mixed solvent, B is the
reading of the pH-meter and “E; and “E; are the
liquid-junction potentials between the saturated
aqueous solution of potassium chloride and the aque-
ous or the mixed-solvent solution respectively. The
term log UY, is usually called the ““correction factor™
for the glass electrode,”** and _yy is the hydrogen-
ion activity coefficient in the medium used.

If the stoichiometric concentration, Cy. of a strong
acid (e.g., hydrochloric acid), in a mixed-solvent
solution is known, the pH value can be evaluated by
means of the expression

pH = —log ;= —log C};—log iy

The ionic activities can be evaluated as reported by
Reynaud.? By comparison of the .pH valuc with the

Table 1. Evaluation of log Uy, at 25°C

DMEF. DMF Density, Dielectrict
% v/r  mole fraction log Uy, £ 5* d3, giml constant

0 0 0.001 + 0.005 0.997, 78.54

5 0.012 —0.055 +0.003 0.996, 77.93
10 0.025 —0.088 + 0.009 0.996, 77.32
15 0.039 —~0.091 + 0.004 0.996, 76.10
20 0.052 —0.093 £+ 0.006 0.996, 74.86
25 0.071 —0.129 + 0.004 0.996, 73.63
30 0.089 —0.182+0.018 0.995, 72.40
35 0.109 —0.247 +£0.013 0.995, 70.96
40 0.131 —0.309 +0.005 0.995, 69.52
45 0.155 —0.344 £ 0.019 0.995, 67.73
50 0.182 —0.386 +0.010 0.995, 65.95
55 0.212 —0.468 1+ 0.003 0.994, 63.84
60 0.247 —0.476 + 0.011 0.992, 61.74
65 0.286 —0.490 £+ 0.020 0.991, 59.27
70 0.332 —0.536 4+ 0.007 0.987, 56.73
75 0.387 —0.560 + 0.015 0.983, 53.88
80 0.454 —0.491 +0.009 0.978, 51.04
85 0.537 —0.422 + 0.006 0.972, 48.20
90 0.647 —0.176 + 0.009 0.964, 45.35

*The values of log U}, (s = standard deviation) were the averages from three
independent experiments on solutions of the same solvent composition at
different ionic strength and hydrogen concentration.

+From Bougard and Jadot.?
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apparent pH, B, the electrode correction is obtained
by:
log Uy = —logCy—log yu—B=pH-B
With log U}, known, the corrections to the apparent
pK, can be obtained by means of the expression:
,pK, = apparent pK, + log U

where (pK, is the pK value in the standard state in
the mixed solvent.

We have used a typical cell
HClin mixed saturated KCl

electrode| solvent solution | solution in water

glass

Hg, Cl,

Hg

The pH-meter was calibrated at 25°C + 0.1° with aque-
ous buffers. The correction factors, log Uy, for the
glass electrode in aqueous mixtures of DMF were
evaluated by comparing the apparent pH values with
the stoichiometric hydrogen-ion concentrations in
0.01-0.002Mf hydrochloric acid, corrected by means
of the corresponding activity coefficient. The results
obtained are given in Table 1.

The small standard deviation of log U}, indicates
that the liquid-junction potentials are virtually con-
stant for a given solvent composition. Furthermore,

single log U§; evaluations in basic media (pH 8-9)
showed negligible variation compared with those
obtained in acid media.

A minimum value for log U}, can be observed at
a DMF mole fraction of 0.4. This behaviour is in
good agreement with that reported by other authors
for ion-solvent interactions in aqueous DMF media,
showing that in such mixtures AG? and other proper-
ties show an extremum at around that composition.” ’

Further experiments in order to evaluate other pK,
changes in water-DMF mixtures will be the subject
of a future paper.
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Summary—An automated flow-injection system with a computer-controlled sample changer, injection
device and digital photometer 1s described, for use with an Apple II. The software is understandable,
flexible and easily adaptable to different computers provided with the programming language FORTH.

FORTH is a relatively new computer language and
quite unknown to most analytical chemists. It com-
prises an operating system, assembler, interpreter,
compiler, editor and so on. Since FORTH is all these
things at once, it can be described as a programming
environment. The language is easy to learn and
makes otherwise complex programming straight-
forward and simple. In contrast to the standard
languages, it is not restricted by a finite set of
instructions and data structures. The user can create
his own extensions for the required application. All
the programming work consists of adding new words
to a rather limited dictionary already known to the
machine. The programs operate very rapidly and
efficiently, retaining the advantages of an interpreter
and the speed of a compiler, and can still be more
compact than assembler.'

For analytical instrumentation FORTH provides
an environment for on-line control, data-acquisition,
data-processing and report-generation. Some intro-
ductory papers on FORTH are already available in
the analytical literature.* 7 A software package in
BASIC for automated flow-injection analysis by use
of a professional computer was described earlier.® As
an exercise a similar program has been written in
FYSFORTH 0.3 for the same instrumental arrange-
ment, with an Apple II computer.’

Flow-injection analysis is a widely used, reliable
and versatile routine method for the determination of
various chemical constituents.”” It is based on the
injection of a small volume of sample into a con-
tinuously flowing stream. The moving bolus may be
treated with reagents, diluted, incubated, dialysed,
extracted efc., and the final product is led to a
detector to generate a peak-shaped signal. Cali-
bration is done with standards similarly treated,
with use of the height, width or area of the peaks.
Operation of the system is easy to automate with a
computer. This paper describes a program for con-
trol of the sample changer, switching of the injection

*Author for correspondence.

valve and registration of the signal. Additionally
the flow-rates, the sample-size and the lengths of
the reaction coils may be placed under computer
control. In automated flow-injection analysis the
application of on-line optimization as well as on-line
calibration are real possibilities that have recently
been developed.!''?

Hardware

The entire system comprises:

(1) an Apple II equipped with minimal one-disk
drive and the parallel interface U-DT (two 16-bit
6522 1/0) in slot 4;

(2) a Gilson Minipuls II pump and a Skalar
Sampler 1000 sample-changer;

(3) a BIFOK FIA 05 flow-injection device with an
L100-1 injection valve and an FIA 06 photometer.

To demonstrate the approach an arbitrarily chosen
routine method serves as an example. The complete
system for the determination of chloride in aqueous
samples in the ppm-range'’ is depicted in Fig. 1.
Figure 2 shows the most important connecting lines
between the computer and the instrumental arrange-
ment. The sample-changer is interfaced so that all its
functions are directed by the computer. The switches

mbl/min
H,0 2.0
2 w
P
Hg (SCN),
Fe3* 2.0

Fig. 1. Scheme of the flow-injection system for the deter-
mination of Cl~ with Hg(SCN), and Fe'* in water." The
hardware consists of a peristaltic pump P, a sample changer
S, an injection valve I, the waste W, a reaction coil C, a
photometric detector D and an Apple Il computer.
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APPLE U-DT
output port O port | tnput.
PAO PAO po——— I B8co F1406
PAI PAl REE— 2
x I0°
PA2 PA2 fo—o— 4
PA3 PA3 f——— 8
PA4 PA4 | —— [
PAS PAS j———— 2
x 10'
PA6 PA6 o 4
PA7 PA7 f—— 8
FIAQ5 inject -————— PBO PBO fo——— |
PBI PBI jo——— 2
xi0*
PB2 PB2 j——— 4
PB3 PB3 P 8
SAMPLER Left -—] PB4 PB4 ————— Left SAMPLER
right PBS PBS rnight
motors relays
disk -—] PB6 PB6 o disk
wash -— PB7 PB7

Fig. 2. Scheme of the most important lines connecting the computer to the sample changer, injection device
and photometer. The different functions are explained in the text.

of the wash, sample turntable disk, and left and right
sampler-arm motors are controlled by parallel out-
put. The status of the micro-relays indicating the
position of the disk and sampler arm is read in by
parallel input. In a similar way the rotation of the
injection valve is controlled by the computer. The
BCD-output of the digital photometer is connected
to the parallel input of the computer (0-1V, 12 bits
for 3 digits). :

Software

The programming in FORTH starts from the
original dictionary. After some initial definitions it
moves to user-understandable words such as
Check.system, Injection, Move.disk, Move.sampler,
Read.bcd and Measure. Then these themselves are
used to make up the main program, called Fia. A
short description of the most important words in the
program listing follows (see below). Communication
between different words is provided by a data stack,
in addition to constants, variables, strings or user-
defined data-structures. Usually single-length num-
bers in the range from —32,768 to 32,767 are em-
ployed on the data stack. The data required by a

word are shown between brackets, with the top of the
stack to the right separated by an arrow (—) from the
data returned after execution:

Numbers: denote the number of data points to be
measured.

Disk.position: is the current position of the turntable
disk.

1000
N
8001 s \
§ \
4 by
7 “‘
600} ; \
: hY
a00|- : \\
R hY
." \
200+ { “‘-h._.____‘
e
] | ] 1
o) 200 400 600 800 1000
Maximum : 908
Integral : 392

Fig. 3. Example of a digitized flow-injection peak as dis-
played by the graphics of the Apple I1.
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Target: is the direction in which the sampler arm has
to be moved.

Maximum: denotes the height of the measured peak.
Integral: denotes the area of the measured peak.
Inject, Left, Right, Disk and Wash: define the required
1/O-lines towards the injection valve and sample
changer.

Port.0B, Port.0A, Port.1B and Port.1A: are the
memory locations in the computer of the two 16-bit
parallel 1/O-ports.

FORGET-ALL
LOAD GRAPHICS.CMD

REVISION FIA.REV "-—- FIA-SYSTEM VSN 0.1 =~-=-=-" CR

1 DVALUE
CREATE , , DOES> j

s D@
DUP @ SWAP 2+ @ SWAP

s D!
SWAP OVER ' 2+ ! 3

DECIMAL

0 VALUE
0 VALUE
0 VALUE TARGET
0 VALUE MAXIMUM
0 0 DVALUE INTEGRAL

NUMBERS
DISK.POSITION

2 TO BASE

00000001 CONSTANT INJECT
00010000 CONSTANT LEFT
00100000 CONSTANT RIGHT
01000000 CONSTANT DISK
10000000 CONSTANT WASH

C400 CONSTANT PORT.OB
C401 CONSTANT PORT.OA
C402 CONSTANT PORT.SETO
C410 CONSTANT PORT. 1B
C411 CONSTANT PORT. 1A
C412 CONSTANT PORT.BET1

+ INPUT
PORT.1B @ AND §

s OUTPUT
PORT.OB @ XOR PORT.OB ! §

¢t CHECK. INTERFACE
FFFF PORT.SETO !
FFFE PORT.OB !
0000 PORT.SET1 !
PORT.SETO @ FFFF XOR
PORT.SET1 @ 0000 XOR

OR IF BELL CR ." INTERFACE ERROR *
THEN 3

DECIMAL

t CHECK.DISK
DISK INPUT O= IF
BELL CR ." Press return to start disk *
KEY CR DROP
DISK OUTPUT
BEGIN DISK INPUT 0> UNTIL
DISK OUTPUT THEN ;

1 CHECK.SAMPLER
RIGHT INPUT O= IF
BELL CR ." Press return to suck sample *
KEY CR DROP
RIGHT OUTPUT
BEGIN RIGHT INPUT 0> UNTIL
RIGHT DUTPUT THEN

+ CHECK.SYSTEM
CHECK. INTERFACE
CHECK. SAMPLER
CHECK.DISK 4

Port.set0 and Port.setl: are the memory locations of
the initial port settings for each line to be either input
or output.

Input (n — n): returns the status of the required input
lines.

Output (n — ): switches and masks the desired output
lines.

Check.system: examines for a proper start for the
status of the interface card, Check.interface, for the
position of the turntable disk Check.disk, and of the

s+ INJECTION
INJECT OUTPUT
INJECT QUTPUT j

t WASH.MOTOR
WASH OUTPUT ;

s MOVE.DISK
DISK INPUT 0> IF
DUP DUP 0> IF DISK OUTPUT
DISK.POSITION + 40 MOD TO DISK.POSITION
0 DO
BEGIN DISK INPUT O= UNTIL
BEGIN DISK INPUT 0> UNTIL
LooP
DISK OUTPUT THEN
ELSE DROP BELL CR ." DISK ERROR ”
THEN 3

s+ MOVE.SAMPLER
O TO TARGET
LEFT INPUT 0> IF RIGHT TO TARGET THEN
RIGHT INPUT 0> IF LEFT TO TARGET THEN
TARGET 0> IF TARGET OUTPUT
BEGIN TARGET INPUT 0> UNTIL
TARGET OUTPUT
ELSE BELL CR ." SAMPLER ERROR *
THEN 3

WALIT
O DO 10000 O DO LOOP LOOP

READ. BCD
PORT. 1A C@ PORT.1B C@
16 MOD 100 # SWAP 16 /MOD 10 # + +

CALCULATE
DUP MAXIMUM MAX TO MAXIMUM
DUP §~>D INTEGRAL D@ D+ INTEGRAL D! ;

MEASURE
TO NUMBERS
0 1000 Y SIIE
O NUMBERS X SIZE
PAGE BOX AXES NOMIX
0 0 INTEGRAL D! O TO mMAXIMUM
NUMBERS O DO
READ. BCD
CALCULATE
1 SWAP SCALE PLOT
LOOFP
HOME 22 VTAB
" Maximum s " MAXIMUM . CR
«" Integral t " INTEGRAL D@
NUMBERS M/ ., DROP

t FIA
BRAPHICS 3 COLOR NOMIX
CHECK.SYSTEM
BEGIN
PABE 10 HTAB ." Flow Injection Analysis " CR
10 VTAB O HTAB . " Give number of samples 1 *
QUERY =~WORD NUMBER
1 = IF
o DO
MOVE. SAMPLER
12 WAIT
INJECTION
MOVE. SAMPLER
1000 MEASURE
1 MOVE.DIEK
LooP
THEN CR
»" Do you want to quit (Y/N)
KEY &Y = UNTIL CR

Fig. 4. The program.



110 F. T. M. DoHMEN and P. C. THUSSEN

sampler arm Check.sampler. If not correct these
words will signal and ask for action.

Injection: rotates the valve that introduces the sample
into the system.

Wash.motor: switches the wash motor either on or
off.

Move.disk (n —): steps the turntable disk a given
number of places.

Move.sampler: the sampler arm is moved to the
right-hand position from the left-hand, and vice
versd.

Read.bed ( — n): reads a signal from the digital volt-
meter and converts the BCD code into a 3 decimal
value.

Measure (n — ): performs the general layout for the
graphics, reads and plots the measurements. The
height and area of the peak-shaped signal are com-
puted on-line by Calculate. These values are dis-
played afterwards.

Fia: the main program to perform flow-injection
analysis checks first the status of the system and asks
for the number of samples. Therafter, the samples are
repeatedly taken, injected and measured, and the
results are processed and plotted. The photometer
signal is read 1000 times during 24 sec, including
plotting and processing of the measurements. One
complete manipulation of the turntable disk and the
sampler arm takes about 4 sec. For taking the sample
into the injection loop (100 ul) a pause of about
12 sec is provided by Wait (n —). Thus for each
sample a total period of about 40 secs is required.

Each word can be used independently for testing or
other applications. Some examples:

10 Wait
Check.system

Jwait about‘ 10 secs
/test for a proper start

Read.bed
Injection

5 Move.disk
Move-sampler
Fia

/read the signal and display it
/rotate the valve

/move the disk five steps ahead
/switch the sampler arm

/start the main program

An example of a flow-injection peak measured and
displayed by the graphics of the Apple II is shown in
Fig. 3. The time scheduling of the delay in the
different words should be found by experimentation,
since no real-time provisions are employed. The
software (Fig. 4) is flexible and can easily be extended
if other advanced implementations are required.
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DETERMINATION OF PHENOTHIAZINES BY
CHARGE-TRANSFER COMPLEX FORMATION
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Summary—A rapid and sensitive spectrophotometric method has been developed for the micro-
determination of some phenothiazine derivatives as the pure substances and in different dosage forms.
The method depends on the formation of stable donor-acceptor complexes between phenothiazines and
chloranilic acid in an acetonitrile-2-propanol solvent mixture. The resulting intensely purple chloranilic
acid radical anion possesses a characteristic absorption maximum at 515 nm. Beer’s law is obeyed over
the concentration ranges 1-6, 1-10 and 5-30 pg/ml for prochlorperazine dimaleate, trifluoperazine
dihydrochloride and thiethylperazine dihydrochloride, with apparent molar absorptivities of 7.76 x 10%,
1.95 x 10* and 6.64 x 10*].mole~'.cm~', respectively. Statistical comparison of the results with those of
an official method shows excellent agreement and indicates no significant difference in precision.

Numerous procedures are available for determining
phenothiazine derivatives, e.g., titrimetric,'* spec-
trophotometric,*® polarographic,” gas chromato-
graphy® and high-pressure liquid chromatography®
methods. Chloranilic acid, 2,5-dichloro-3,6-
dihydroxy-1,4-benzoquinone, has been used for
determination of certain metal ions,'®!! and recently
has found application to the microdetermination of
basic compounds by charge-transfer complex for-
mation in various solvent systems. Several amino-
acids have been determined in water,'? some alkaloids
in dioxan,"*'" and piperazine and a number of its salts
in chloroform-2-propanol mixture.'®

Phenothiazine derivatives are known to be power-
ful electron donors, and hence to form charge-
transfer complexes with many n-acceptors.'® The
donated electrons may originate either from the
conjugated portion of the N-substituted pheno-
thiazine, producing a m-x complex or from the
terminal nitrogen atom of the substituent, as in the
case of free phenothiazine bases, forming n—n com-
plexes.!’

Although various workers'® '® have reported the
formation of charge-transfer complexes of pheno-
thiazines with a large number of n-acceptors (not
including chloranilic acid), their major interest was to
throw light on a proposed relation between phys-
iological action and electron-donating power."” No
attempt was made to utilize this sensitive reaction for
the determination of phenothiazine drugs.

The purposes of the present investigation were (a)
to study the changes in the absorption spectrum of
chloranilic acid on addition of phenothiazine free

*To whom enquiries should be directed.

bases, and (b) to develop a simple assay procedure for
phenothiazine drugs as the pure substances as well as
in various dosage forms.

EXPERIMENTAL

Apparatus

Spectra were recorded on a Perkin-Elmer 550-S double-
beam spectrophotometer, with 1-cm cells.

Materials

Prochlorperazine dimaleate, trifluoperazine dihydro-
chloride and thiethylperazine dihydrochloride were ob-
tained from commercial sources and their purity was deter-
mined by the BP and USP methods.??!

Reagents

All the chemicals used were of analytical-reagent grade
and the solvents were of spectroscopic grade. A 0.1%
chloranilic acid solution in acetonitrile, and 2% aqueous
tartaric acid and 6M ammonia solutions were used.

Preparation of sample solutions

An accurately weighed 100-mg portion of the pheno-
thiazine salt was transferred into a 250-m! separating funnel
with a little distilled water and alkalized to litmus paper with
ammonia solution, 1 ml being added in excess. The liberated
phenothiazine base was then extracted with five 15-ml
portions of chloroform with shaking for 3 min each time.
The extract was dried by shaking with anhydrous sodium
sulphate for 5 min, then filtered into a 100-ml standard flask,
and finally made up to volume with anhydrous chloroform,
which was also used to wash the sodium sulphate and filter.

For preparation of working solutions in acetonitrile, an
accurately measured volume (not less than 1.0 ml) of this
solution was evaporated to dryness by means of a stream of
dry nitrogen and the residue obtained was dissolved in
acetonitrile and made up to volume in a standard flask of
suitable size with the same solvent.

General procedure
Accurately measured volumes of the acetonitrile solutions

of the phenothiazine free bases, equivalent to 25-150,
25-250 and 125-750 ug of prochlorperazine dimaleate,
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triflouperazine dihydrochloride and thiethylperazine dihy-
drochloride respectively, were transferred into a series of
25-ml flasks, to give final concentrations of 1-6, 1-10 and
5-30 ug/ml. Then 5 ml of chloranilic acid solution were
added to each followed by 5 ml of 2-propanol. The solutions
were mixed well and made up to volume with acetonitrile,
and the absorbance was measured at 515 nm against a
reagent blank. A calibration graph was drawn or a re-
gression equation calculated.

Procedure for tablets

Twenty tablets were weighed and finely powdered. An
accurately weighed portion of the powder, equivalent to
about 50 mg of the phenothiazine salt, was treated in the
same way as the pure drugs in the calibration procedure,
and an accurately measured volume of the acetonitrile
solution thus obtained, containing about 0.08, 0.13 or
0.5 mg of prochlorperazine dimaleate, trifluoperazine dihy-
drochloride or thiethylperazine dihydrochioride, re-
spectively, was transferred into a 25-ml standard flask and
treated in the same way as the standards.

Procedure for infections

An accurately measured volume of the mixed contents of
ten ampoules, equivalent to 50 mg of the drug, was analysed
as just described for tablets.

Procedure for suppositories

Ten suppositories were accurately weighed, broken up
into small pieces, melted and mixed well. An accurately
weighed portion equivalent to 50 mg of phenothiazine drug
was transferred into a 250-ml separating funnel and dis-
solved in 50 ml of tartaric acid solution. The solution was
shaken for 5 min with 50 ml of diethyl ether. The acid layer
was then transferred into a second separating funnel and
extracted with another 50 ml of ether, this operation being
repeated once more. The combined ether extracts were then
shaken for 5 min with 10 m! of tartaric acid solution, and
the ether layer was discarded. The acid solution was then
alkalized with ammonia and the analysis completed as
already described.

RESULTS AND DISCUSSION

A chloranilic acid solution in acetonitrile is faint
purple. The spectrum of 0.5 x 10~*M chloranilic acid
in acetonitrile possesses a major band at 315 nm with
an absorbance of 0.86 (un-ionized form) and a broad
very weak band at about 525 nm (chloranilic acid
anion), Fig. 1. Addition of phenothiazine bases to
this solution causes an immediate change in the
absorption spectrum, with a new characteristic band
at 515 nm, believed to be due to chloranilic acid
radical anions.

Reactions involved

Chloranilic acid in organic solvents exists in the
un-ionized form and acts as a n-acceptor in a similar
manner to quinones.'? Therefore, the addition of
compounds possessing a lone pair of electrons, such
as phenothiazine free base, results in formation of a
charge-transfer complex of the n-r type. This com-
plex is believed to be an intermediate molecular
association compound, for which, in appreciably
polar solvents, complete transfer of the charge takes
place, producing the corresponding radical ion,
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which is responsible for the production of the intense
absorption band at 515 nm, Fig. 2.

RN + CA = R,N—CA) = RN + CA

Alkyt side-  Chloramlic Intermediate Radical ions
chain of acid n-n complex

the free

base

This type of reaction was first reported by Buckley
et al.” Fulton and Lyons™ have described a similar
pathway for the reaction of a number of pheno-
thiazine bases, which contain either tertiary or sec-
ondary amino groups, with chloranil in acetonitrile
medium. According to these authors, the chloranil
radical anion band was measured at 540 nm. Further
reaction between the radical ions results in formation
of an aminoquinone derivative, which absorbs at 590
nm, and the liberation of a chloride ion. This inter-
pretation is supported by the experimental finding
that a trimethylamine—chloranil mixture in ace-
tonitrile also has two bands, at 540 and 590 nm,
corresponding to the chloranil radical anion and the
aminoquinone derivative, respectively.

Optimization of variables

To develop a quantitative method based on this
reaction, a search was conducted for the most
effective m-acceptor.

Chloranil, bromanil, tetracyanoethylene and di-

chlorodicyanobenzoquinone in various concen-
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Fig. 1. Absorption spectrum of 0.5 x 107*M chloranilic acid
solution in acetonitrile.

o8
3
€ 04}
Q
o2
s
3
g o2t N

} H

i 1
450 500 550

Wavelength {nm}

§
400 600

Fig. 2. Absorption spectrum of phenothiazine bases with
chloranilic acid. A, 10ug/ml trifluoperazine dihydro-

chloride; B, 3 pug/ml prochlorperazine dimaleate; C,
20 ug/ml thiethylperazine dihydrochloride.
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Fig. 3. Effect of chloranilic acid concentration on formation
of trifluoperazine dihydrochloride—chloranilic acid charge-
transfer complex.

trations failed to give quantitative results although
many solvents were tried. In contrast, chloranilic acid
in acetonitrile readily reacts stoichiometrically with
all three phenothiazine derivatives investigated, form-
ing a stable purple chloranilic acid radical anion.
Acetonitrile proved to be the most suitable solvent.
Chloroform, 2-propanol, dichloroethane and
chloroform—2-propanol mixture were not suitable,
because the complex formed in these solvents either
had low absorbance or was precipitated on dilution.
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Pure acetonitrile as solvent was found to cause
opalescence only with high phenothiazine concen-
trations, and this difficulty was overcome by adding
small amounts of 2-propanol. A 5:1 wvjv
acetonitrile-2-propanol mixture was used success-
fully for all the drugs investigated, over the concen-
tration ranges examined. The reaction was instanta-
neous and the product remained stable for at least |
hr.

The most effective chloranilic acid concentration
was found to be given by use of 5 ml of 0.1%
solution. Figure 3 shows the relationship between
absorbance and concentration of chloranilic acid at
fixed phenothiazine salt concentration.

Performance characteristics

Under the proposed experimental conditions, there
was linear correlation between absorbance and final
concentration over the ranges 1-6, 1-10 and 5-30
ug/ml, with corresponding molar absorptivities of
7.76 x 10%, 1.95 x 10* and 6.64 x 10° 1.mole~!.cm™!
for prochlorperazine dimaleate, triftuoperazine dihy-
drochloride and thiethylperazine dihydrochloride, re-
spectively.

Table 1. Determination of phenothiazine derivatives*

Prochlorperazine
dimaleate

Trifluoperazine
dihydrochloride

Thiethylperazine
dihydrochloride

Taken, Mean recovery Taken, Mean recovery Taken, Mean recovery

ug /mi +SD.,. % ug/ml +S.D., %  ug/mi +SD., %
i 99.5+0.5 1 100.4 +0.6 S 100.0 +0.5
2 100.3 + 0.4 2 99.8 +0.4 10 100.9 + 0.6
3 100.2 +£0.5 3 100.0 + 0.4 15 99.7 £ 0.6
4 101.0+0.4 S 100.7 £ 0.8 20 99.8 +0.5
S 100.7 £ 0.8 7 994104 25 100.6 + 0.4
6 101.1 £ 0.6 10 99.8 +0.3 30 99.5+ 0.5

*Five determinations at each level.

Table 2. Assay of phenothiazine derivatives in some pharmaceutical prepara-

tions by the chloranilic

acid and official methods

Mean recovery + S.D.*, %

Chloranilic acid

Drug method Official methodt
Prochlorperazine dimaleate 100.5 + 0.7 99.9+0.4
Stemetil tablets, 5 mg§ 98.7+0.5 100.3 +0.9
Trifluoperazine dihydrochloride 100.0 £ 0.6 1004 +£ 0.6
Stelazine tablets, 5 mg} 101.2+0.8 101.7+0.3
Stelazine tablets, 15mg 100.2 + 1.0 102.0 £ 0.5
Thiethylperazine dihydrochloride 100.1 £ 0.7 99.6 + 0.5
Torican tablets, 6.5 mgt}

(Thiethylperazine) 99.2+0.6 100.5 + 0.4
Torican ampoules, 6.5 mg 101.1 £ 0.9 100.2 + 0.6
Torican suppositories, 6.5 mg 100.2 £0.7 98.8 +£0.4

*Average of at least five determinations, calculated relative to nominal

content.

t+According to BP 1980, except for
XX, NF XV).

§May and Baker, England.

1Smith Kline and French, England.

thiethylperazine dihydrochloride (USP

t1Swiss Pharma, Egypt, under licence from Sandoz, Switzerland.
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Regression analysis indicated a very small intercept
on the ordinate. The reproducibility of the method
was determined by analysis of six samples covering
the recommended concentration range for each of the
phenothiazines investigated. As shown by the recov-
eries and standard deviations, Table 1, the method is
reproducible, accurate and precise.

Application to dosage forms

Results for determination of the three drugs in
different dosage forms by the proposed method are
presented in Table 2, and show good agreement with
those of the official procedures.

This conclusion was confirmed by statistical anal-
ysis, the z-test and F-test showing no significant
difference in accuracy and precision between the
official methods and the proposed chloranilic acid
method.
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MILD STEELS
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Faculty of Education, Kumamoto University, 2-40-1, Kurokami, Kumamoto 860, Japan
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Summary—A very sensitive, selective and simple method for extraction and spectrophotometric deter-
mination of titanium(IV) with an a-hydroxy acid has been developed. p-Chloromandelic acid reacts with
titanium 1n weakly acidic aqueous solution at room temperature to form a complex anion extractable into
chlorobenzene with Malachite Green as counter-ion. Titanium is determined indirectly by measuring the
absorbance of Malachite Green in the extract at 630 nm. The calibration graph is linear for titantum(IV)
over the range 0.25-7.5 uM (0.05-1.44 ug); the apparent molar absorptivity is 1.31 x 10° I.mole~'.cm™".
The method has been successfully applied to the determination of titanium in mild steels.

Most spectrophotometric methods for titanium(IV)
have been based on its reactions with suitable colour-
producing reagents such as hydrogen peroxide,'?
diantipyrylmethane®* and tiron*®* and measurement
in aqueous solution. Trioctylphosphine oxide,” N-
benzoyl-N -phenylhydroxylamine®'® and AN-phenyl-
laurohydroxamic acid!! have been used as reagents
for extraction and spectrophotometric determination
of titanium. Some of these reagents have disadvan-
tages such as low sensitivity and selectivity, slow
reaction, or the need for strongly acidic media for
complete colour development. Mori et al.'* have
reported a sensitive method based on the colour
reaction between o-hydroxyhydroquinonephthalein
and titanium(IV) in the presence of a surfactant
(Tween 20). This method is very simple, but time-
consuming because of the heating step used. It is
difficult to obtain high sensitivity by using flame
atomic-absorption spectrometry, owing to the for-
mation of a highly stable oxide species in the flame.

In our laboratory, several a-hydroxy acids have
been investigated as complexing agents for the extrac-
tion and spectrophotometric determination of boron
and antimony, and highly sensitive and selective
determination methods have been reported.” !’ In
further work on these systems, it was found that the
titanium—p-chloromandelic acid complex can be ex-
tracted into chlorobenzene with Malachite Green as
counter-ion and that the colour of the resulting
organic phase is very stable. A method for deter-
mination of titanium has been based on this and
applied to analysis of mild steel. The proposed
method is sensitive, selective, convenient and rapid.
Interference from boron and antimony(III) can be
eliminated by the use of tartrate buffer, and iron(III)
can be masked with ethyleneglycol-bis(2-aminoethyl
ether)tetra-acetic acid (EGTA).

EXPERIMENTAL

Apparatus

Hitachi model 181 and 624 digital spectrophotometers
were used, with 10-mm glass cells. The pH-values were
measured with a Hitachi-Horiba M-8 pH-meter.

Reagents

Standard titanium(IV) solution. A commercially available
titanium standard solution (1000 ppm TiOSO, in ~1N
sulphuric acid) was used and working solutions were made
by suitable dilution as required.

Malachite Green (MG) solution, I x 10~"M. Prepared
from guaranteed MG (oxalate).

p-Chloromandelic acid (p-MACI) solution, 5.0 x 10~"M.

Sodium acetate buffer (pH 3.0). Prepared from 0.1M
sodium acetate and 0.5M sulphuric acid.

Tartrate solution, 5.2 x 10~°M. Prepared from 0.01M
tartaric acid and adjusted to pH 3.0 with sodium hydroxide
solution.

Ethyleneglycol-bis(2-aminoethyl ether)tetra-acetic acid
(EGTA) solution 0.2M. Adjusted to pH 9 with sodium
hydroxide solution.

Use demineralized water throughout.

Standard procedure

Take an aliquot of standard titanium(IV) solution con-
taining up to 1.44 ug of titanium, in a 10-ml test-tube
equipped with a stopper. Add 1.0 ml of sodium acetate
buffer, 0.2 ml of p-MACI solution and 0.5 ml of MG
solution. Dilute to 4.0 ml with water and shake the solution
with 4.0 ml of chlorobenzene for 5 min. Separate the phases
and measure the absorbance of the organic phase at 630 nm,
using a 10-mm glass cell, with chlorobenzene as reference.

Analysis of steel samples

Weigh the steel sample (up to 0.2 g) into a 100-ml fused
silica beaker, and dissolve it in 20 ml of sulphuric acid
(1 4+ 6) by heating, and then gradually add 5 ml of 35%
hydrogen peroxide solution. When the sample has dissolved,
boil the solution on the hot-plate for about 10 min to
completely remove the hydrogen peroxide. Adjust the solu-
tion to pH 1.8-2.0 with 8 sodium hydroxide, transfer the
solution to a 100-ml standard flask and make up to volume
with water.
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Table 1. The reagent blank and the apparent molar absorptivity (¢, /.mole ~'.cm ~*) for titanium complexes with a-hydroxy
acids and dyes, extracted into chlorobenzene

Ethyl Violet

Crystal Violet

Methyl Violet Brilliant Green Malachite Green

Complexing _—
reagent blank € blank £ blank & blank & blank €

2-Hydroxy- 044 27x10* 029 28x10* 034 40x10° 010 25x10* 013 7.8x10°

2-methylbutyric acid
2-Hydroxy- 022 90x10* 015 1.17x10° 0.23 1.17x10° 0.18 ' 7.3x 10* 0.07 123 x 10®

isocaproic acid
Mandelic acid 0.38 —* 028 94x10° 035 31x10* 034 43x10° 012 9.1x10
p-Chloromandelic acid 0.16 8.0x10° 041 1.3x10* 017 22x10° 022 1.24x10° 0.08 131 x10°
p-Bromomandelic acid 0.17 20x10* 033 1.6x10° 008 20x10° 024 1.10x10° 0.07 1.17x10°

*No extraction of complex.

Transfer 0.3 ml of this solution into a stoppered 10-ml
test-tube. Add 0.2 ml of EGTA solution, 1.0 ml of tartrate
solution, 0.2 ml of p-MACI solution and 0.5 ml of MG
solution, then extract and measure as in the standard
procedure. The apparent molar absorptivity obtained by
this procedure is 1.17 x 10°l.mole~'.cm~!, about 11% less
than that obtained by the standard procedure.

RESULTS AND DISCUSSION

Selection of complexing agent, cationic dye and ex-
traction solvent

We have found that a-hydroxy acids are useful
complexing agents, especially for metals which form
oxo-ions in solution.

We have now examined the reactions between
titanium and glycollic acid, lactic acid, 2-hydroxy-
2-methylbutyric acid, 2-hydroxyisocaproic acid,
mandelic acid, p-chloromandelic acid and p-bromo-
mandelic acid, along with extraction of the products
into 4-methyl-2-pentanone, 1,2-dichloroethane, di-
chloromethane, chloroform, chlorobenzene, benzene,
toluene, carbon tetrachloride and cyclohexane with
the dyes Ethyl Violet, Methyl Violet, Crystal Violet,
Brilliant Green, Malachite Green and Methylene
Blue as counter-ions. With each acid, different combi-
nations of solvents and dyes were examined. The
titanium complexes with glycollic or lactic acid can-
not be extracted into any of the solvents listed, and
none of the ion-association species formed between a
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Fig. 1. Absorption spectra: (I) reagent blank; (I)
25%x107¢M  Ti(IV) (048 pug). Malachite Green,

1.3 x 10~%M; pH, 3.0; p-chloromandelic acid, 2.5 x 107*M;
reference, chlorobenzene.

titanium complex anion and a dye can be extracted
into carbon tetrachloride or cyclohexane. 4-Methyl-
2-pentanone, 1,2-dichloroethane, dichloromethane
and chloroform cannot be used as the solvent (except
with Methylene Blue) because of the high extrac-
tability of the cationic dyes themselves. Of the other
solvents, chlorobenzene was preferred. Table 1 lists
the apparent molar absorptivities of the complexes
and the absorbances of the reagent blanks obtained
with chlorobenzene as solvent. It is clear that the
MG-p-MACI—chlorobenzene system should be the
most suitable for the determination of micro amounts
of titanium(IV). For Methylene Blue, the best combi-
nation was with 2-hydroxyisocaproic acid and chlo-
roform, the apparent molar absorptivity and the
reagent blank being 4.5 x 10* 1.mole~!.cm~' and
0.093, respectively.

Absorption spectra

The absorption spectra of the reagent blank and of
the ion-association species formed between the
titanium—p-MAC] complex and MG in chloroben-
zene are shown in Fig. 1. MG is not extracted in the
absence of p-MACI, whether titanium is present or
not. The maximum absorption occurs at 630 nm.

Experimental variables

Extraction at various pH values resulted in max-
imum and constant absorbance of the organic phase
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Fig. 2. Effect of p-chloromandelic acid concentration: (I)
reagent blank; (II) net absorbance (Ti = 2.5 x 10~%M). Mal-
achite Green, 1.3 x 107%M; pH, 3.0.
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Table 2. Effect of other ions on the determination of 0.48 ug of titanium in 4 ml

Added Amounts  Recovery, Added Amounts  Recovery,

Ion as added,* ug % Ion as added,* ug %
Cl- KCl 360 103 As(IIl)  As,0, 300 105
Br- NaBr ' 80 102 As(V) Na,HAsO, 400 103
I- Nal 4.8 105 Sb(IIl)  SbCl, 0.2 107
ClO; KClO, 0.4 106 1.0+ 104
SCN- KSCN 0.1 105  Sb(V)  K[SbOH)] 200 101
NO;  NaNO, 8.2 107 Se(IV) H,SeO, 400 103
SO~ Na,SO, 1000 103 B(III) H,;BO, 1.6 106
H,PO; KH,PO, 300 94 4.0t 103
Be?*  BeSO, 45 99  Cr*  KCr(SO,), 260 102
Mgt MgCl, 150 103  Mn**  MnCl, 300 99
Ca?+ CaCl, 200 101  Fe?t Mohr’s salt 60 104
Sr2+ StCl, 450 103 Fe't Ferric alum 6.7 105
Ba’* BaCl, 700 97 670§ 103
AP+ Potassium alum 150 97 Co’* CoCl, 300 97
In** InCl, 550 96 Nij+ NiCl, 300 99
Pb?+ PbCl, 1000 95 Cu’*  CuSO, 300 97

Zn’*  ZnSO, 330 100

*Amounts added per 4 ml.
tIn the presence of 1.3 x 10~*M tartrate.
§In the presence of EGTA (5 x 1073M).

over the pH range 2.0-3.5, and pH 3.0 was chosen as
optimal. The absorbance of the reagent blank in-
creased with increase in MG concentration, but the
net absorbance for the extracted complex was con-
stant for MG concentrations >1.0 x 107*M in the
aqueous solution extracted. The concentration of
MG was fixed at 1.25 x 10~*M for convenience. The
effect of p-MACI concentration was examined, with
the results shown in Fig. 2. Maximal and constant net
absorbance was obtained with >1.5x 107‘M p-
MACI in the aqueous phase extracted. The concen-
tration of p-MACI was therefore fixed at
2.5 x 107*M.

An extraction time of about 2.5 min was necessary
to attain constant absorbance, but for routine work
5 min is recommended for safety.

Composition of the complex

The apparent molar absorptivity for titanium in
the extract is about twice the molar absorptivity (ca.
6.8 x 10* . mole~'.cm~") for MG itself in aqueous
solution, suggesting that the mole ratio of MG and
Ti in the extracted species is 2: 1. The composition of
the extracted species could not be determined by the
continuous-variation or the mole-ratio methods, be-
cause of the large excess of p-MACI and MG re-
quired for its formation. However, it is suggested that
either [TiO(p-MACD,)*~ or [Ti(p-MACI),)*~ is
formed and extracted as its ion-association complex
with Malachite Green.

Calibration graph

The calibration graph obtained by the standard
procedure was linear over the range 0.25-7.5 uM
titanium in the aqueous phase (0.05-1.44 ug of Ti).
The apparent molar absorptivity calculated from the
slope of the graph was 1.31 x 10°1.mole~'.cm~', and
the absorbance of the reagent blank was 0.078. These

figures were independent of temperature in the range
7-30°. The coefficient of variation of the absorbance
for 2.5uM titanium was 2.4% (10 replicates). The
absorbance of the organic phase remained constant
for at least 60 min.

Effect of other ions

Table 2 shows the apparent recovery in deter-
mination of 0.48 u g of titanium in presence of various
other ions. Iodide, perchlorate, thiocyanate and ni-
trate, which are bulky and of low surface-charge
density, caused positive errors even at low levels.
Boron and antimony(III) gave positive errors because
they react with p-MACI to form extractable complex
anions, whereas antimony(V) did not interfere, owing
to its slow reaction rate at room temperature. Phos-
phate gave negative errors, because at relatively high
concentration it forms a precipitate with titanium,
but chloride and sulphate did not interfere. Most
cations tested did not interfere when present in
600-fold ratio to the amount of titanium, but iron-
(III) gave rise to positive errors when present in
14-fold ratio. The interference of boron (up to 4.0 ug)
and antimony(II1) (up to 1.0 ug) could be eliminated
by the addition of tartrate (1.3 x 10~* M). Iron(1II)
(up to 670 ug) could be masked by addition of EGTA
at the 5.0 x 1073M level, but the slope of the cali-
bration graph was decreased by about 11%.

Determination of titanium in steel samples

The proposed method was applied to the deter-
mination of titanium in carbon steels.'® Any residue
from the sulphuric acid-hydrogen peroxide treatment
was collected on filter paper, dried at 110 and ignited
in a platinum crucible at 600°; silica in the product
was removed by treatment with sulphuric and
hydrofluoric acids and the residue was fused with
potassium pyrosulphate. The cooled melt was dis-
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Table 3. Determination of titanium in steel

Sample* Sample Titanium Titanium Ti
(certified solution,t added.§ found,f content Recovery,
value, %) g/100 ml ug ug found, % %
NBS 362 0.0532 0 0.134 0.0841
(0.084) 0.240 0.376 101
0.479 0.599 97
0.1001 0 0.251 0.0837
0.479 0.725 99
0.1004 0 0.248 0.0823
0.1504 0 0.375 0.0832
0.1983 0 0.502# 0.0844
0.2007 0 0.504 0.0837
0.240 0.751 103
0.479 0.973 98
JSS 171-3  0.0824 0 0.090 0.0366
(0.036) 0.479 0.555 97
0.1124 0 0.119 0.0354
0.1509 0 0.167 0.0369
0.1973 0 0.207 0.0349
0.2031 0 0.221 0.0362
0.479 0.710 102

*Other components. NBS 362: C, 0.16; Mn, 1.04; Si, 0.39; V, 0.04; Mo,
0.068; W, 0.20; Sn, 0.016; Al, 0.09; Zr, 0.19; Sb, 0.013; Cu, 0.50;
Ni, 0.59; Cr, 0.30; Co, 0.30; As, 0.09%. JSS171-3: C, 0.042; Mo,
0.035; As, 0.045; Sn, 0.034; Cr, 0.067; Al, 0.040; Ca, 0.0013; Ni,

0.11%.

10.3 ml of sample solution was analysed.
§The titanium solution was added to the sample solution in the

test-tube.
tMean of eight determinations.
# Standard deviation 0.015 ug.

solved in dilute sulphuric acid, then the solution was
filtered if necessary, adjusted to pH 1.8-2.0 with 8M
sodium hydroxide, diluted to 50 ml, and analysed for
titanium by the procedure for steel analysis. No
significant amounts were found to be present, so any
residue from the dissolution step can safely be dis-
carded.

The iron(IlT) and any boron and antimony(III)
present could be dealt with by adding EGTA and
tartrate. Table 3 shows that the values obtained are
in good agreement with the certified values. Results
of recovery tests for titanium by the standard addi-
tion method are also shown in Table 3. The standard
deviation for the determination of titanium in the
NBS 362 steel was reasonably good (see footnote to
Table 3). The method is suitable for routine work,
because the time for analysis of steel samples is also
satisfactory, being less than 100 min (60 min for
dissolution of steel sample, 20 min for preparation of
sample solution and 20 min for determination of
titanium).
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Summary—For extraction studies a “filter-probe” porous Teflon membrane phase-separato. is used in
conjunction with a spectrophotometer fitted with a small-volume flow-cell and a peristaltic pump to
measure absorbance of the organic phase as a function of aqueous phase pH. Acidity constants of
monoprotic (HA) and diprotic (H,A) acid benzothiadiazines have been measured with the apparatus.
Accurate pK, values for these compounds are difficult to measure by other techniques. Mixtures of
n-octanol and chloroform in various proportions can be used as the organic phase in order to adjust the
distribution coefficient of the neutral species to give optimum precision and accuracy in measurement of

the pK, values.

Solvent extraction possesses several advantages over
other techniques which are used to measure ioniz-
ation constants of acids and bases. It is applicable to
compounds which have low solubility in water, or
similar or even identical electronic absorption spectra
for the conjugate acid—base species, or an especially
high or low ionization constant, or, in the base of
diprotic acids and bases, have very similar values for
the two ionization constants.'® Solvent extraction
can also be adapted to measure ionization constants
of several compounds simultaneously in the same
solution.” Greater precision and accuracy are
achieved with this technique when the concentrations
of the solute are measured directly in both phases
rather than just in one phase. The use of continuous
segmented solvent flow to achieve phase-distribution
equilibrium and of porous membranes to achieve
phase-separation greatly facilitates simultaneous
measurements in both phases.!

Nevertheless, for the sake of simplicity of experi-
mental apparatus and because pK, values precise to
0.1-0.2 are quite adequate for many purposes such as
toxicological and pharmacological predictions and
the design of analytical separations, it is still most
common to measure the solute concentration in only
one phase in a batch equilibration experiment. It
should be possible to make such measurements of
phase-distribution equilibria more conveniently by
using a ‘“filter-probe” porous membrane phase-
separator rather than by the traditional separatory
funnel technique.® '°

In designing an analytical separation scheme in-
volving the benzothiadiazine compound poly-
thiazide'' it became necessary to measure the pK,
value of this compound. A literature survey revealed

*Author to whom reprint requests should be directed.
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that the state of knowledge about the pK, values of
both monoprotic and diprotic benzothiadiazines is
uncertain, largely because these compounds exhibit
the properties listed above which make pK, measure-
ments difficult—low solubility in water, small spectral
shifts on ionization, high pX, values and overlapping
ionization in the case of the diprotic compounds.' 14
Therefore, in addition to polythiazide several other
benzothiadiazines were included in a study designed
to demonstrate simultaneously the use of the
“filter-probe” membrane phase-separator for pKk,
measurements by solvent extraction and to obtain
reasonably accurate pK, values for typical members
of this traditionally difficult to measure class of
compounds.

EXPERIMENTAL

Apparatus

The extraction vessel was a glass beaker with a Teflon hd,
similar in design to that described previously for continuous
solvent-extraction measurements.'® The pH of the aqueous
phase was raised incrementally by addition of concentrated
sodium hydroxide solution from a microburette, as described
earlier.'® Since the concentration of sodium hydroxide solu-
tion was high enough for the total volume delivered never
to be more than about 1% of the initial volume of the
aqueous phase, dilution effects in the aqueous phase during
a run were ignored. A Fisher Accumet Model 520 meter
with a combination glass/silver-silver chloride electrode was
used for pH measurements. The absorbance at the wave-
length of maximum absorption by the sample compound
was measured as the organic phase was circulated through
an 80-u] flow-cell in a Cary 118 spectrophotometer. To
pump the organic phase selectively through the flow-cell,
a porous Teflon membrane (Zitex Filter Membrane, 10-20
um pore size, triple layer 4 mils thick, No. E249-122,
Chemplast Inc., Wayne, N.J.) was stretched over the end of
the “filter-probe™,'* and pumping was accomplished with
a Gilson “Minipuls-2" penstaltic pump and Technicon
“Acidfiex”” pump tubing. The extraction mixture was stirred
by magnetic stirrer, and its temperature was kept at 25+ 1'.
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Reagents

Water was demineralized, distilled and finally distilled
from alkaline permanganate. All organic solvents were of
reagent grade. Cyclohexane was further purified by passage
through a silica gel column. Chloroform was washed three
times with an equal volume of water and filtered through
dry paper before use. Drug compounds obtained from the
Faculty of Pharmacy, University of Alberta, were used
without further purification. Primary suppliers for the vari-
ous drug compounds were: polythiazide (Pfizer), methy-
clothiazide (Abbot), althiazide (Pfizer), cyclothiazide
(Lilly), flumethiazide (Squibb) and 8-chlorotheophylline
(G. D. Searle). All other chemicals were of analytical-
reagent grade.

Solvent extraction procedure

The aqueous phase was 0.010M sodium chloride. Both
phases, aqueous and organic, were pre-equilibrated with one
another before use. Stock solutions of the compounds to be
studied were prepared in water-saturated organic solvent.
An accurately measured volume of presaturated organic
solvent was first pipetted into the extraction vessel contain-
ing the magnetic stirring bar. The Teflon lid with the
“filter-probe”, return line, pH-electrode and vortex spoiler
was clamped in place; the pump was started and the
spectrophotometer was set at 100% transmittance with the
organic phase circulating through the flow-cell. Next an
accurately measured 10 or 20 ml aliquot of stock solution
of the sample compound in organic solvent was pipetted
into the beaker and the absorbance was allowed to come to
a steady value, 4,,. The concentration of the compound in
the organic phase was in the range from 1 x 107°M to
I x 10~*M at this point. The pump was stopped, an accu-
rately measured volume of aqueous phase was added, and
the magnetic stirrer and the pump were started. The total
organic phase volume was in the range 50-80 ml and the
aqueous phase volume was 25-50 ml. The absorbance of the
circulating organic phase was noted after about 2 min, when
it had become constant at its new value, 4. The aqueous-
phase pH was measured after the stirrer had been switched
off. With stirrer on again, a few ul of sodium hydroxide
solution were added and the sequence of measurements of
equilibrium absorbance and pH was repeated. Addition of
further increments of alkali and measurements of 4 and pH
were repeated until the desired pH range had been covered.

RESULTS AND DISCUSSION

Dependence of distribution on pH

For a diprotic acid H,A the ionization steps in the
aqueous phase are:

H,A +H,0=HA- +H,0* ()
HA- + H,0=A?" + H;0* @

and the extraction equilibrium for the neutral species
between organic solvent and the aqueous phase is:

H:A=(HA), ©)

The subscript o indicates a species in the organic
phase and lack of a subscript indicates a species in the
aqueous phase. In this treatment ‘‘side-reactions”
such as aggregation (e.g., dimerization) of H,A in the
organic phase,’ dissociation of H,A in the organic
phase,*’ and extraction of HA~ or A*" as ion-pairs
with cations in the system (e.g., NaHA)'" are all
assumed to be absent. The only one of these side-
reactions that is potentially liable to occur at the low
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sample concentrations employed is dissociation of
H,A in the organic phase. While this may be of some
concern in polar organic solvents such as n-octanol,
it is not likely to be significant in the less polar
solvents employed in the present work.*’

In the experiment, the absorbance of the organic
phase is measured before addition of aqueous phase
(A,,) and at various times after incremental increases
in the aqueous-phase pH (4). The distribution ratio
of the sample component between organic and aque-
ous phases is defined as

(HAL
C

where C is the total concentration (mole/l.) of all
sample component species in the aqueous phase at any
pH. The value of D is pH-dependent. Assuming that
Beer’s law applies, the organic phase sample concen-
tration is related to absorbance by:

D= @

[HA] = VA (3

where T is the total number of moles of sample
component added to the system and ¥, is the volume
(litres) of organic phase. The aqueous phase concen-
tration, C, can be calculated as follows:

T (A, A
-5 (%) ®

where V is the volume (litres) of aqueous phase.
Combining equations (4)—(6) gives:

4 A
7o (Am - A) (7)

Plots of D vs. pH for a hypothetical family of acids
for which pK,, =9 and pK,, has various values are
presented in Fig. 1. When pK,, = « (i.e., K,, = 0) the
acid is monoprotic. For a monoprotic acid the typical
sigmoidal relationship between D and pH, with the
inflection point occurring at pK,,, is seen."'® For
pK,, < o (i.e., K,; > 0) the plot drops more sharply
as pK,, approaches pkK,,, although in the mid-region
of the curve significant differences from the mono-

D=

0,
75 80 85 90 95 100 105

Fig. 1. Plot of D vs. pH for hypothetical diprotic acids with
pK,, =9.0 and x = 1. Numbers by the curves are the values
of pK,,. (When pK, = co the acid is monoprotic.)
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Fig. 2. Plots of 1/D vs. 1/[H] for the same hypothetical
diprotic acids as in Fig. 1.

protic case begin to appear only when pkK,, is less
than about (pX,; + 1.5).

The dependence of D on aqueous phase acidity can
alternatively be represented as a plot of 1/D vs. 1/[H].
For a diprotic acid H,A the following relationship

can be derived:
Kal Kaz
= 1 fonpiived
D ] ( +[H1)

I 1
where x is the distribution coefficient for the neutral
species corresponding to the equilibrium in equation

3):

®

- [HZA]O
[H:A]

and the quantities K, and K|, are the first and second
acid ionization constants corresponding to the equi-
libria given in equations (1) and (2).* From equation
(8) it is seen that a plot of 1/D vs. 1/[H] is a
parabola.** Non-linear parabolic least-squares fitting
of the data yields the values of x, K,; and K,,.

For a monoprotic acid HA (neutral species) the
second term in the parentheses in equation (8) is
equal to zero and a plot of 1/D vs. 1/[H} is a straight
line. From its slope and intercept, obtained by linear
regression, k and X, can be obtained.”® The linear
dependence of 1/D on 1/{H] for a monoprotic acid
with pK,; =9 is exhibited by the curve labelled c© in
Fig. 2. For pK, < o0 a deviation (parabolic) appears
and becomes more marked as pK,, gets closer to pk,,.
For pH values in the vicinity of pK,,, significant
deviations from the straight line for the monoprotic
case begin to appear only when pK,; is less than
about (pK,, + 1.5). pK,; can be evaluated experi-
mentally only when a significant deviation from
linearity is present. If measurements are performed at
pH>pK,, then significant deviations from the mono-

&)

protic acid curve occur even when pK,, » pK,,. How-
ever, such measurements cannot usually be made
with acceptable experimental accuracy, because the
fraction extracted into the aqueous phase is so high
that the organic phase concentrations and hence
absorbances are too small to be accurately measured
(i.e., there is an uncertain value of 4 in equation (7))].

Another approach to the calculations has been
used to measure acidity constants from solvent ex-
traction data, in which the dependence of D on [H]
is linearized for a diprotic acid,® but it was not
employed in the present study.

In the solvent extraction technique the most accu-
rate measure of pK,, is obtained when the value of
pK.; is close to the value of pK,;.> In this sense it
is complementary to the potentiometric and spectro-
photometric techniques, which are more reliable
when pK, and pK,, are farther apart. It can be shown
from statistical reasoning that pK,, for a diprotic acid
should not normally be lower than pK,, + 0.6." This
condition corresponds to the curves labelled 9.6 in
Figs. 1 and 2. However, if conformational changes
occur in the HA ™ species it is possible that this rule
will be violated and pK,, may be less than 0.6 higher
than pK,, or even be below it.

In Figs. 1 and 2 the distribution coefficient of the
neutral species, k, was taken as 1. If a different value
is used, the resulting plots will be identical to the ones
shown except that the vertical axis values (D or 1/D)
will be changed proportionately.

pK, values

Acidity constants were measured by the solvent
extraction technique, with a ““filter-probe™ membrane
phase-separator, for seven compounds—five of which
were benzothiadiazines. Four of the compounds were
monoprotic acids and three diprotic. The pK, values
are presented in Table 1. Because previous work had
produced accurate values which could be used
for comparison purposes, the monoprotic acid
3,5-dimethylphenol was also investigated. Two
different solvents were used as the organic phase,
cyclohexane and chloroform. Within experimental
error, the pK, values measured in both solvent
systems agreed with the literature values. A second
monoprotic non-benzothiadiazine, 8-chlorotheo-
phylline, was also included in the study because its
pK, value has recently been measured by using
solvent extraction/flow-injection analysis.'>* The
value reported here agrees within experimental error
with the previously reported value. The agreement
with literature values for the two compounds,
3,5-dimethylphenol and 8-chlorotheophylline, is con-
sistent with earlier observations that distribution
ratios can be measured accurately with the
“filter-probe™ system.’'®-!¢

The structures of the five benzothiadiazines are
shown in Fig. 3. The acidic proton of the monoprotic
compounds is on the nitrogen atom of the sulphamyl
group attached to the 7-position. The additional
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Fig. 3. Structures of benzothiadiazines.
X R, R, R,
Methychlothiazide Cl CH, CH,Cl H
Polythiazide Cl  CH, CH,SCH,.CF, H
Althiazide Cl H CH,SCH,CHCH, H
Flumethiazide CF, H — e
Cyclothiazide Cl H bornyl H

acidic proton present in the diprotic benzo-
thiadiazines is on the other nitrogen atom at the
2-position. The literature values reported in Table 1,
with the exception of those from references 22, 23 and
24 (marked in the table with superscripts ¢, j, k), have
been converted into “mixed-constants™ at an ionic
strength of 0.01 in order to allow comparison with
the “found” values measured in the present study.
Activity coefficients were estimated with the Davies
equation.”

No pK,, value has previously been reported for
althiazide. Significant discrepancies between the val-
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ues measured in the present study and those in the
literature exist for the monoprotic acid polythiazide
and for pK,, of the diprotic acid cyclothiazide. For
polythiazide a very small spectral shift occurs on
deprotonation, so 9.65 and 9.12, both measured
spectrophotometrically, are probably less accurate
than the value of 9.82 reported here.'> The value 9.1
comes from extrapolation, to 100% water medium,
of the values obtained by potentiometric titration in
aqueous—acetone mixed solvent—a technique which
cannot be relied on for accuracy.” Finally, the litera-
ture value >11 for polythiazide is clearly in error.
The pK, values for the second discrepant compound
cyclothiazide were measured in the present work by
using three organic phases consisting of various
mixtures of n-octanol and chloroform. The grand-
mean value of 9.35 + 0.04 is significantly higher than
the value of 8.8 measured in two spectrophotometric
studies reported in the literature. This compound
shows only small spectral shifts on loss of its pro-
tons."? This, along with the closeness of its pK,, and
pK,, values to one another, makes the spec-
trophotometric method likely to be less accurate than
the solvent extraction method, for which overlapping
constants cause no problems in data evaluation. The
literature value of 9.1 for cyclothiazide was obtained
for aqueous ethanol medium (30% v/v ethanol) and

Table 1. Values found in the present study and in the literature

pKdl pKaZ
Compound Solvent K found* literature’ found” literature
3,5-Dimethylphenol Cyclohexane 1.52 10.16 +0.16  10.16°
10.15° (monoprotic)
Chloroform 16 10.4+0.2 10.16 + 0.01¢
8-Chlorotheophylline  Chloroform 1.46 544 1+0.05 5.44 1+ 0.06° {monoprotic)
Methychlothiazide Chioroform 095 9.47+0.01 94402/ (monoprotic)
9.5%
Polythiazide Chloroform 332 9.82+0.04 9.65" (monoprotic)
9.1+0.1/
9.1¢
>1r
Althiazide Methylene chloride 312  8.52+0.06 8.4 +0.3 10.00 £0.007 N.V.R*
Filumethiazide QOctanol/chloroform (20/80) 0.148 6.43 +0.09 6.3¢ ”m N.V.R”
6.0 +0.2/
6.447
Cyclothiazide Octanol/chloroform  (5/95) 2.76 9.2910.07 8.8" 10.65 £ 0.1 11.0%
Octanol/chloroform (10/90) 564 9374005 (9.1)m 10,66 + 0.1
Octanol/chloroform (15/85) 10.6 9.38+0.1 8.8% 10.88 £ 0.1 (10.5™

“Measured at ionic strength 0.01. The + value represents the standard deviation of at least triplicate runs for the “found™
values, and represents reported or estimated uncertainties for literature values.

"Reference 20.
‘Reference 21.
“Reference I.
“Reference 26.
/Reference 12.
fReference 13.
"Reference 4.
'Reference 22.
'Reference 23.
kReference 24.

/Literature values have been converted into “‘mixed constants™ at ionic strength of 0.01 by using the Davies equation® to
estimate activity coefficients, except for those with superscripts /, j and k.
mLiterature value measured in 30:70 v/v ethanoi-water mixture.

"Reliable values could not be obtained for pK,.
“N.V.R., no value reported in the literature.
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can therefore be expected to differ from the value for
aqueous medium.”’

The present method did not yield a reliable value for
pK,, of flumethiazide. This is most likely to be due to
the fact that pK,, » pK,,. The first proton lost from
this compound (pK,, = 6.43) is probably the one
attached to the nitrogen atom in the 2-position,
which is adjacent to the electron-delocalizing
—N=—=C— group in the 3,4-position. The second
deprotonation step would therefore be from the
sulphamyl group in the 7-position which, in com-
parison with the monoprotic compounds, probably
has a pK,; of 9-10. As discussed earlier, if
pK,;»pK,,, the solvent extraction technique cannot
" be used to measure pK,,.

Choice of solvent

The most accurate pK, measurements are obtained
when « has a value near 1. In general, values of x
between 0.1 and 10 can be used. If « is very small then
the absorbance A4 in equation (7) experiences a large
uncertainty due to photometric error, so D in equa-
tion (8) is also uncertain. On the other hand if « is
large then in the vicinity of pH = pK,, which is the
region where data must be collected because it is
where D is changing most markedly with pH (Fig. 1),
the change in 4 with pH is small, so the term
(A,—A) in equation (7) will involve a small
difference, and hence D will again be uncertain.'®

The use of mixed organic solvents as the organic
phase provides a convenient means of bringing the
value of x into the desired range. As shown by the
data for cyclothiazide, mixtures of n-octanol and
chloroform are convenient for this purpose. The
compound flumethiazide has such a low solubility in
chloroform that it was necessary to use a 20:80 v/v
mixture of n-octanol/chloroform to raise x above 0.1.

The uncertainties shown for the “found” pK, val-
ues in Table 1 represent the standard deviation of at
least triplicate runs. Although for several of the
entries the uncertainties are small, this high precision
should not be taken as general. The technique of
solvent extraction in which absorbance is measured in
only one of the phases is capable, in general, of
precisions and accuracies of only 0.1-0.2 pK, units.
For more reliable values, the absorbances of both
phases should be measured.'

The present study has demonstrated that, by the
use of a “filter-probe” membrane phase-separator,
pK, values can conveniently be measured with a
precision and accuracy satisfactory for routine appli-
cations. The apparatus required is simple and all

measurements, over a range of pH, are made on one
solution in a single beaker. It is hoped that such a
device will contribute to the more widespread routine
use of solvent extraction in the measurement of pX,
values.
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Summary—Different ways of making pH-sensing electrodes from monocrystalline or polycrystalline
antimony, iridium and palladium have been investigated. Monocrystalline antimony and iridium are
superior to the polycrystalline elements with respect to reproducibility between electrodes and stability
of the electrode potential over long periods of time. No good palladium/palladium oxide electrode could
be obtained by electrochemical oxidation and the thermal preparation method could not take advantage
of the properties of the monocrystalline palladium. Therefore, only polycrystalline palladium was used
to study this type of electrodes. The different electrodes were compared with respect to the manner of
preparation, the pH-response (reproducibility and time response) and the effect that different complexing
ligands present in the measuring solutions may have on the electrode response. Also, the redox-response
of the electrodes and the effect of different oxygen pressures on the electrode potentials were studied. The
monocrystalline antimony electrodes have the best reproducibility and long-term stability but also respond
to complexing ligands and to variations in the oxygen pressure. Monocrystalline iridium electrodes can
be obtained by continuously cycling the potential between —0.25 and +1.25 V (SCE) in 0.5M sulphuric
acid. They do not respond to the complexing ligands tested, and have fairly good long-term stability, but
the reproducibility between electrodes is inferior to that of the monocrystalline antimony electrodes.
Polycrystalline antimony and iridium electrodes were inferior to the monocrystalline ones. The properties
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of the palladium electrodes were similar to those of the iridium ones.

The determination of pH in special situations, for
example in vivo applications where the fragility of the
glass electrode is a drawback, requires pH-sensors
that can easily be miniaturized and built into phys-
ically rugged sleeves. Furthermore, the electrodes
should have a good pH-response and little or no
response to the complex-forming ligands that are
present in most biological fluids. One class of poten-
tially suitable micro-electrodes is that of metal/metal
oxide electrodes.

Recently, electrodes based upon antimony, iridium
and palladium have mainly been the subject of
scientific interest. The present group of authors has
previously studied antimony/antimony oxide' and
palladium/palladium oxide electrodes” as pH-sensors.
Monocrystalline antimony electrodes were intro-
duced by Edwall.® The effect of complex-forming
ligands in solution on the calibration of electrodes
was studied by Glgb et al,! who recommended
procedures for the calibration of the antimony
electrode.

Various kinds of iridium electrodes are described in
the literature. Perley and Godshalk* were the first to
use iridium for measuring pH. De Rooij and
Bergveld® used electrodes made by cycling the poten-
tial of the iridium electrode continuously between

—0.25 and +1.25 V (SCE) for around 200 cycles.
Thermal methods of preparation were used by Pa-
peschi et al.® and by Ardizzone et al.” The first group
used the electrode to monitor pH in biological fluids,
and the second made a closer study of the electrode
mechanism. Iridium dioxide electrodes were studied
by Feg and Buck,® whe used iridium dioxide on an
inert electrode of the Rizitka Selectrode type (Radi-
ometer, Copenhagen). Data on the reproducibility,
pH range and some interfering ions were given. A
similar mechanism was utilized by Katsube et al.,’
who used a sputtered film of iridium oxide on a
support of steel or tantalum.

Electrodes for pH-determination, based on the
palladium/palladium oxide couple, have been studied
by many workers. Grubb and King!® devised a
method for preparing electrodes by coating pal-
ladium wires with sodium hydroxide and oxidizing
them at 800° for 20 min. Chung-Chiun Liu et al."
used electrochemical oxidation in a mixed melt of
sodium nitrate and lithium chloride. The present
group studied the utility of monocrystalline pal-
ladium as a material for palladium/palladium oxide
electrodes’ but concluded that no advantage was
offered by this material since the electrochemically
deposited oxide layer did not function well for pH-
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sensing purposes, and the thermally prepared oxide
had no defined crystal structure.

The aim of the present work was to study different
ways of making pH-sensing electrodes from mono-
crystalline or polycrystalline antimony, iridium or
palladium. Also, it was desired to study the re-
producibility between electrodes and the stability of
the electrode potential over long periods of time. The
different electrodes were to be compared with respect
to the manner of preparation, the pH-response (re-
producibility and time response) and the effect that
different complexing ligands present in the solutions
may have on the electrode response. Further, the
redox-response of the electrodes and the effect of
different oxygen pressures on the electrode potentials
were to be investigated.

EXPERIMENTAL

Monocrystalline antimony and iridium electrodes were
made by the following method.

The pieces of antimony or iridium, which were 0.6 mm
in diameter and 2 mm long, were degreased in tri-
chloroethylene. An electrical contact lead was attached with
conductive epoxy resin (MRC 4912, Materials Research).

The electrode was then cast in epoxy resin (Araldite,
Ciba-Geigy) to form a plastic cylinder approximately 3 mm
in diameter and with the exposed metal surface at the
bottom end. The electrodes were ground and polished, with
I-um diamond paste in the final step.

The same procedure was used to make polycrystalline
wridium electrodes. However, the polycrystalline iridium
wire was 0.25 mm in diameter, and 12 pieces, each 3 mm
long, were connected in a bundle, connected by silver—epoxy
resin, and cast in one piece of epoxy resin to make an
electrode.

The palladium electrodes were made as follows. Poly-
crystalline palladium wire (99.9% pure, | mm diameter and
10 mm Jong) was ground to remove any oxide present, and
cleaned with acetone, ethanol and concentrated nitric acid.
The clean wire was then immersed in a 50% aqueous
solution of sodium hydroxide and subsequently dried in a
flow of nitrogen. The coated wire was placed in an elec-
trically heated oven at 750°. After 20 min, the oxidized wire
was rinsed with distilled water. One end of the wire was
cleaned from oxide and used for the electrical connection.
This part of the wire was covered by silicone rubber sealant
(Dow Corning Silastic 734 RTV) and tubing to prevent it
from coming into contact with the test solution.

Reagent-grade chemicals and doubly distilled water were
used for the solutions. All measurements were made at 25°
(thermostatic bath). Magnetic stirring was employed. In
order to keep the partial pressure of oxygen constant, air
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Fig. 1, Titration of 0.02M TRIS/0.14M NaNO, (to keep the ionic strength at 0.16). A palladium electrode

made by thermal oxidation was used for measuring the potentials. The arrows indicate the direction of

titration. The following equations were obtained by regression. For the ph-range 2.5-10, E =821 — 58.6

ph, 72 = 0.9982; for the ph-range 2.5-8.3, E = 821.6 — 59.6 ph, r? = 0.9993. The number of points was 39
in the first case, 34 in the second.
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was bubbled through the test solutions before and during
the measurements. The oxygen response measurements uti-
lized mixtures of oxygen and nitrogen obtained from AGA
Specialgas AB, Stockholm. Their oxygen partial pressures
were 2.1+ 0.1,2.3+0.1,3.84+0.1,7440.1,13.4 + 0.1 and
20.7 £ 0.1 kPa (100 kPa =1 bar).

The equipment used for the titrations has been described
previously. All potential values given in this paper are
referred to the standard hydrogen electrode unless stated
otherwise.

Throughout this paper, the electrodes have been cali-
brated to measure hydrogen-ion concentration (denoted by
ph) at the given ionic strength instead of hydrogen-ion
activity (denoted by pH). The technique has been described
elsewhere.!

RESULTS

The ph-response of the various types of electrode

The monocrystalline antimony electrodes exhibit a
very good ph-response in the absence of complexing
agents, for example in unbuffered solution or when
TRIS [tris(hydroxymethyl)aminomethane] is used to
buffer the ph of the solution.! For six electrodes
studied, the E-value measured at ph=74 was
—174.7 mV, S.D. 0.3 mV and the slope was —52.0
mV/ph, S.D. 0.1 mV/ph. The commercially available
polycrystalline antimony electrodes showed a less
reproducible dependence of potential on ph, and the
standard deviation for six electrodes was higher than
for the monocrystalline electrodes. Electrodes made
by Ingold, Tacussel and Radiometer were tested (two
of each make) and the results were: E-value at
ph=74 was —171.8 mV, S.D. 2.7 mV and slope
—52.6 mV/ph, S.D. = 0.1 mV/ph. The polycrystalline
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Fig. 2. The dependence of the potential of palladium
electrodes, made by thermal oxidation, on ph in 0.02M
TRIS/0.14M NaNO,. the ph was varied by adding either
0.05M HNO,/0.11M NaNO,; or 0.05M NaOH/0.11M
NaNO,. a and b, lines valid for the data obtained with the
thermally oxidized palladium electrodes having the highest
and the lowest E° value, respectively; ¢ and d, lines
calculated from literature data for the reaction
PdO +2H* + 2¢ =Pd + H,0. Two different E° values
were used: line ¢c—790 mV;"? line 4—917 mV.?
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electrodes also had inferior long-term stability in
comparison with the monocrystalline antimony elec-
trodes, and were sensitive to the speed of stirring of
the solution. The potential is a linear function of ph
over the ph range 2-10.

For palladium/palladium oxide electrodes made by
thermal oxidation for 20 min at 750°, the ph-response
was linear over the ph range 2.5-8 as shown in Fig.
1. The E“-value for these electrodes decreased by
~20 mV during the first two days after preparation,
but then remained unchanged for a few months. The
E°-values differed between individual electrodes. In
our study, fifteen electrodes were tested. Figure 2
shows the range within which all the results lay. The
greatest difference in E° between two samples was
about 50 mV. The potential values for the thermally
prepared palladium/palladium oxide electrodes fell
between the values that could be calculated for the
reaction

PdO + 2H* + 2e" =Pd + H,0

from an E°-value of 0.79 V (determined experi-
mentally by Hoare'?), and an E°-value of 0.917 V
(calculated from thermodynamic data'®). Most of the
electrodes in the group tested had potentials which
were closer to the value calculated from Hoare’s
value than to the thermodynamic value.

Iridium/iridium oxide electrodes obtained by con-
tinuously cycling the potential of the iridium elec-
trode between —0.25 and +1.25 V (SCE) in 0.5M
sulphuric acid, so-called AIROF-¢lectrodes (Anodic
Iridium Oxide Film electrodes), exhibited a linear
response over the ph-range 2.5-8.7, as can be seen in
Fig. 3. At ph-values higher than 8.7, the potential of
the electrode drifted away in a positive direction from
the straight line. The correlation coefficients for the
linear part of the E vs. ph plots were slightly better
for monocrystalline (0.9990-0.9997) than for poly-
crystalline electrodes (<0.999). No clear trend could
be observed in E° or slope when electrodes were
prepared by cycling voltammetrically for 100, 200 or
400 cycles, other experimental parameters being
equal. The slope differed within the group of elec-
trodes and consequently the different electrodes also
had different E°-values. In general, the slopes of the
E vs. ph plots obtained with polycrystalline AIROF-
electrodes were lower (6268 mV/ph) than the slopes
obtained by using monocrystalline AIROF-
electrodes (69-74 mV/ph).

Response-rates of the electrodes

From a practical point of view, the speed with
which the electrode will respond to a change in
ph-value of the solution is important. Our experi-
mental set-up permitted us to make only a relative
comparison of the response times of the glass elec-
trode and the metal/metal oxide electrodes. The
potential values of the electrodes were recorded for
0.02M orthophosphate/0.14M sodium nitrate me-
dium subsequent to very fast addition of either strong
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Fig. 3. Titration of 0.02M phosphate/0.14M NaNO,. The electrode was a monocrystalline AIROF

electrode obtained by cycling the potential between —0.25 and +1.25 V (SCE) for 200 cycles, at a

scan-rate of 100 mV/sec. The data can be described by the regression line £ (mV) =714 — 71.2 ph,
r?=0.9990. The number of experimental points was 32 and the ph range 2.5-9.5.

acid (0.05M nitric acid/0.11M sodium nitrate) or
strong base (0.05M sodium hydroxide/0.11M sodium
nitrate). The ph was changed in steps: from ph 6 to
ph 2.5, from ph 2.5 back to ph 6, from ph 6 to ph 8.3
and from ph 8.3 back to ph 6. The response rates
were evaluated from the time required for the elec-
trodes to reach 95% of the new steady-state value
after change in the composition of the solution.

Monocrystalline antimony electrodes have re-
sponse times that are similar to the response time of
the glass electrode used (Ingold, type HA-401 MS,
Ingold, Switzerland) over the entire ph-range.

Thermally prepared palladium/palladium oxide
electrodes have response times similar to the glass
electrode in acidic or neutral solution. In the alkaline
range, the response times are 6-10 times those for the
glass electrode for increase in pH and 24 times
longer than for the glass electrode for decrease to
ph 6.

AIROF-clectrodes exhibit response times similar
to or slightly longer than those for the glass electrode
in alkaline solution. Monocrystalline AIROF-
electrodes have 3—10 times longer response times than
the glass electrode in acidic solution. The number of

cycles used in preparation of the electrode had no
clear effect on the response time. Polycrystalline
ATROF-electrodes responded more slowly than the
monocrystalline ones.

The effect of complexing agents on the electrode
response

A comparison of the effects of some complex-
forming ligands on the potential of the various
electrode types studied can be based on the results
summarized in Fig. 4. The potential of the antimony
electrode is non-linear for ph < 8 in the presence of
all ligands tested except TRIS. Among the ligands
affecting the antimony electrode is orthophosphate,
so certain standard buffer solutions cannot be used to
calibrate this type of electrode. Orthophosphate had
no effect on the potential of the thermally oxidized
palladium electrodes, nor on the potential of the
AIROF-electrodes. However, oxalate, being a strong
reducing agent, will affect the potential of these
electrodes. For palladium, a potential shift of be-
tween +1 and +5 mV was observed for 0.02M
sodium oxalate (0.14M in sodium nitrate) relative to
the response for TRIS of the same concentration.
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Fig. 4. The dependence of potential on ph for 4, antimony/antimony oxide, b, palladium/palladium oxide
and ¢, AIROF electrodes, in 0.143M NaNO,/0.02M ligand medium.

Also, the response times of the palladium electrodes
were longer in the presence of oxalate than in its
absence. The potential of neither the monocrystalline
nor polycrystalline AIROF electrode was affected by
the same concentration of oxalate in the ph range
2.5-4.5, but shifts of about +10 mV were observed
for neutral solution.

The HCO; /CO, system does not affect the ph-
response of the antimony electrode but preliminary
results indicate that calibration plots of the palladium
electrode and the AIROF-electrode are shifted by
between +5 and +8 mV in the presence of this
system.

The effect of redox systems in the solution

Non-linear calibration plots were obtained for all
metal/metal oxide electrodes in the presence of a
redox buffer (Fig. 5). However, the effect of ferro-
cyanide on the antimony electrode is different from
that on the palladium and AIROF electrodes. The
potentials are shifted towards higher values and there
is a “bump” in the curve at around ph 5. The
potential vs. ph plots for the latter two electrode types
are the same as for a platinum wire in the solution,
indicating that the response is due to slight variations
in the redox potential and not to the change in ph.
Only at very low ferrocyanide/ferrocyanide concen-

trations did the potential of the palladium electrode
differ from the potential of the platinum wire.

The palladium electrode retained its ph-response
after being used in the ferricyanide/ferrocyanide
buffer, but lost it after being used in a
bromine/bromide redox buffer. Dissolution of the
oxide phase by formation of palladium bromide
complexes is the most probable explanation.

The effect of oxygen pressure on the electrode response

Various mixtures of oxygen and nitrogen [oxygen
content 2, 8 and approx. 20% (air)] were bubbled
through a 0.02Mf orthophosphate/0.14M sodium ni-
trate solution at ph 6.5. In this way, the oxygen
response of the thermally prepared palladium elec-
trode or the AIROF electrodes could be tested. The
results are summarized in Fig. 6. The potential
change 2 hr after switching from air to the mixture
of 8% oxygen in nitrogen was only 3 mV for the
palladium electrode and the monocrystalline AIROF
electrode. Consequently, oxygen is probably not
directly involved in reactions with the electrode
material, or if it is, the reactions proceed very slowly.
Thus in practice these electrodes are not sensitive to
oxygen.

The polycrystalline AIROF electrodes behaved
differently. Their oxygen response was both greater
and faster. Switching from air to 8% oxygen resulted
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Fig. 5. The redox sensitivity of the metal/metal oxide electrodes recorded for curves 1, 0.02M TRIS/0.14M

NaNO,; curves 2, the same solution, containing also (@) 0.009M Fe(CN);~ + 0.001 M Fe(CN)}- for the

Sb-electrode, (b) 0.01M Fe(CN)¢~ +0.01M Fe(CN);~ for the Pd-electrode, and (c¢) 0.001M

Fe(CN)¢~ + 0.001 M Fe(CN)?~ for the AIROF electrode. A platinum-wire eiectrode was used as a check
of the redox response (curves 3; for Pd, curves 2 and 3 coincided).

in a potential change of around 10 mV after 1 hr and  to structural differences. The oxidized electrodes dis-
switching from 2% oxygen to air again gave rise to  played obvious differences under an optical micro-
a sharp change in the potential. scope (Fig. 7). The monocrystalline electrode ap-

The difference between the monocrystalline and peared uniform, with no visible colour differences,
polycrystalline AIROF electrodes could be attributed  whereas the polycrystalline electrode showed a regu-
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Fig. 6. The change 1n the electrode potential of the various types of electrode, on changing the partial

pressure of oxygen above the test solution, as a function of time. The oxygen pressures used are indicated.

(a) The antimony electrode, (b) the palladium electrode, (c) the polycrystalline and (d) the monocrystalline
AIROF electrode.
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Fig. 7. Photomicrographs showing the surfaces of (¢) monocrystalline and (b) polycrystalline AIROF
electrodes after oxidation for 200 cycles between —0.25 and +1.25 V.,

lar pattern of two colours (blue and yellow). It is
tempting to attribute this pattern to the grain struc-
ture of the polycrystalline electrode. However, at-
tempts to use a scanning electron microscope to
analyse different parts of the electrode surfaces
showed no difference between the two types of elec-
trode.

Antimony electrodes have a definite oxygen re-
sponse.'* For the monocrystalline electrodes it is
comparatively fast, of the order of 15 sec, and
reproducible, as seen in Fig. 6. The antimony elec-
trodes were tested in distilled and demineralized
water in order io avoid the influence of complex-
forming ligands (such as orthophosphate). The gas
mixtures consisted of carbon dioxide at 5.4 - 0.1 kPa
partial pressure to keep the pH constant, various
partial pressures of oxygen, and nitrogen to make up
the balance.

The potential response was linearly related to the
logarithm of the oxygen partial pressure. For ten
electrodes of 6N (i.e., 99.9999%) purity, the slope of
the response graph was 15.5+ 0.7 mV per unit
change in log po, and the correlation coefficient was
typically 0.99. The purity of the antimony affected the
stability of the E°-value and also the slope of the
oxygen-response curve. Electrodes of only 4N purity
showed a potential drift of some mV per hr and a
response slope of 13.6 + 1.1 mV/log p,,. For poly-
crystalline electrodes, the oxygen response was more
sluggish and irreproducible, both between electrodes
and with time.

When the monocrystalline electrodes were in-
spected with a scanning electron microscope the 6N
purity electrodes were evenly corroded, whereas im-
purity inclusions, mainly of lead and copper, could be
found in the surface of the 4N purity electrodes. The
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inclusions were standing up like towers in the other-
wise generally corroded surface. The inclusions could
have acted as cathodic sites for the reduction of
oxygen in the corrosion reaction. The inferior sta-
bility of less pure electrodes can thus be understood,
as the inclusions will in due time be undermined by
selective corrosion and thereby the cathodic area will
be changed.

DISCUSSION

The results presented in the previous section make
it possible to compare the different types of pH-
sensing electrodes on the basis of the differences in
their properties.

Preparation. The monocrystalline antimony elec-
trodes are simple to make. Antimony monocrystals
are readily chipped into pieces and easily machined
and ground. Orienting the monocrystals with a
tightly packed crystal plane towards the solution
requires some skill. The palladium and iridium elec-
trodes are not as simple to make. The crystals are
hard and difficuit to machine. The observation about
orientation applies to monocrystalline iridium as well
as to antimony.

The ph-response. Monocrystalline antimony elec-
trodes have a good response over the ph range 2-10.
The response slope is typically 52 mV/ph. The ther-
mally oxidized palladium/palladium oxide electrodes
have a good response in the ph range 2.5-8.2 with a
slope which is typically 59.6 mV/ph. AIROF elec-
trodes can be used in the ph range 2.5-8.5. Mono-
crystalline AIROF electrodes give typical response
slopes in the range 69-74 mV/ph, whereas the slopes
for the polycrystalline electrodes are 62-68 mV/ph.

Reproducibility of the E°-values between electrodes.
Within a group of monocrystalline antimony elec-
trodes, the differences in E° values are very low. A
typical standard deviation for six electrodes was 0.3
mV. The differences between electrode samples are
substantially greater for the thermally oxidized
palladium/palladium electrodes than for the anti-
mony electrodes. However, the E°-value for a partic-
ular electrode is quite stable during its life-time. The
E"-values of the AIROF electrodes differ, too, be-
cause the slope is different for different samples.

The response time. Monocrystalline antimony elec-
trodes respond as fast as the glass electrode. The
palladium electrode has a fast response in acidic and
neutral solution, but slower in alkaline medium
(ph > 8.2). Monocrystalline AIROF electrodes have
response similar to or slightly slower than that of the
glass electrode in alkaline solution but substantially
slower response in the acidic range. Polycrystalline
AIROF electrodes respond more slowly than do the
monocrystalline ones.

The effect of complexing ligands. Antimony elec-
trodes are very sensitive to several ligands, some of
them components of standard buffers. None of the

common ligands except bicarbonate affects the
palladium/palladium oxide electrode. The same is
true for the AIROF electrode, but it is also slightly
affected by oxalate in neutral and alkaline media.

The effect of redox systems present in the solution.
All three types of electrode are affected by redox
systems to an extent that makes their practical use
difficult under such circumstances.

The effect of oxygen pressure. Palladium and
monocrystalline AIROF electrodes display the same
kind of slow response towards a change in the oxygen
pressure. The polycrystalline AIROF electrodes show
a faster and more definite oxygen response. The
fastest and also most stable and reproducible oxygen
response was, however, found for pure mono-
crystalline antimony electrodes. These can in fact be
used as oxygen electrodes if the pH of the measuring
solution can be kept constant. The oxygen response
was not significantly different from that for a four-
electron oxygen reduction process.

CONCLUSIONS

The type of metal/metal oxide pH-sensing elec-
trode to choose in a particular case depends on the
relative importance of the various properties of the
electrodes. Monocrystalline antimony electrodes are
the choice when fast response, good reproducibility
between electrodes and stability are important. Their
potential is, however, sensitive to several ligands that
may be present in the solutions tested, and particular
care is required in the choice of buffers for the
calibration.

Thermally oxidized palladium/palladium oxide
electrodes are insensitive to most common complex-
ing agents. The slope of the calibration curve varies
very little from one electrode to another, which
simplifies their calibration. The preparation requires
access to a furnace capable of maintaining a tem-
perature of 750°. Monocrystalline palladium does not
offer any advantage over the polycrystalline material.

Monocrystalline AIROF electrodes are also insen-
sitive to most complexing agents. They are simple to
make and to regenerate after polishing off the oxide
layer. Both the slopes and the E° values differ
between electrodes, which makes calibration difficult.
The response time is comparatively long, particularly
in acidic medium. The monocrystalline ATROF elec-
trodes are preferable to the polycrystalline ones.

The potential of all the electrode types discussed is
affected by variations in the oxygen partial pressure,
reproducibly for the monocrystalline antimony elec-
trode. Also, all types are affected by the presence of
redox buffers in the solution.
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KINETIC DETERMINATION OF TRACES OF
MANGANESE IN DIFFERENT MATERIALS BY ITS
CATALYTIC EFFECT ON THE METHYLENE
GREEN-PERIODATE REACTION
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Summary—The oxidation of Methylene Green by sodium periodate is a slow process. A kinetic method
based on the catalytic effect of manganese(II) on this reaction in the presence of {,10-phenanthroline as
activator is described. The reaction is followed spectrophotometrically by measuring the decrease in the
absorbance of the dye at 620 nm. Under the optimal experimental conditions [4 x 107°M Methylene
Green, 0.2M acetate buffer (pH 4), 2 x 1073M 1,10-phenanthroline, 2.5 x 10~3M sodium periodate, 35,
manganese(IT) between 0.2 and 30 ng/ml is determined by the tangent method. The accuracy of the method
and the influence of 44 foreign ions have been studied and an equation for the kinetics of the catalysed
reaction is proposed. The procedure has been applied to the determination of manganese in water, milk

and beer with excellent results.

The importance of being able to determine man-
ganese at the nanogram level is widely recognized.
Recently, several catalysed reactions for this purpose
have been described.'* Although catalytic reactions
offer good sensitivity, several attempts have been
made to decrease the detection limit for man-
ganese(Il) by using activator ligands. The activators
most widely used have been 1,10-phenanthroline, !>
2,2"-bipyridyl,” ethylenediamine® and nitrilotriacetic
acid.?* The oxidation of numerous organic com-
pounds by periodate is catalysed by Mn(II), but no
report concerning the catalytic oxidation of thiazine
dyes has been found.

In the present study, the manganese-catalysed
Methylene Green—periodate reaction in the presence
of 1,10-phenanthroline as activator is described. A
new and sensitive method for the determination of
manganese with a detection limit of 0.2 ng/ml is
reported. The procedure has been applied to the
analysis of beer, milk and tap water with excellent
results.

EXPERIMENTAL

Reagents

All chemucais used were of analytical reagent grade and
the solutions were prepared with doubly distilled water.
Methylene Green solution, 4 x 10~*M, Prepared from the
commercial product (Fluka, C.I. 52020) without further
purification, by dissolving 0.0365 g in 250 ml of water.
Manganese(11) standard solution, 0.01M. Prepared from
the sulphate (Merck) and standardized with EDTA. Work-
ing solutions were prepared by dilution just before use.
Other reagent stock solutions were | M acetate buffer (pH
4),0.010f 1,10-phenanthroline and 0.05M sodium periodate.

*To whom correspondence should be addressed.
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Apparatus

A Pye Unicam SP8-100 double-beam spectrophotometer
with l-cm cells and constant-temperature cell-holder was
used for recording spectra and absorbance-time curves.

General procedure

In a 10-ml standard flask place I m! of 4 x 10-*A
Methylene Green, 2 mi of 1Af acetate buffer (pH 4), 2 mli
of 0.01M 1,10-phenanthroline and an appropriate volume of
diluted manganese(Il) solution to keep the final concen-
tration of the cation between 0.2 and 30 ng/ml. Keep the
flask in a thermostat at 35.0 + 0.5° for 15 min, then add 0.5
ml of 0.05M sodium periodate and dilute to volume with
water. Turn on the recorder, mix the solution by vigorous
shaking, transfer it to the spectrophotometer cell (kept at
35.0 £+ 0.5°) and record the absorbance-time curve at 620
nm. Prepare a calibration graph by using the same pro-
cedure and obtaining tan a = A4 /As for the initial straight-
line portions of the absorbance vs. time plots.

Determination of manganese in samples

Milk. Add 10 ml of concentrated nitric acid to 10 ml of
milk in a 100-ml Erlenmeyer flask and heat to near dryness.
Repeat the addition of nitric acid. Cool, add 5 ml of 2M
sulphuric acid and heat until the nitric acid is evaporated
and white fumes begin to appear. To complete the destruc-
tion of the organic matter, add 2 ml of concentrated
hydrogen peroxide and heat. Cool, adjust to pH 4 with
sodium hydroxide, dilute to volume in a 50-mi standard
flask, and analyse a suitable aliquot.

Beer. Heat 10 ml of beer in a 100-m! Erlenmeyer flask to
near dryness. Then proceed as for milk, finally dilute to
volume in a 15-ml standard flask, and analyse a suitable
portion of this solution.

RESULTS AND DISCUSSION

Preliminary experiments showed that the oxidation
of Methylene Green (MG) by periodate is a slow
process which is catalysed by Mn(II), and that
1,10-phenanthroline has an activating effect on the
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Fig. 1. Catalytic effect of manganese(II) (activation by

1,10-phenanthroline) on the Methylene Green—periodate

reaction: 4 x 107°M MG, 0.2M acetate buffer (pH 4),

2.5 x 1073M NalO,, 35°. (1) Uncatalysed reaction. (2)

Catalysed reaction: 20 ng/ml Mn(II). (3) Activated reaction:
20 ng/ml Mn(II), 2 x 1073M 1,10-phenanthroline.

reaction. Figure 1 shows both the catalytic and
activating effects at pH 4. All spectra were recorded
5 min after the start of the reaction.

The reaction was followed spectrophotometrically
by measuring the decrease in the absorbance of the
Methylene Green at 620 nm. The slope of the absorb-
ance vs. time graph was used as a measure of the
reaction rate.

Effects of reaction variables

The variation of the reaction rate with pH was
studied over the range 2-11, with different
Britton—-Robinson buffer solutions. Figure 2 shows
the results obtained in the presence and absence of
manganese (20 ng/ml). The catalysed reaction rate

®
T

tan a x 10°
/
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P

. \.\._._+.
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Fig. 2. Variation of the reaction rate with pH: 4 x 10~°M

MG, 0.04M Britton-Robinson  buffer, 2 x 107*M

1,10-phenanthroline, 2.5 x 107*M NalO,, 25". (1) Un-
catalysed reaction, (2) 20 ng/ml Mn(II).
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tan ¢ x 10
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Fig. 3. Dependence of the reaction rate on the activator

concentration: 4 x 10~3M MG, 0.2M acetate buffer (pH 4),

2.5 x 1073M NalOQ,, 25°. (1) Uncatalysed reaction, (2) 20
ng/ml Mn(II).

does not depend on pH in the range 3.54.2. A pH
of 4 was chosen because it leads to the maximum
difference between the catalysed and uncatalysed
reaction rates. As pointed out elsewhere,'® activation
is due to the formation of catalytically active com-
plexes of manganese with phenanthroline. The theo-
retical formation curves for these complexes indicate
that at pH 4 the 1:1 complex predominates.

The influence of several buffer solutions at pH 4
was tested. The best results were obtained with
0.05-0.4M acetate buffer. A 0.2M acetate buffer
concentration was chosen.

As can be seen in Fig. 3, the reaction rate increases
linearly with 1,10-phenanthroline concentration up to
10-3M for both the catalysed and uncatalysed reac-
tions. Increasing the activator concentration above
10-3M does not affect the rate of the catalysed

tan a x 107
Y
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£ ]
y
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1 ./O
o
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o L ! 1 T
1 2 3 a
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Fig. 4. Dependence of the reaction rate on the MG concen-

tration: 0.2M acetate buffer (pH 4), 2x 107'M

1,10-phenanthroline, 2.5 x 107°M NalO,, 25" (1) Un-
catalysed reaction, (2) 20 ng/ml Mn(II).
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Fig. 5. Variation of the reaction rate with periodate concen-

tration: 4 x 107°M MG, 0.2M acetate buffer (pH 4),

2 x 10-*M 1,10-phenanthroline, 25°. (1) Uncatalysed reac-
tion, (2) 20 ng/ml Mn(II).

reaction. The maximum difference between the
two rates is obtained with 2 x 10~*M 1,10-phenan-
throline, so this was the concentration chosen as
optimal. The theoretical curves for formation of the
Mn(II)}-phenanthroline complexes show that the
catalyst is completely complexed with a 2 x 107*M
ligand concentration at pH 4, which strongly suggests
that the activator complex is the catalytic agent.

The variation of the reaction rate with MG con-
centration is shown in Fig. 4. Both the catalysed
and wuncatalysed reactions increase their rate
with dye concentration in the range studied
(8 x 10754 x 107°M). A 4x10"*M MG concen-
tration, which provides an adequate absorbance at
620 nm, was chosen.

Figure 5 shows the effect of sodium periodate
concentration in the range 2 x 107*-2 x 1072M. The
rate of the catalysed reaction increases with periodate
concentration up to 2.5 x 107°M and then becomes
constant. A 2.5 x 107 concentration was chosen
because it gave maximum rate of the catalysed reac-
tion and a low value for the blank reaction.

The dependence of the reaction rate on tem-
perature was studied between 20 and 40° for the
uncatalysed reaction and in the presence of Mn(Il)
(10 ng/ml). In the absence of catalyst, the reaction
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Table 1. Dependence of the reaction rate on temperature

K* x 10, min~!

Temperature,
°C Uncatalysed reaction Catalysed reaction
19.7 0.352 0.97,
234 0.375 1.27,
26.9 0413 1.75,
319 0.451 2.39,
35.0 0.458 2.71,
38.6 0.531 3.1,

Conditions: 4 x 107°M Methylene Green, 0.2M acetate
buffer (pH 4), 2 x 10-*M 1,10-phenanthroline, 2.5 x
1073M NalO,, 10 ng/m! MndD). K* = [log(4,/4,))/
(tz - b )

rate increases slightly with temperature. The tem-
perature effect is more pronounced for the catalysed
reaction. Table 1 shows the overall pseudo first-order
constants, K*, calculated as slopes of first-order plots
at different temperatures. A temperature of 35° was
selected for further studies. The calculated activation
energy is 12.9+0.2 kcal/mole for the catalysed
reaction.

Rate equation

The kinetic data obtained for the reaction variables
are summarized in Table 2.

The following kinetic equation is proposed for the
manganese(IT)-catalysed Methylene Green—periodate
reaction in the presence of 1,10-phenanthroline as
activator:;

d[MG]
dt
This equation is useful for the proposed experimental

conditions; K is the rate constant for the catalysed
reaction.

= K[MG][Mn?*]

Calibration graph and effect of foreign ions

The absorbance-time curves at different man-
ganese concentrations are shown in Fig. 6. Such
curves were treated by different kinetic methods and
the highest reproducibility was found for use of the
tangent method. Under the optimal experimental
conditions (see Fig. 6) a linear calibration graph was
obtained for manganese between 0.2 and 30 ng/ml.

Table 2. Kinetic data for the Mn(Il)-catalysed Methylene Green—periodate reaction

Uncatalysed reaction

Catalysed reaction

Concentration Kinetic Concentration Kinetic
Variable range, M order range, M order
H* 10-'1-10-4 +1 10-"-10-* +3/2

10743 x 10-* -3/2 10743 x 10~ 0

3 x 107%-10-2 —1/4 3 x 10-%-10-* —1/3
1,10-Phenanthroline 2 x 107410~ 0 2 x 107107 +1/2

10--5x 10~} -~ 172 105 x 10~} 0
Methylene Green 8x 107%4 x 10-* +1 8 x 104 x 10-* +1
Periodate 5x {075 x {07? +1 2.5x10741.5x 107" +1/4

5x1073%-2x 1072

0 [.5x 1072 x 1972 0
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Fig. 6. Absorbance-time curves: 4 x 107°M MG, 0.2M

acetate buffer (pH 4), 2 x 10-*M 1,10-phenanthroline,

2.5 x 10~*M NalQ,, 35°. [Mn(IL)], ng/ml: (1) 0.0, (2) 2.5, (3)
5.1, (4) 10.2, (5) 15.2, (6) 25.4.

The standard deviation of the method for 10-ng/ml
manganese (10 determinations) was +0.5 ng/ml, with
a mean relative error of +3.8%.

Interference by foreign ions in the system was
studied with 1.5 x 10~’M manganese solution con-
taining the foreign ion. The results are summarized in

M. HERNANDEZ CORDOBA et al.

Table 4. Determination of manganese in milk
and beer

Manganese, ng/ml

Sample Kinetic method* AAS
Milk 1 290 278
2 237 222
3 155 166
4 340 306
Beer | 210 225
2 191 180

*In the presence of 0.02M H,P,0%- to avoid
the interference of Fe(IIl).

Table 3. The proposed method is quite selective. No
ion interferes when present at less than 10-fold molar
ratio to Mn(IT). The strongest interference is caused
by Fe(III), which also catalyses the MG—periodate—
phenanthroline reaction. However, the tolerance for
Fe(IIT) can be improved by using dihydrogen pyro-
phosphate as masking agent. In 0.02M H,P,0%-
medium, a 20-fold molar ratio of Fe(IT) to Mn(II) is
tolerated, but it is necessary to make a new cali-
bration graph for Mn(II) in the presence of the
masking agent. Fe(III) is only tolerated in molar ratio

Table 3. Interference of foreign ions in the determination of 1.5 x 10~'M

manganese(1I)
Limiting
molar ratio,
[Ton)/[Mn(II)] Foreign ion
2000* Clo;, NOy, SO3-, HPOZ-, H,P,0%~, COi-,
Cl-, F~, 105, ClO;, BrO;, VOj, citrate,
tartrate, As(V), Ce(IV), Cd(II), Ca(ll),
Sr(II), Ba(II), Mg(II), In(III), AI(IIT), Ti(T)
1000 As(1II)t, Cr(III), Th(IV), Zn(II)
500 Br-t, MoO?~ t, WO?~ t, oxalatet, Cu(Il), Ni(II)
200 Cr, 0%~ t, Pb(II), Co(II), Bi(I1I)
100 Ce(I1I), Hg(Il)
50 SCN-
20 EDTA, Fe(III)§
10

*Maximum ratio tested.

tIons which increase the reaction rate.

§In the presence of 0.02M H,P,0%~.

Table 5. Determination of manganese in water, and recovery determined by the
standard addition method

Total
Mn, Mn Mn added, Mn found, Recovery,
Sample ng/ml taken, ng/ml  ng/ml ng/ml Y%
Water 1 6.7 2.0 - 2.1 —
2.0 42 105
4.0 5.8 93
6.0 8.0 98
Water 2 5.7 1.7 — 1.7 —
2.0 3.5 90
4.0 5.9 105
6.0 7.8 102
Water 3 33 1.0 — 1.0 —
2.0 3.1 105
4.0 49 98
6.0 6.8 97




Kinetic determination

[Fe(III)/[Mn(I)] = 0.2 in the absence of H,P,0%".
Most of the ions tested decrease the reaction rate. The
ions which increase the reaction rate are indicated in
Table 3.

Applications

The proposed method has been applied to the
determination of manganese in milk and beer. The
results obtained for 3 determinations of each sample
are given in Table 4 and shown to be in good
agreement with those obtained by AAS.

The method has also been applied to the deter-
mination of manganese in tap water and the results
obtained by the standard addition method are sum-
marized in Table 5.
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SOLVENT EXTRACTION OF N-CYCLOHEXYL-N-
NITROSOHYDROXYLAMINE (cnha) INTO SOME ORGANIC
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Summary—The distribution equilibria of N-cyclohexyl-N-nitrosohydroxylamine (cnha) in the
water—chloroform, water-hexane, water-methyl isobutyl ketone (MIBK) and water—isopentyl alcohol
systems, and of the Cu(II}-cnha complex in the water-MIBK system have been studied. From the
distribution data the dissociation and distribution constants of the reagent have been calculated; their
values are pK,=35.55+0.10; log Kpg =2.46+0.05 (chloroform), 1.76 +0.11 (MIBK), 1.06 + 0.07
(hexane) and 1.48 + 0.06 (isopentyl alcohol). In the same way the values of the distribution and stability
constants of the Cu(Il) complex have been obtained; log Kpc = 3.51; log #,=7.2340.10 and log
f,=12.00 + 0.08. For the determination of cnha in the aqueous phase saturated with MIBK, a
spectrophotometric method based on the coloured complex formed by the reagent with Fe(I1I) has been
established. Finally, an analytical method for Cu(Il) by atomic-absorption spectrometry after its
extraction with cnha into MIBK, is proposed. Its detection limit is 4.6 ug/l., its precision +2.1% and
its accuracy 97.5%. This method has been applied to the determination of the copper content in the surface

water of the Congost River of Catalonia (Spain).

N-Aryl-N-nitroschydroxylamines, especially cup-
ferron and neocupferron, have been widely applied to
the separation.and preconcentration of inorganic
ions.! These reagents are very good ‘extractants but
are not very stable’ so only a few authors®®* have
studied the equilibria involved in the extraction.

Buscarons and Canela®® reported that N-
cycloalkyl-N-nitrosohydroxylamines behave simi-
larly to cupferron as analytical reagents but they have
the advantage of greater stability. They also studied'!
the extraction of several metals with N-cyclohexyl-N-
nitrosohydroxylamine (cnha) and chloroform, and
calculated the extraction constants for Cu(Il), Pb(II)
and AI(III) in the water—chloroform system. Later,
Petrukhin and Kolycheva!? gave values for the distri-
bution constants of cnha in several water—organic
solvent systems and reported qualitative data on the
extraction behaviour of some metal ions with the
same reagent in chloroform, using a paper chro-
matography method. They paid special attention to
the extraction of Cu(lIl), determining the stoichi-
ometry of the extracted species and the equilibrium
constants involved in the extraction.

The first part of the present paper deals with the
distribution of cnha in some organic solvent-aqueous
buffer systems. Because of the high absorbance of
methyl isobutyl ketone (MIBK) in the ultraviolet
region, where cnha has its maximum absorption, a
new spectrophotometric method based on the col-
oured complex formed by the reagent and Fe(III) has
been established to determine the cnha concentration
in aqueous phases saturated with MIBK.

In the second part, the extraction of Cu(Il) with
cnha into MIBK, which is the best solvent medium
for use in atomic-absorption analysis, is reported; the
distribution constant and the stability constants (in
water) of the Cu(Il)}-cnha complexes are given. A
method for the determination of Cu(ll) by atomic-
absorption spectrometry has been based on these
results and applied to the analysis of a river water.
The copper values found have been compared with
those found by a standard method ' and by cupferron
as the extractant, the experimental conditions for
which in the water-MIBK system have also been
established.

EXPERIMENTAL
Apparatus

A Beckman Acta MVII spectrophotometer, with 1-cm
quartz cells, and a double-beam Perkin-Elmer 4000 atomic-
absorption spectrophotometer, with a copper hollow-
cathode lamp and an air-acetylene flame, were used. A
Radiometer PHM64 pH-meter, equipped with a
glass—calomel electrode pair, standardized with buffer solu-
tions at pH 4.008 and 6.865 (25°) prepared from Merck salts
according to DIN 19266, was also used.

Reagents

The sodium salt of N-cyclohexyl-N-nitrosohydroxyl-
amine was obtained from the potassium salt (BASF) by
acidification, extraction of cnha with diethyl ether, and
back-extraction with aqueous sodium hydroxide solution.
Addition of dioxan to the aqueous solution precipitated the
white sodium salt of cnha, which was used as the reagent
because perchloric acid and sodium perchlorate were to be
used for acidification and ionic strength adjustment.

The copper salt of cnha was obtained by precipitation at
pH 7 from ageuous solutions of the sodium salt of cnha and
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copper nitrate. The copper content was determined by
atomic-absorption spectrometry after dissolution of the
solid in nitric acid.

A stock solution of copper (1 g/l.) was prepared by
dissolving the pure metal in perchloric acid, and standard-
1zed gravimetrically.'*

Chloroform, hexane, MIBK and isopentyl alcohol
were purified by distillation. All other chemicals were of
analytical grade and used without further purnfication.

Procedures

Distribution measurements of cnha. Ten ml of an aqueous
buffer solution containing the sodium salt of cnha
(9 x 107°-1072M), with an ionic strength of 0.1 and satur-
ated with the organic solvent, and 10 ml of organic solvent
saturated with water, were shaken together at 25.0 £ 0.1° in
30-ml glass-stoppered vials, long enough for equilibrium to
be attained. After phase separation the cnha concentration
n the aqueous phase was determined by one of the follow-
ing methods.

Method A ( for chloroform, hexane and isopentyl alcohol).
An aliquot of the aqueous phase was adjusted to pH 10 with
sodium hydroxide solution and diluted to 25 ml. The
absorbance was measured at 246 nm against a blank and
compared with that of a standard.

Method B (for MIBK). Into a 25-ml standard flask, an
appropriate volume of the aqueous phase to give a final
cnha concentration between 10-2 and 10~*M, enough 1M
perchloric acid to make the final solution 0.1M in acid, 5 ml
of butyl glycol and 2.5 ml of a 1-g/l. solution of Fe(III) were
introduced and diluted to the mark with water saturated
with MIBK. An analogous solution without cnha was
prepared as a blank. The absorbance was measured at 418
nm after 15 min.

Dustribution of Cu(II) complex. Ten ml of aqueous phase
saturated with the organic solvent and containing appropri-
ate concentrations of copper and the sodium salt of cnha,
were shaken with either 1 or 10 ml of MIBK saturated with
water for 10 min in a thermostatic bath at 25.0 + 0.1°. The
pH of the aqueous phase was adjusted with perchloric acid,
and sodium perchlorate was added to give a constant ionic
strength of 0.1. A phase-volume ratio, ¥, /V,, of 1 was used
in the experiments at pH 1-2, and of 10 for the pH range
from 2 to 9. After phase separation, the equilibrium concen-
trations of copper in the crganic and aqueous phases were
determined by atomic-absorption spectrometry at 324.8 nm.
It had been checked previously that the pH of the aqueous
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phase had no influence on the absorption readings. Solu-
tions of the copper salt of cnha in MIBK were used to
obtain a calibration graph for the metal determination in the
organic phase.

Determination of copper in water. A 100-ml sample of
water, 2 ml of 1M acetic acid—sodium acetate buffer (pH 5)
1 ml of 0.1M aqueous cnha or cupferron solution and 10 ml
of MIBK saturated with water were transferred into a
separatory funnel. After 1 min of shaking, the aqueous
phase was discarded and the organic phase was aspirated
into the flame of the atomic-absorption spectrophotometer.
Reference solutions prepared by extracting aqueous phases
containing between 10 and 500 ug/l. Cu(Il) were used for
the calibration. Measurements were made at 324.8 nm.

RESULTS AND DISCUSSION

Spectrophotometric determination of cnha with Fe (IIT)

Iron(III) forms a yellow complex with cnha which
is soluble in water in presence of 20% v/v butyl
glycol. Its absorption spectrum shows a maximum
between 414 and 420 nm. The acidity of the solution
influences the colour intensity, 0.1M acid being opti-
mum. In order to avoid high blank absorbances, a
final Fe(III) concentration of 100 mg/l. is used. In
these conditions the absorbance remains stable for
more than 1 hr and Beer’s law is obeyed for cnha up
to 150 mg/l. (log ¢ =2.84). The precision of the
method is +£0.3%.

Several ions, particularly phosphate and acetate,
interfere in the proposed method, so no buffer solu-
tions containing these substances were used in the
distribution equilibria studies of cnha in the
MIBK-water system.

Distribution of cnha in water—organic solvent systems

Effect of shaking time. The absorbance of the
aqueous phase after equilibration with the organic
solvent does not depend on the shaking time, so
equilibrium is attained almost immediately when the
phases are shaken.

i Il ! 1 l 1

1.0 2.0 30 4.0 50

60 70 8.0 9.0 100 1.0
pH

Fig. 1. Distribution of cnha between aqueous solutions and organic solvents: A chloroform; A MIBK;
[ isopentyl alcohol; l n-hexane.



Solvent extraction of N-cyclohexyl-N-nitrosohydroxylamine

Table 1. Distribution and dissociation constants of cnha

log Kpy pK,
Graphical Numerical Graphical Numerical
Solvent £ calen. calen. Other values calen. calen.
Chloroform 4.9 2.50 2.46 +0.05 1.98 + 0.03* 5.70 5.67 +0.06
2.18%
2.14§
MIBK 13.1 1.76 1.76 + 0.11 1.92% 5.62 5.44 4+ 0.16
n-Hexane 1.9 1.02 1.06 +0.07 09+0.1* 5.62 5.55+0.10
Isopentyl alcohol 14.8 1.59 .48 4 0.06 ‘ 5.60 5.73 £ 0.08

& = Dielectric constant.
*Petrakhin and Kolycheva."?
+Value for cupferron.'
§Value for cupferron.’

Influence of the reagent concentration. The distribu-
tion ratios of cnha in the chloroform, hexane and
MIBK systems with water are not affected by vari-
ation in reagent concentration in the range
10~*-102M, so molecular association in the organic
phase seems negligible.

The pH-dependence of the distribution equilibria.
Assuming that there is no reagent polymerization in
the organic phase, then for a monobasic acid such as
cnha the distribution ratio is related to the pH of the
aqueous phase according to D = Kpg/(1 + K,/[H*]),
where Kpy is the distribution constant and X, is the
dissociation constant of the reagent. Figure 1 shows
the plots of log D vs. pH for the n-hexane, chloro-
form, MIBK and isopenty! alcohol systems. When
[H*]>» K,, the distribution ratio is independent of the
pH and D = Kpy; in this region the molecular species
is dominant in both phases. When [H*]« K, the slope
of the linear segment is — 1, and corresponds to the
region where the anionic species is dominant in the
aqueous phase.

Distribution and ionization constants of cnha. Table
1 gives the log Kpy values determined in this work,
together with those found in the liteiature for the
same reagent'? and for cupferron.>'® The results were
obtained by means of Sillén’s graphic method'¢ and
the LETAGROP-DISTRIBUTION program.'” Qur
value for the n-hexane system agrees with the one
found by Petrukhin and Kolycheya'? but the values
for the chloroform system differ. According to these
authors this difference may be attributed to different
mixtures of cnha tautomers co-existing in the solu-
tions, which may affect the distribution ratio.'®

Kpg for cnha in the chloroform system is higher
than the values for the other solvent systems, and also
than the reported Kpg values™!® for cupferron. In the
MIBK system the Kp, value of cupferron is higher
than that of cnha. This behaviour can be attributed
to specific solvent—solute interactions. If we consider
that cnha has a more basic nitrogen atom and a less
acidic proton than cupferron, and that the solvent
donicities and solvent-acceptor numbers'® of chloro-
form and acetone (which should give specific inter-
actions similar to those of MIBK) are 17.0 and <1,
and 12.5 and 23.1 respectively, we can conclude that

the interactions of cnha with chloroform are stronger
than those of cupferron. The reverse is valid for
MIBK, which agrees with the experimental values
found in this work for the distribution constants.

The ionization constant of cnha is also obtained by
the methods applied for the determination of Kpg.
The values are given in Table 1 and agree with the
values found by Buscarons and Canela!' except for
the isopentyl alcohol system, a fact which can be
attributed to the high solubility of this solvent in
water.

Distribution of the copper complex in the water—MIBK
system

In the ranges of pH and metal concentration
studied in this work, the presence of hydroxo-
complexes of Cu(Il) can be neglected.’® Assuming
that only mononuclear species are formed, the distri-
bution ratio will be given by

2 XML, (HL),],

= [M]O,tot = nom
My 00 Z [ML,].

M

where M represents the metal, HL the extracting
agent and the subscripts o and w denote the organic
and aqueous phases respectively. If only one species
is extracted and the metal is present in the aqueous
phase predominantly as the cation M"*, equation (1)
can be written as

b — ML HL,L _ Ky Ko, KIHLE
M, belH T,

Ka[HL * (2)
(H'T,

where B, is the formation constant of ML, in the
aqueous phase, Kpc its distribution constant, K, the
adduct formation constant in the organic phase, K,
and Kpy the dissociation and distribution constants
of the reagent, respectively, and K,, the extraction
constant of ML, (HL),. Taking logarithms in
equation (2) gives

log D =log K., + (m + n) log[HL], + n pH (3)
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Fig. 2. Influence of pH on the distribution ratio. Initial {cnha] in the aqueous phase: 1.0 x 10-2AM between
pH | and 2 (where V,/V,=1) and 1.0 x 1073M at pH>2 (where V,/V,=10). Initial [copper]:
1.28 x 107%M.

If log D is plotted vs. pH at constant [HL],, or vs.
fog[HL), at constant pH, straight lines with slopes »
and (m + n), respectively, are obtained. When the pH
is increased, the complexes with the extracting agent
become the predominant species in the aqueous
phase, and the distribution ratio is given by

K, [HL "
[H*]:(x +Zﬁ,.IL”]")

When species other than ML, can be neglected in
the aqueous phase, a plot of log D vs. pH will give
a straight line with a slope of zero, in this case

D= )

log D =log Kpc (5)

Influence of shaking time. The log D values obtained
at pH 1.10, with the shaking time varied between 1
and 20 min, show that distribution equilibrium is
attained after 1 min of shaking. In subsequent experi-
ments an extraction time of 10 min was adopted.

Composition of extractable complexes. To determine
the composition of the extractable complexes, experi-
ments were done in which the pH of the aqueous
phase and the initial concentrations of Cu(II) and
cnha were successively varied. Varying the copper
concentration had no effect on the distribution ratio,
suggesting that only mononuclear species were ex-
tracted in the range of metal concentrations studied
(2.46 x 107%-6.15 x 1075M).

In Fig. 2 log D is plotted vs. pH. The curve shows
three segments, which differ in slope. At pH 1-2 a
straight line with slope of 1.92 points to the validity
of equation (3) and indicates that n = 2. Between pH
2 and 4 the distribution curve tends towards a slope
of 1. Finally, at pH > 5, the distribution ratio be-
comes independent of the pH.

To determine the value of m in equation (3), a

series of extractions with cnha concentrations be-
tween 1073 and 3 x 10~2M, at a pH value near to 1,
was performed. Despite the fact that the initial pH
was the same for all the samples, small differences
were found in the equilibrium pH values. For this
reason log D — 2 pH is plotted vs. log[HL}, in Fig. 3.
From the values of pH, initial concentration
({HL), ) of cnha and equilibrium copper concen-
tration in the organic phase, the [HL}, ., values were
calculated by means of the equation

[HL]o,xn -2 [Cu]u‘eq
1+ (1+ K, /[HT])/Kpr

[HL = )

-2.00
—-2.20
—2.40
—2.60
—2.80
—-3.00
-3.20
—3.40
—~3.60
—3.80
—4.00
— 4,20
—0.40

Log D—2pH
T T

¥

7

a

T

| i L [ |
-~30 —-26 —2.2 -18 -14

tog THLI

Fig. 3. Distribution of Cu(ll) as a function of the equi-
librium fcnha) in the organic phase. Initial pH = 1,10, Initial
[copper]: 1.28 x 10—*M.

O, eq
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Table 2. Survey of the equilibrium constants for the extraction of Cu(Il)
with cnha into MIBK

145

Method log K, log Kp¢ log #, log 8,

Graphical 1.05 3.50 7.13 11.90
7.7+£0.6% 149+0.3*

LETAGROP 1.11 +0.06 3.51 7.23+£0.10 12.00 £0.08

*Petrukhin and Kolycheva.'?

A phase-volume ratio of 1 was used in this series of
experiments. The values of Kyz and K, are given in
Table 1. The points in Fig. 3 fall on a straight line
with slope 1.92, indicating m + n = 2 and accordingly
m = 0. Hence no adducts with the extracting agent
are formed and the stoichiometry of the extracted
complex is CuL,.

Influence of the ionic strength. The values of log D
obtained at constant pH and cnha concentration
were independent of the ionic strength of the aqueous
phase, varied between 0.05 and 1.0M by addition of
sodium perchlorate, also showing that the
perchlorate does not take part in the distribution
equilibrium,.

Calculation of the equilibrium constants. From the
distribution data the extraction (K,,) and the distri-
bution (Kpc) constants, as well as the stability con-
stants of the species CulL, and CuL* in the aqueous
phase, were obtained by graphical and numerical
methods. According to equation (3) the K, value can
be calculated from the intercept of the straight line
obtained by plotting log D vs. pH when the predom-
inant species in the aqueous phase is Cu?*. From the
segment of slope 2 in Fig. 2 a value of 1.05 for log
K., is obtained.

The Sillén curve-fitting method!® was used to ob-
tain the values of Kp¢, 8, and B, shown in Table 2.
In Fig. 4, log D vs. log[L "] is plotted, superimposed
on the normalized curves of log D* vs. logu, as
different values of the parameter p, in the conditions
of best fit. The normalized variables and p are defined
by D*=D/Kpc; u=BYILL p =B/

The values of the constants obtained graphically
were refined by means of the program LETAGROP-
DISTRIBUTION;" the final values and their stan-
dard deviations are given in Table 2. There is good
agreement between the constants obtained by the
two methods. Figure 5 shows the difference log
Dcalc - IOg Dexp'

The value of the distribution constant of the spe-
cies CuL, in the system studied is higher than that
obtained when chloroform is used as organic sol-
vent.!? As can be seen in Table 2, the value of §,
calculated in this work agrees with that obtained by
Petrukhin and Kolycheva'? but the values of 8, differ.
However, the number of experimental points treated
in this paper to obtain the §, value is much greater
than that used in the Russian work, and mainly at
ligand concentrations in which CuL, predominates in
the aqueous phase.

log D log 0*
-0
P values
300 o]
1
-1
10
200+ 15
20
2 20
1.004 100
--3
000+
-4
-1 00
-5
-2 00
]
-4 -3 -2 -1 1 2 3 4  logu
I | | ] |

LU
-80

T T
-70 -60

T T T T -
-50 -40 -30 -zo0 log[L"

Fig. 4. The experimental curve of log D vs. log [L~] superimposed on the normalized curves log D* vs.
log u, at different values of the parameter p, in the conditions of best fit. D* = 1/(1 + p/u + 1/u?).
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Fig. 5. The differences between the measured values of the distribution ratio of Cu(11) and those calculated
by the program LETAGROP, as a function of pH.

Determination of copper by atomic-absorption spec-
trometry

The high values of the recovery factor (>99.9%)
in the copper extraction with cnha in MIBK at
pH > 4, suggested use of the system for deter-
mination of this element in natural waters.

Because of the lack of stability of cupferron in acid
medium, especially in presence of MIBK, which
accelerates decomposition of the reagent, it was not
possible to make a complete study of the distribution
equilibria of the copper—upferron complex. How-
ever, to compare the extractions with cnha and
cupferron, the recovery factor with the latter was
determined at several pH values between 2.7 and 6.7;
it ranged between 99.3 and 103.7% and showed that
extraction is quantitative under these conditions,
even though partial decomposition of the reagent
takes place.

The accuracy, precision and detection limit for the
determnination of copper in water by atomic-
absorption spectrometry after extraction with cnha
or cupferron into MIBK were compared with the
values for a standard method with ammonium pyr-
rolidinedithiocarbamate (apdc) as extracting agent."
The accuracy was evaluated by known-addition re-
covery experiments with 5, 10 and 15 ug of copper

added to 100 ml of water containing 5 ug of the
metal. The precision (relative standard deviation) was
determined by extracting ten identical samples with a
copper content of 244 pg/l. and making three absorb-
ance readings for each sample. The detection limit
was calculated according to IUPAC? as three times
the standard deviation of the blank (determined from
triplicate measurement of each of ten blanks). The
results are summarized in Table 3. It can be con-
cluded that the determination of Cu(Il) in natural
waters by atomic-absorption spectrometry after ex-
traction with ¢nha or cupferron in MIBK is a good
method, with accuracy and precision better than
those of the APHA standard method and detection
limits of the same order of magnitude as for that
method.

Determination of copper in the Congost River surface
water

The Congost River is a long tributary of the Besos
River. Both cross a highly industrialized area in the
east of Catalonia (Spain), and their waters are very
polluted. The samples were taken at five points along
the river, every month from July to December of
1982, as described in a previous paper.? Figure 6
shows the copper content of the river water, ex-
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Fig. 6. Copper content in the Congost River, determined by atomic-absorption spectrometry after
extraction with cnha (@) or apdc ([J) into MIBK.
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Table 3. Characteristics of the methods for determination of
copper with cnha, cupferron or apdc

cnha  cupferron  apdc

Detection limit, ug/i. 4.6 29 0.8
Precision,* % 2.1 1.7 3.2
Accuracy,t 97.5 98.2 86.3

*Expressed as the relative standard deviation.
tExpressed as the recovery determined by the known-
addition method.

pressed in ug/l., obtained with cnha and apdc as
extracting agents. It can be concluded that there are
no significant differences between the results obtained
with the two reagents. All the values in Fig. 6 are
below the maximum level permitted by the Spanish
standards for the quality of river waters.
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SELECTIVE SEPARATION OF METAL IONS BY USE
OF CHELATE-FORMING RESINS PREPARED BY
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Summary—Anion-exchangers loaded with SPADNS or Orange II or SPADNS + Nitroso-R salt are used
for selective separation of bismuth and cadmium, which are then determined by AAS.

Extensive investigations have been made'!® of

chelate-forming resins prepared by modification of
the common anion-exchange resins with sulphonated
aromatic compounds which display high affinity for
anion-exchangers. When immobilized on an ex-
change resin these reagents transform it into a selec-
tive exchanger which prefers some metal ions much
more than others, according to the complexing ability
of the immobilized agent. Ferron, Nitroso-R salt,
Alizarin S, chromotropic acid, Bromopyrogallo! Red,
Tiron and Xylenol Orange have been used in this way
in our laboratory. The usefulness of this technique
has been confirmed by others.'"!°

This paper describes the properties of the chelating
resin obtained by modification of the macroporous
anion-exchanger Amberlyst A-26 with SPADNS
[2-(p-sulphonylazo)-1,8-dihydroxy-3,6-naphthalene-
disulphonic acid] and of the anion-exchanger Varion
AT-400 with Orange II [p-(2-hydroxy-l-naph-
thylazo)benzenesulphonic acid]. Both reagents con-
tain oxygen and nitrogen atoms as electron-donors.
The complexation ability of SPADNS and Orange 11
depends strongly on pH. In acid medium they react
with only a limited number of metal ions. As a result,
the SPADNS resin reacts with very few metal ions in
acid medium, for instance Bi(III), as we show in this
paper.

We also describe the usefulness of the resin
obtained by the modification with two complexing
reagents, SPADNS and Nitroso-R salt for the sepa-
ration of metal ions. Such a procedure enables reten-
tion of a great number of metal ions on the resin bed
and if a “reverse separation method” is used (only
one metal ion passing into the effluent, the others
being retained) selective separation of some metal
ions is possible. We have shown that selective

*This paper was presented at Euroanalysis V, Cracow,
26-31 August 1984.
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separation of Cd(II) from other metal ions is thus
possible.

EXPERIMENTAL

Reagents

SPADNS, Orange II and Nitroso R-salt (NRS) were
recrystallized from ethanol.

The solutions of metal ions were prepared by dissolving
appropriate weights of the analytical grade sulphates or
nitrates, and standardized by EDTA titration or atomic-
absorption spectrometry (AAS).

Amberlyst A-26 (Rohm and Haas) macroporous strongly
basic anion-exchanger in chloride form (0.45-0.55 and
0.1-0.2 mm particle size, 3.46 meq/g capacity) and the
strongly basic anion-exchanger Varion AT-400 (Nitro-
Kemia, Hungary) in chloride form (0.4-0.5 mm particle size,
3.45 meq/g capacity) were used for preparation of the
chelating resins.

Preparation of chelating resin

A mixture of chelating agent and anion-exchanger was
shaken at room temperature until the supernatant liquid
became colourless. The resin was then filtered off, washed
with water and methanol, air-dried and stored in the
refrigerator.

Determination of exchange capacity for complexing agents

In the batch method a 200-mg portion of anion-exchanger
was stirred with 20 ml of a 0.02M solution of the chelating
HO

s ~{O)—r=v—0)
Orange Il @

HO OH
N=N
HO4S 7 : HOsS : : SO3H
SPADNS
Scheme I.
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Fig. 1. Adsorption of SPADNS on the anion-exchange
resin.

agent, and the concentration of the latter in the liquid phase
was measured at regular intervals by spectrophotometry
(Fig. 1). In the dynamic method 1000 m! of 0.002M solution
of the chelating agent was passed through a bed of 1.0 g of
ion-exchanger, and 100-mi fractions of the effluent were
analysed by spectrophotometry (Table 1).

Stability of the modified resin in mineral acid and sodium
chioride media

The resin (500 mg) loaded with the complexing agent (0.2
mmole per g of resin) was packed in a column (8 mm bore
tube fitted with a stopcock), and 100 m! of mineral acid or
sodium chloride solution of known concentration were
passed through it at a flow-rate of 1.0 + 0.1 ml/min. The
amount of complexing agent appearing in the effluent was
determined spectrophotometrically (Table 2).

Determination of exchange capacity of SPADNS resin for
bismuth (11I)

Portions of SPADNS-Amberlyst resin (200 mg) loaded
with 0.10, 0.20 and 0.40 mmole of SPADNS per g of resin
were shaken for about 12 hr with Bi(ITT) in 3:1 molar ratio
to SPADNS, at pH =1.5. The amount of Bi(IIl) left in
solution was determined 12 hr later.

Determination of retention of metal ions on modified resins

A portion of loaded resin corresponding to 200 mg of the
original chloride-form resin was shaken for 12 hr with 20 mi
of the metal ion solution, the concentration of which
corresponded to a 1:10 molar ratio of metal ion to ligand
immobilized 1n the resin phase. The concentration of metal
ion left in solution was determined 12 hr later by AAS. This
period was found to be adequate for reaching equilibrium.

Table 1. Total amount of chelating agent loaded on anion-
exchanger (chloride form)

Total amount loaded, mmole/g

Chelating
agent Batch method Elution methed
Orange 11* 0.8 +0.1 0.6 +0.1
SPADNS* 1.0 £ 0.1§ —
1.7+£0.1% 1.8+0.1%
NRS 1.8+0.1§ —
*The total capacity of Varion AT-400 (0.4-0.5 mm) is 3.45
meq/g.

+The total capacity of Amberlyst A-26 is 3.46 meq/g.
§Resin beads 0.45-0.55 mm diameter,
}Resin beads 0.1-0.2 mm diameter.

Table 2. Resistance of the loaded resins to mineral acids and
sodium chioride (0.5 g of resin; capacity of chelating agent
0.2 mmole/g; 100 ml of eluent)

Release, %
Concentration,
Eluent M Orange 11 SPADNS NRS
0.1 0.1 0.1 0.1
HCl 0.5 — 0.1 7.0
1.0 — 1.0 28
0.1 0.5 0.1 4.0
HNO, 0.5 1.0 4.0 52
1.0 3.0 16 80
0.1 1.0 26 94
HCIO, 0.5 — 80 —
1.0 — 99 —
0.1 — 0.1 1.0
NacCl 0.5 — 0.5 6.0
1.0 — 2.0 22

Determination of Bi(IIl} in Pb(NO,),

A 0.5-g sample of lead nitrate was dissolved in 50 ml of
doubly distilled water, and 5 ml of this solution
(pH = 1.3~1.5) were introduced into a column of 0.1 g of
resin loaded with 0.025 mmole of SPADNS. The lead was
eluted with 50 m! of 0.001 M nitric acid, followed by bismuth
with 20 mi of 1.0M nitric acid.

RESULTS AND DISCUSSION

Table 1 gives the exchange capacities determined
by the batch method. It can be seen that the capacity
is higher for the smaller particle-size beads of Amber-
lyst A-26. As the apparent capacity of the Amberlyst
A-26 for SPADNS is about 50% greater than the
exchange capacity of the resin, other sorption effects
besides simple ion-exchange must be involved. The
resistance of the SPADNS and Orange II chelate-
forming resins to mineral acids depends on the
affinity of the acid anions for the anion-exchanger;
the affinity sequence is ClO; >NOj; > Cl-, and
perchloric acid therefore displaces the reagents more
effectively than nitric or hydrochloric acid does
(Table 2).

The retention of metal ions on SPADNS and
Orange 11 chelate-forming resins was investigated as
a function of pH. The results are presented in Figs.
2 and 3. It is seen that varying the pH gives good
differentiation of the selectivity of the SPADNS or
Orange II resins for metal ions, especially in the acid
range. These two resins more strongly retain metal
ions that have higher preference for oxygen as a
donor atom. The SPADNS resin in acid medium is
selective for Bi(I11) and Zr(IV); Co(Il), Ni(II) and
other metal ions preferring nitrogen as a donor atom
are practically not bound to the resin in acid medium.
Qur investigations show that the binding capacity for
bismuth(III) increases linearly with increase in the
amount of SPADNS loaded, and the binding ratio of
Bi(III) to SPADNS on the resin is about 1:1.

Experiments performed in dynamic conditions
confirmed that in the pH range 1.3-1.5 Bi(I1I) can be
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Fig. 2. Retention of metal ions on SPADNS resin as a function of pH.

quantitatively separated from Ni(II), Co(II), Cu(II),
Cd(In, Cr(1I), Mn(II), Pb(Il), Fe(IIl) and Zn(II)
when these ions are present in 2500-fold ratio to the
bismuth (Table 3). Especially important from a prac-
tical point of view is the separation from lead. This
method of separation was therefore adopted for the
determination of Bi(IIl) in p.a. lead nitrate. The
Bi(III) content found by flameless atomic-absorption
spectrometry (AAS) without separation was
1.0 x 1073%, but that found when separation was

used was 3.7 + 0.2 x 107°%. Considerable attention
has been paid to ion-exchange separation of Bi(IIT)
from other metal ions.™.

The batch method results show (Fig. 2), that the
SPADNS resin has the least affinity for cadmium,
because of the very weak complexes formed by Cd(II)
with SPADNS. If the “reverse separation method” is
used, cadmium(II) should be separable from several
metal ions. As cadmium is one of the most poisonous
metals present in the environment, its determination
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Fig. 3. Retention of metal ions on the Orange II resin as a function of pH.
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Table 3. Separation of Bi(11I} from various ions on SPADNS resin (column

diameter 5.8 mm; 0.1 g of 0.1-0.2 mm resin beads; 0.25 mmole of SPADNS

per g of resin, 10 ml of solution at pH 1.3-1.5; loading at 0.5 mi/min, elution

at 1.0 ml/min; all foreign metals eluted with 30 ml of 10-*M HNQO,, Bi eluted
with 1.0M HNO,; averages of 10 determinations)

Amount of Bi

Amount of Me

Added, Found,§ Error, Metalions Added, Found§ Error,
mg mg % in mixture mg mg %
1.00* 0.997 03 Ni 1.00 1.00 —
Mn 1.00 1.00 —
Cr 1.00 1.00 —
Cd 1.00 1.01 +1
Zn 1.00 1.01 +1
Co 1.00 1.01 +1
Cu 1.00 0.99 -1
Fe 1.00 0.98 -2
Pb 1.00 1.00 —
0.0041 0.0041 2.5 Ni 1.00 1.00 —
Mn 1.00 1.00 —
Cr 1.00 1.00 -—
Ccd 1.00 1.01 +1
Zn 1.00 1.02 +2
Cu 1.00 0.98 -2
Co 1.00 1.00 —
Fe 1.00 0.98 -2
Pb 1.00 1.00 —
0.0041  0.0043 7.5 Pb 5.00 5.00 —

*50 ml of eluent.
120 ml of eluent.

§For determination by AAS, standards were prepared in the same way as the

sample solutions.

as a pollutant is very important from a practical point
of view. Most methods described in the literature
use AAS for cadmium determination, especiaily in
analysis of natural waters. Our investigations (Fig. 4)
showed that several interferences were observed in
the determination of cadmium by flameless AAS in
the presence of other metal ions. If precise deter-
mination of cadmium is necessary, the influence of
the other metal ions should be taken into consid-
eration. The best method of avoiding such inter-
ferences is to separate the cadmium from the other
metals.

Preliminary investigations showed that the
SPADNS resin allowed the separation of Cd(II) from
Pb(II), Cu(Il) and Fe(III), but not from Co(Il) or
Ni(II), which partly pass into the effluent along with
cadmium. Thus, we decided to use a resin bed
modifid with two reagents, SPADNS and NRS, to
make it possible to retain Co(II) and Ni(II): NRS was
used in our earlier work? and shown to have high
preference for Ni(II), Cu(Il), Fe(IIl) and especially
Co(IT), but not for Pb(II) (Fig. 5). The results
presented in Table 4 show that quantitative sepa-
ration of Cd(I1) from Pb(II), Cu(Il), Co(1l), Fe(Iil)
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4. Effect of Pb, Co, Cu and Ni on the AAS signal of Cd, expressed as relative change in signal.
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and Ni(II) is possible on the SPADNS + NRS resin
by the reverse separation method. It should be noted
that concentrations of Cd(II) lower than 0.01 ppm
could not be determined.

The retention curves for the Orange II resin
are shifted to slightly higher pH than those for
the SPADNS resin, probably because the metal-

Orange II complexes are weaker than the SPADNS
complexes.

The experiments with the Orange II resin (Fig. 3)
show that separations of the following pairs of metal
ions are possible at suitably chosen pH values: AI-Ni;
Pb—Mn(II); ALPb,Zn-Ni; ALPb,Zn-Mn(II). Results
for analysis of such mixtures are given in Table 5.

Table 4. Separation of Cd from other metals on mixed NRS/SPADNS resins
diameter of column 5.8 mm; 0.2 g of 0.1-0.2 mm resin beads; 0.1 g of NRS
resin (NRS 0.5 mmol/g) + 0.1 g of SPADNS resin (SPADNS 0.1 mmole/g;
50 ml of solution at pH = 6.3-7.0, loading and elution at | ml/min, other
metals all eluted with 10 ml of 2M HCIO,; average of 10 determinations)

Amount of Cd* Amount of Me
Added, Found,t Error, Metal ions Added, Found,f Error,

ug ug % in mixture ug ug %
[ Cu 20 20 —
Fe 20 19.4 —-3.0
20 20 —_ < Pb 20 19.2 —4.0
Ni 20 19.6 —-20
L Co 20 20.1 +0.5
( Cu 20 20 —
05 048 40 Fe 20 195  —25
(corresponds to 0.01 ppm) 4 Pb 20 194 —30
: Ni 20 19.8 —-1.0
Co 20 19.9 -0.5

\

*Cd passes through the resin bed without being retained if its concentration
is 20.01 ppm.

tFor determination by AAS, standards were prepared in the same way as the
sample solutions.
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Table 5. Separation of the synthetic mixtures of metal ions on Orange II resin

(0.5 g of resin 0.2-mmole/g Orange II; 15 m! of mixture of metal

ions + Orange 11, [Me]:[Orange 11] =1:1, at pH = 11.5; loading and elution
at 1 ml/min; average of 4 determinations)

Amount of metal, mg

Metal ion Elution agent Added Found* Error, %
Al 60 ml of 0.25M NaOH  20.0 20.0 —
Ni 50 ml of 0.2M HCl 0.20 0.199 -0.5
Al 60 ml of 0.25M NaOH  6.00 6.05 +0.8
Mn 50 ml of 0.2M HCl 0.04 0.039 -25
Pb 50 ml of 0.25M NaOH  '5.00 4.98 -04
Mn 50 mi of 0.2M HCI 0.04 0.038 —5.0
Al 6.00 6.01 —02
Pb 60 ml of 0.25M NaOH  5.00 4.99 -0.2
Zn 4.94 4.95 +0.2
Ni 50 ml of 0.2M HCl 0.20 0.199 -0.5
Al 6.00 6.02 0.3
Pb 60 ml of 0.25M NaOH  5.00 4.98 0.4
Zn 4.94 495 0.2
Mn 50 ml of 0.2M HCl 0.04 0.039 -2.5

*For determination by AAS, standards were prepared in the same way as the

sample solutions.
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APPLICATION OF PLATINUM GAUZE ACTIVATED
BY HYDROGEN TO THE ADSORPTION SEPARATION OF
SILVER TRACES AND THEIR DETERMINATION BY
AAS OR SPECTROPHOTOMETRY

ZoFiA BOGUSZEWSKA, MARIA KRASIEJKO and BoGNA PALMOWSKA-KU$

Department of Analytical Chemistry, Technical University of Warsaw,
00-664 Warsaw, ul. Noakowskiego 3, Poland

(Recewed 26 October 1983. Revised 18 June 1985. Accepted 23 August 1985)

Summary—A method (“‘electrosorption”) has been developed for separation of silver from copper by its
deposition through internal electrolysis with hydrogen adsorbed on a platinum surface. The silver can then
be stripped and determined by atomic-absorption spectrometry or the dithizone method. The activation
of the platinum surface with adsorbed hydrogen can be achieved either electrolytically or by passing
hydrogen gas through the solution 1n which the platinum is immersed. The method of electrosorption has
been successfully applied to determination of trace levels of silver in copper metal.

Electrolysis with an electrode of small surface
area, maintained at very negative potential, is well
known as a technique for the separation of traces of
heavy metals from matrices such as water, biological
materials and possibly salts of alkali or alkaline-earth
metals.

It is also known that a metal monolayer can be
formed on the surface of an inert electrode (such as
a platinum electrode) at a potential considerably
more positive (‘‘underpotential”’) than that required
for deposition of macroscopic quantities of the
metal.!®* However, no analytical use seems to have
been made of this fact.

In a previous paper’ we presented the results of
studies on the separation of silver traces from various
media by controlled potential electrolysis. We
showed that deposition of silver traces on a platinum
gauze electrode under “underpotential” conditions
(formation of a monolayer) was just as effective as
deposition under “Nernst” conditions (formation of
1 bulk phase). Deposition in the underpotential range
also makes it possible to separate trace quantities of
silver from metal matrices. As an analytical applica-
tion we examined the electrolytic separation of silver
traces from copper and other materials from the
copper industry,’ since the “normal” potential for
copper is higher than that of other base metals. The
results obtained led us to expect that the method
should be useful for separation of silver traces from
various metallic matrices.

In the present work, we make use of another
under-exploited facet of redox chemistry, namely that
silver can be deposited as a monolayer on an inert
(platinum) electrode through an adsorption mech-
anism. The reaction is based on adsorption of hydro-
gen on a platinum surface, and its redox reaction with

silver ions, involving “‘internal electrolysis,” to give
an adsorbed layer of silver metal:'®

2Ag+ + HZ(ads) —2H* + 2Ag(ads)

This process has not hitherto been applied in ana-
lytical practice.

It was first necessary to investigate the conditions
for the electrosorption (internal electrolysis and ad-
sorption) separation of silver traces on a platinum
gauze of large surface area. It was found that hydro-
gen adsorbed on the platinum gauze surface lowers
the electrode potential, making it possible for silver
traces to be deposited.

EXPERIMENTAL

Reagents

Silver nitrate. Aqueous 1-mg/ml stock solution, suitably
diluted to give working solutions.

Dithizone. A 0.002% solution in carbon tetrachloride,
prepared by dilution of 0.01% solution."!

EDTA solution, 0.25 M.

Water. Triply distilled in glass apparatus.

Radioactive silver (‘"°Ag), as AgNO; in 0.1 M HNO,.
Radioactivity 1 mCi/ml, specific activity 1.2 mCi/mg of Ag;
working solution (solution A; Ag* about 0.8 ug/ml) pre-
pared by 1000-fold dilution of the initial solution with
water.

Apparatus

Platinum gauzes. A 4 x 14 cm piece of gauze (contain-
ing 2% Ir), ~ 140 mesh/cm? permanently attached to the
inside wall of a 60-ml Teflon beaker. A 2.5x 1.5 cm
320 mesh/cm? pure platinum gauze, folded double. A
2.5 x 2.0 cm piece of platinum foil.

Deposition of silver by electrolysis at controlled potential
The working electrode (platinum gauze, 320 mesh,
2.5 x 1.5 cm, folded double) was set at the desired potential
vs. an SCE (with a potentiostat) and the working and
auxiliary (platinum foil, 2.5 x 2 cm) electrodes were inserted
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into a magnetically stirred solution in a Teflon beaker, the
reference electrode (SCE) connected to a potentiostat being
used only as reference.

Before and during experiments with!!'"Ag, the activity of
1 ml of the solution was measured with a scintillation probe,
in a polyethylene ampoule.

The silver deposited was removed from the electrode by
rinsing the surface with 5 ml of hot nitric acid (1 + 1) (added
from a pipette rinsed with the same acid), then water. The
solution was made up accurately to 10 ml with water, and
the silver content was determined by measuring its activity.

In the work with non-radioactive silver, the metal depos-
ited was stripped with acid in the same way, and determined
by AAS, the 328.07 nm line being used.

Deposition of silver by electrosorption reaction with adsorbed
hydrogen

Before insertion into the test solution the platinum gauze
was connected to the millivoltometer (pH-meter), and the
SCE reference electrode was connected to the test solution
by a salt bridge. The change in silver concentration during
the reaction and amount of silver deposited were determined
in a way similar to that used in the electro-deposition
studies

Determination of silver in copper

The copper sample was dissolved in concentrated nitric
acid 1n a covered Tefion beaker, and the solution was heated
to remove nitrogen oxides and then evaporated until copper
nitrate began to crystallize. It was then diluted accurately to
known volume with water and its acidity determined. The
solution was stored in a Teflon bottle.

The platinum gauze (140 mesh, 4 x 14 cm, permanently
fixed in the Teflon beaker), rinsed in hot nitric acid (1 + 1)
and then in water, was cathodically polarized in the support-
ing electrolyte (0.1 KNO; + 0.1M HNO,) for 20-40 sec
by use of a 4.5-V battery. The platinum gauze potential was
controlled by means of a millivoltmeter (pH-meter), with an
SCE as reference, connected by a salt bridge to the solution
into which the platinum gauze was dipped. The electrolysis
was stopped just as liberation of oxygen on the anode
(platinum foil) was seen to begin. The potential of the gauze
was then about —250 mV.

The gauze thus prepared was removed and immersed in
50 ml of copper solution (in 0.3-0.6M nitric acid) containing
<15 ug of silver. The solution was stirred for 10 min; the
gauze potential was about +500 mV. After deposition of
the silver by electrosorption the solution was removed, and
the deposited silver was stripped from the gauze with 5ml
of boiling nitric acid (1 + 1) (from a pipette, initially rinsed
with the hot acid), with a final rinsing with water.

The silver solution thus obtained was made up to volume
in a 10-ml standard flask with water, and analysed for silver
by atomic-absorption spectrometry (AAS). Alternatively,
the solution containing the stripped silver was evaporated to
about 0.5 ml, cooled, transferred to a separatory funnel, and
diluted to about 10 ml, then 1 ml of 5M sulphuric acid was
added and the solution was extracted with successive 2-ml
portions of dithizone solution until the last portion con-
tained only copper dithizonate (violet tint). The combined
extracts were then washed with 0.5M sulphuric acid and the
silver was stripped with two portions of | M hydrochloric
acid (10 and 5ml). The organic phase was discarded and
2ml of EDTA solution were added to the aqueous phase,
with enough ammonia to give pH 4.5-5. Silver was again
extracted with excess of dithizone, the surplus dithizone was
removed from the organic phase with dilute ammonia
solution, and the organic phase was transferred to a stan-
dard flask of suitable capacity, made up to the mark with
the solvent, and mixed. Then the absorbance was measured
at 460 nm against a blank, and the silver content read from
a calibration graph.

RESULTS AND DISCUSSION

Influence of hydrogen on electrolytic deposition of
silver traces

We investigated the electrolytic separation of
0.8 ugof '""Agona2.5 x 1.5 cm platinum gauze (320
mesh) after preliminary electrolysis (E = —0.4V,
volume 50 ml, time 10 min) to enrich the test solution
in hydrogen. From the dependence of silver recovery
on applied potential (Fig. 1a) we can conclude that
set potentials of between +0.8 and +0.9V are
relatively useful for the separation of silver traces.
This is at variance with our previous recommen-
dation.’ Recoveries up to 100% can be obtained at set
potentials of 0.8-1.2V if a larger piece of gauze is
used. The influence of the preliminary electrolysis on
the electrolytic deposition of silver traces can be
explained from measurements of the working elec-
trode potential. The differences between the set po-
tential and the actual potential are shown in Fig. 1b.
In solutions that had not been preliminarily electro-
lysed, the electrode worked at the set potential values
(curve 1, Fig. 1b). The higher silver recovery from
solutions that had been preliminarily electrolysed
(i.e., before introduction of the silver) in the range of
high set potentials is due to the adsorption of hydro-
gen. An electrode thus activated with hydrogen at-
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Fig. 2. Relation of the real working electrode potential to
the set value at different times of electro-deposition (0.1M
HNO, + 0.1M KNO;; 0.8 ug of ''""Ag; ¥ = 50 ml; working
electrode platinum gauze). Solutions after preliminary elec-
trolysis, subsequent electro-deposition time: 1—0 min; 2—2
min; 3—35 min; 4—10 min. Curve 5 shows the values for
solutions without preliminary electrolysis, for 0-10 min of
subsequent electro-deposition.

tained potential values favourable for deposition of a
silver monolayer.

It has been found that after preliminary electrolysis
has been applied the initial value of the real electrode
potential in the subsequent electro-deposition is not
identical with the set voltage applied (Fig. 2, curve 1),
but slowly approaches the set value as electro-
deposition proceeds (curves 24, in Fig. 2). Curve 5
shows that the real and set potentials are identical if
no preliminary electrolysis is applied.

Similar effects were obtained in other experiments,
examples of which are illustrated in Figs. 3 and 4.
During the first stage, the electrode was cathodically
polarized (—0.4 V vs. SCE), and its surface and the
solution were saturated with hydrogen. During the
second stage the electrode was held at +0.8V wvs.
SCE; the adsorbed hydrogen was anodically oxidized
and the electrode surface was covered with platinum
oxide. The time needed for the electrode to attain the
set potential was ~ 10 min (Fig. 3).

Alternatively the sequence of platinum electrode
potentials was reversed. During the first stage (elec-
trode at 0.8 V vs. SCE) the electrode was covered with
a layer of platinum oxide; during the second stage
(—0.4 V vs, SCE) this layer was reduced and the
surface of the working electrode was covered with
hydrogen (Fig. 4). The working electrode needed
about 20 min to attain the set potential. In both
experiments, application of a potential lower than
0.55 V vs. SCE to the working electrode made it
possible to deposit silver (Figs. 3 and 4).

The set potential for deposition of half the silver on
the platinum surface without preliminary electrolysis
was about +0.55 V (Fig. 1, curve 1).

At real potentials > +0.8 V deposition of silver is
negligible. Instead, silver already deposited at lower

157

electrode potential is transferred into solution (Figs.
3 and 4).

In the second stage of the experiments represented
in Figs. 3 and 4 the auxiliary electrode also reached
potentials at which silver traces were deposited. The
amounts of silver deposited on the working and
auxiliary electrodes were measured and are shown in
Figs. 3 and 4.

It can be stated that the durability of the silver
monolayer on the gauze electrode depends to some
degree on the previous treatment given to the elec-
trode. Preliminary electrolysis at +0.8 V (Fig. 4)
makes the transition of silver into the solution in the
second stage easier than in the experiment repre-
sented in Fig. 3. During the whole experiment repre-
sented in Fig. 4 the auxiliary electrode potential was
favourable for silver deposition on the electrode. The
large fraction of total silver found on the electrode is
in agreement with this.

Influence of hydrogen on adsorption of silver traces on
a platinum gauze

The electrosorption of silver traces on platinum
gauze activated with hydrogen is represented in
Fig. 5. Curve 1 shows the process of adsorption in a
solution without hydrogen introduced. Silver was not
completely deposited, because the potential attained
by the gauze (+0.6 V) was not sufficient for deposi-
tion of a silver monolayer. It has been estimated that
the “capacity” of the gauze used was ~8 ug
(~7 x 10~ mole) of silver monolayer. Curve 2 shows
the effect of introducing hydrogen by preliminary
electrolysis. The gauze attained lower potentials but
silver was completely deposited. Curve 3 shows that
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the adsorption process still takes place even if the
hydrogen is introduced into the solution by bubbling
from a gas cylinder; because of deoxygenation of the
solution and its saturation with hydrogen the plat-
inum gauze reached very low potential values and
silver was deposited completely.

The gauze potential appears to be dependent on
the degree of O, and H, adsorption on the gauze but
is independent of the adsorption of silver if the
solution contains only trace amounts of that element.

Development of the method of platinum-gauze activa-
tion with hydrogen

The gauze used had a silver monolayer capacity of
less than 15 ug. The gauze was initially washed with
boiling nitric acid (1 + 1) and water, then 10 ug of
silver were deposited on it. The results obtained were
similar to those for adsorption of the smaller
amounts of radioactive silver, reported above. It was
advisable to pre-electrolyse the solution to introduce
hydrogen into it before the traces of silver were added
and the gauze was placed in it (Fig. 6a). The gauze
potential was considerably diminished in this way
(Fig. 6b).

Activation of the gauze by this method or by
continuous passage of a stream of hydrogen is incon-
venient in analytical practice, so we attempted to

devise a method of activation by cathodic poilar-
ization of the platinum gauze in a solution of sup-
porting electrolyte free from silver. If the oxygen
liberation zone is not separated from the remainder
of the solution only a short electrolysis should be
applied. If the preliminary electrolysis is stopped just
as liberation of oxygen on the anode is seen to begin
(i.e., within 10-20 sec), then when transferred to the
test solution the gauze acquires a potential suitable
for silver monolayer formation (Fig. 7). Recovery
of 10 ug of silver was 93% complete and was the
same as in the controlled-potential electrolysis with
underpotential conditions (+0.4 V). The gauze
potential was independent of the electrolyte com-
position (Fig. 7). If the preliminary electrolysis was
not stopped just as liberation of oxygen was seen to
begin, oxygen was adsorbed on the platinum gauze,
the gauze potential attained values > +0.6V, and
silver was not completely deposited.

Determination of silver in copper

The results for determination of silver in spectrally
pure copper are given in Table 1. The accuracy was
checked by the standard-addition method. These
results for AAS determination of silver after ad-
sorption deposition on a hydrogen-activated gauze
are in agreement with those obtained earlier® for
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its determination after underpotential electrolytic
separation (at +0.4 V vs. SCE), viz. 3.6 x 107* +
0.17 x 107*%. The silver content determined without
preliminary separation was 4.8 x 107%%.°

Table 1. Results of silver determination 1n the
spectrally pure copper by AAS

Ag Ag Ag found
Copper, added, found, in sample,*
g ug ug 107%
1.05 4.0 3.8
1.05 33 32
1.05 3.6 34
2.10 7.6 3.6
2.10 1.7 3.7
1.05 2 5.7 3.7
1.05 2 5.5 3.5
1.05 10 13.4 34
1.05 10 13.3° 3.3
*Mean 3.5 x 107*%; standard deviation
0.2 x 107%%.

159
100 (g) /___2___
L]
a/
80+ /
§ .
~ eol
<
>
2
2
2 40
[S)
[
x 1
20 ——
o/.
0 1 !

£(V)vs. SCE
-
.

O.Z{ 1 I
0 10 20

Time (min)

Fig. 6. Investigation of trace silver adsorption on a platinum

gauze (10 ug of Ag; V' 50 ml; 0.1 HNO; + 0.1M KNO,),

Curve |—supporting electrolyte without preliminary elec-

trolysis. Curve 2—supporting electrolyte after preliminary
electrolysis (—0.4 V, 10 min).

The results of dithizone determination of silver in
an electrolytic copper are given in Table 2. Silver was
separated from the matrix by adsorption or by under-
potential electrolysis at +0.4 V vs. SCE; the results
were in good agreement. They also agreed with the
results of AAS determination after underpotential
electrolytic separation.

0.7 — —as
8 os
a
w
b
S 0.5t e X 1-4
G , .

0 5 10

Time (min)

Fig. 7. Investigation of the adsorption of trace amounts
of silver on a platinum gauze preliminarily cathodically
polarized for 2040 sec (4.5 V; i =1.7 A) in 0.1M KNO,/
0.1M HNO, (V = 50 ml). I—Supporting electrolyte (0.1 M
KNO,/0.1M HNO, without preliminary electrolysis);
2—supporting electrolyte +10 ug of Ag; 3—supporting
electrolyte + 10 ug of Ag + 1 g of Cu; 4—supporting elec-
trolyte +1 g of Cu; S—supporting electrolyte; gauze with-
out preliminary cathodic polarization.
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Table 2. Results of silver determination in electrolytic copper

Method Weight Silver content Standard
of sample, found, Average, deviation,
Separation Determination g ug  1073% 107*% 1073%
Adsorption Spectrophotometry 1.0 10.9 1.09 1.03
9.9 0.99 0.05
10.5 1.05
9.7 0.97
10.3 1.03
Electrolysis Spectrophotometry 1.0 11.0 1.10
10.2 1.02 1.04 0.04
Electrolysis Spectrophotometry 0.5 505 1.0l
5.15 1.03
Electrolysis AAS 1.0 10.1 1.01 1.01 —
10.1 1.01

After the matrix separation as little as 1 ug of silver
could be determined with dithizone, because no other
reagents were introduced into the solution.

As reported previously,’ stripping the deposited
silver from the platinum gauze is vital for the accu-
racy of the determination.

CONCLUSIONS

Introduction of hydrogen has an important
influence on the potential of a platinum gauze with
large surface area. In this way it affects deposition of
silver traces both by electrolysis at controlled poten-
tial and by electrosorption. During the electrolysis
the gauze potential (in the range of its positive values)
lags behind the set potential value. This is not
observed for electrodes of very small surface area.
These results demonstrate the importance of the
method of preparation of both the electrode and the
solution. It is common practice to clean electrodes by
electrolysis, but the consequences are rarely taken
into consideration.

When they are given proper consideration, how-
ever, it is seen that it can be deduced that production
of an adsorbed film of hydrogen on a platinum
surface of large area, whether by electrolysis or

simple passage of the gas through the solution in
which the surface is immersed, gives quantitative
deposition of a layer of adsorbed silver by internal
electrolysis through interaction with the adsorbed
hydrogen. The technique can be used for separation
of trace amounts of silver from matrix metals, and for
purification of reagents containing traces of silver.
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PRECONCENTRATION OF COBALT WITH
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AMBERLITE XAD-4 RESIN
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Summary—Cobalt reacts with N-(dithiocarboxy)sarcosine (DTCS) to form a 1:3 Co:DTCS complex
which is so stable that after its formation no decomposition occurs even in 4M hydrochloric acid. The
complex is sorbed on a column of Amberlite XAD-4 copolymer from an acidic solution and eluted with
10 ml of a 1:1:3 v/v mixture of 1.0M ammonia solution (pH =9), 0.1M EDTA and methanol. The
absorbance of the eluted chelate is measured at 320 nm against water (¢ = 2.15 x 10*1.mole~'.cm™"). The
recovery of cobalt from 1 litre of tap-water or sea-water is quantitative. The effect of diverse ions can
be eliminated by the addition of EDTA after chelation of the cobalt. The copper complex with DTCS
is partly sorbed on the column because of its slow rate of decomposition by EDTA, but most of the copper
chelate sorbed can be eluted with hydrochloric acid and any co-eluted with the cobalt chelate can be
completely decomposed by heating the eluate. Cobalt enrichment factors of at least 100 are obtained, so
the method is applicable to the determination of cobalt at the ng/ml level.

Several techniques are available for concentrating
traces of metal ions from natural waters. Solvent
extraction is one of the most widely used, but is
sometimes tedious, and the concentration factor ob-
tained can be limited by mutual solubility of the
phases. Chromatography is useful for obtaining high
concentration factors, and Amberlite XAD co-
polymers, which have porous structure and large
specific surface area, have been used to sorb various
water-soluble organic substances? and metal
chelates.’ °

In an earlier paper,® we reported the photometric
determination of copper after preconcentration by
sorption of its N-(dithiocarboxy)sarcosine(DTCS)
chelate on Amberlite XAD-2 resin and elution with
an ammonia solution in 60% methanol. Concen-
tration factors of 20 were achieved by the method.

In the present investigation, the work has been
extended to cobalt, with the XAD-4 resin, which is
superior to XAD-2 in sorption capacity.” ®

EXPERIMENTAL
Reagents

DTCS was synthesized as the diammonium salt by the
following procedure.’® To 20 ml of carbon disulphide, a
solution of 25 g of sarcosine in 60 m! of 10M ammonia
solution was added. The reaction flask was stoppered and
the mixture was stirred for 10 hr at room temperature. After
the unreacted carbon disulphide had been removed from the
reaction flask, ethanol was added dropwise until white
crystals appeared. The flask was then allowed to stand
overnight in a refrigerator. The white product obtained was
filtered off, washed with ethanol, and dried in a vacuum
desiccator. The yield was about 60%. The reagent is now
available from Dojindo Labs. Inc.,, 286! Kengun,
Kumamoto-shi, 862 Japan. A 0.02M aqueous solution of
DTCS was used. All other solutions used were prepared
from analytical-reagent grade chemicals.

Buffer solutions were purified by adding DTCS solution
and passing the mixture through a column of Amberlite
XAD-4 copolymer.

Column preparation

Amberlite XAD-4 copolymer (Rohm and Hass, 20-60
mesh) was cleaned prior to use by extraction for 8 hr with
methanol in a Soxhlet extractor. The resin was packed into
a glass tube (20 cm long, 9 mm bore) to give a resin bed
about 8 cm in height. The column was washed with 100 m!
of 1.0M hydrochloric acid in 50% methanol and then 100
m! of 0.2M ammonia solution in 10% methanol. Finally, the
column was washed with a large volume of distilled water
to remove methanol from the column.

Standard procedure for preconcentration

An aliquot of standard cobalt solution was placed in
a 100-ml standard flask, 2 ml of 0.2M sodium tri-
polyphosphate (TPP), [ ml of 0.02M DTCS and | ml of
0.1M EDTA were added successively, and after the cobalt
chelation with DTCS was complete, 1 ml of 6.0M hydro-
chloric acid was added and the whole was diluted to volume
with distilled water. This solution was loaded onto the
column at a flow-rate of 5.0 ml/min by means of a peristaltic
pump, then the column was washed with 20 ml of 1.0M
hydrochloric acid at the same flow-rate. The cobalt chelate
sorbed on the column was eluted with 10 mi of a 1:1:3 v/v
mixture of 1.0M ammonia (pH =9), 0.1 EDTA and
methanol at a flow-rate of 0.7 ml/min. The eluate was then
heated for 10 min to decompose any co-eluted
copper-DTCS chelate. Finally, the absorbance of the eluate
was measured at 320 nm in a 10-mm quartz cell.

RESULTS AND DISCUSSION

Formation of cobalt chelate with DTCS

The cobalt chelate with DTCS shows two absorp-
tion maxima, at 320 and 630 nm. As the molar
absorptivities at these wavelengths are 2.24 x 10* and
500 1.mole~'.cm ™! respectively, the absorbance mea-
surements are made at 320 nm. The cobalt chelation
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with DTCS is strongly dependent on pH (Fig. 1).
When the pH is adjusted before the addition of
DTCS, the absorbance is maximal and constant for
the pH range 5~10 (curve I). The decrease in absorb-
ance at pH <35 is due to decomposition of the
DTCS, and that at pH > 10 is due to hydrolysis of
the cobalt ion. In contrast, once formed, the cobalt
chelate is stable in the range from 3.6M hydrochloric
acid to 0.3M sodium hydroxide (curve II), and the
absorbance does not change for at least 3 days even
in 3.6M hydrochloric acid medium. The extreme
stability of cobalt (IIT) complexes in acid solution is
well known, and the cobalt in the DTCS chelate is
presumably in the tervalent state. The molar ratio
method indicates that the cobalt chelate has a com-
position of 1:3 cobalt: DTCS, which would agree with
this.

A small decrease of the absorbance in the acidic
solution is probably due to decomposition of the
DTCS chelates of other metal ions, introduced into
the solution as contaminants from the water and
reagent solutions used.

Optimum conditions for sorption, washing and strip-
ping

The sorption of the cobalt chelate is considerably
affected by the ionic strength and acidity of the
solution. Recovery is quantitative when the ionic
strength of the solution loaded onto the column is
>(0.05. However, when the ionic strength is adjusted
to 0.05 with potassium phosphate buffer (pH =7),
the recovery decreases with increasing volume of the
solution, viz., 90% from 250 ml of solution and 65%
from 500 ml.

The effect of the acidity on the sorption is shown
in Fig. 2. The acidity was adjusted with hydrochloric
acid, and at pH > 4.0 the ionic strength was kept at
0.02 with potassium chloride. As shown in Fig. 2,
sorption of the cobalt chelate increased linearly with
the acidity and recovery was quantitative at
pH < 4.0. The quantitative sorption from an acidic
solution can be interpreted as due to strong inter-
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action between the undissociated carboxyl group in
the cobalt-DTCS chelate and XAD-4 copolymer, by
analogy with the retention of amino-acids by XAD
copolymers, including XAD-4.? In the present study,
the solution was acidified to pH 1.2 with hydrochloric
acid.

At this acidity all the other metal-DTCS chelates
are decomposed, but the rate of decomposition of the
copper chelate is slow under these conditions, and the
residual chelate is sorbed on the XAD-4 column
along with the cobalt chelate.

Washing the column with hydrochloric acid de-
composes the sorbed copper chelate; more than 90%
of the copper chelate on the column can be washed
away with 20 ml of 1.0M hydrochloric acid.

The stripping solution adopted was similar to that
reported previously [pH 9 ammonia solution (0.2M)
in 60% methanol],'° but with EDTA added to decom-
pose any residual copper chelate in the eluate.

Calibration graph

The calibration graph is linear over the cobalt
concentration range 0.18-2.52 ug/ml in the eluate.
The precision was +0.3 ug (95% confidence limits)
for determination of 12.6 ug of cobalt in 100 ml of
solution. As the molar absorptivity obtained is
2.15 x 10*1.mole~!.cm™!, recovery from the column
with 10 ml of stripping solution is estimated to be
about 96% complete. The absorbance of a blank was
<0.010.

Effect of foreign ions

Investigation of masking of foreign ions revealed
that the combined use of TPP and EDTA was
effective. TPP prevents the chelation of iron(III),
manganese(II} and chromium(IIl) with DTCS. The
EDTA must be added after formation of the cobalt
chelate, because otherwise it masks cobalt from che-
lation with DTCS. The DTCS chelates of cadmium,
lead, nickel and copper are decomposed by EDTA.

The decomposition of the copper chelate largely
depends on the concentration of EDTA, because the
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Fig. 2. Effect of pH on the recovery of cobalt. At pH > 4.0

the ionic strength was kept at 0.02 with potassium chloride.
Co(ll) taken 8.80 ug.
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Table 1. Effect of foreign ions on recovery of cobalt

(8.80 ug)

Ion Added, mg Co found, ug  Recovery, %
Al(IIT) 2.0 8.59 98
Cr(III) 1.0 8.78 100
Mn(II) 1.2 8.69 99
Fe(III) 1.1 8.89 101
Ni(IT) 1.2 10.30 118
Cu(Il) 0.65 8.75 99

13 442 50
Zn(I1) 1.4 8.89 101
Cd(n) 1.1 8.98 102
Hg(II) 0.94 9.24 105
Pb(1I) 20 9.05 103

Table 2. Recovery of cobalt from 1000 ml of water samples
(five replicates)

Co added, Co found, Recovery (C.V.),

Sample ug ug %
Distilled water 8.80 8.85 100 (1.6)
Tap-water 8.80 8.59 98 (4.5)
Sea-water 3.52 3.54 101 (7.3)
8.80 9.19 104 (2.5)

degree of dissociation of the Cu-DTCS chelate is
comparable to that of the Cu-EDTA chelate in the
medium. At pH 7 the conditional stability constant
for Cu(DTCS), is 10'°?, while that for CuEDTA is
104" From these conditional stability constants
and the concentrations of DTCS and EDTA used,
the molar ratio of Cu(DTCS), to Cu EDTA in the
medium is calculated to be 0.25. This suggests high
dependence of the decomposition on the EDTA
concentration. In addition, the rate of decomposition
of the copper-DTCS chelate was slow. Hence, the
copper chelate is eliminated in three stages: (1) de-
composition with EDTA in the sample solution; (2)
decomposition of the chelate sorbed onto the XAD-4
resin, by washing with 20 ml of 1.0M hydrochloric
acid after the sorption; (3) decomposition with
EDTA by heating the cobalt eluate for 10 min.

The effect of foreign ions on the determination of
8.8 ug of cobalt is summarized in Table 1. It is seen
that the presence of about | mg of each foreign ion
except for nickel and copper does not cause a
signiticant error. The presence of a few mg of alkali
and alkaline-earth metals does not interfere. The
positive error apparently caused by nickel was found
to be due to cobalt contained as an impurity in the
nickel solution used; this was confirmed by atomic-
absorption analysis. The negative error from larger
amounts of copper is due to its consumption of some
of the DTCS added, so a larger amount of DTCS
reagent should be added to deal with this.

Recoveries from tap-water and sea-water

Recoveries of cobalt from 1000-m! water samples
were examined. The samples, filtered through a
0.45-um Millipore membrane, were spiked with 3.52
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or 8.80 ug of cobalt and analysed by the standard
procedure. The volume of DTCS solution added was
increased to 10 ml to compensate for the dilution
effect on the reaction with cobalt.

The average values of five determinations are sum-
marized in Table 2, from which it is seen that
quantitative recoveries were obtained. The results
also indicate that the method can be applied to the
determination of cobalt at ng/ml concentrations.
Sample volumes up to 2 litres can probably be
handled by the procedure given.

Conclusions

The method is fairly simple and highly sclective. A
feature of the method is that cobalt in highly saline
water can be concentrated in a small volume of
eluate. Almost all other metal ions except copper can
be masked with TPP and EDTA. The resulting
complexes appear not to be sorbed on the XAD-4
resin,® so the selective separation of cobalt is possible
by the method.

The method can be useful for preconcentration
prior to cobalt determination by other methods such
as atomic-absorption spectrometry. In addition. the
cobalt chelate with DTCS can easily be decomposed
by the addition of hydrogen peroxide to the cobalt
eluate, followed by heating." Hence, the method can
also be used for preconcentration of cobalt before
photometric determination with more sensitive
reagents such as 4-(5-bromo-2-pyridylazo)-1.3-
diaminobenzene and its derivatives.'* ¥

Like the XAD-2 column,® the XAD-4 column is
easily regenerated by washing with a large volume of
water after the elution and can be used repcatedly.
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Summary—Two spectrophotometric methods are described for the determination of antibiotics. In the
first method, penicillins, cephalosporins, streptomycin and griseofulvin are estimated by oxidizing them
under neutral or slightly acidic conditions, after alkaline hydrolysis, by means of a known and excessive
quantity of iodine solution. The excess of iodine is determined at pH 3.0 with metol and sulphanilamide.
In the second method, dihydrostreptomycin, framycetin and the acid hydrolysis product of chloram-
phenicol are determined by a method involving oxidation with sodium metaperiodate, masking the excess
of periodate with sodium molybdate, and using metol and sulphanilamide at pH 3.0 to determine the
iodate formed. In both methods the absorbance of the resulting p-N-methylbenzoquinonemonoimine
sulphanilamide charge-transfer complex is measured at 520 nm.

Several spectrophotometric methods for assay of
penicillins,' cephalosporins,? griseofulvin,® strep-
tomycin,*  dihydrostreptomycin®  and  chlor-
amphenicol® are cited in the literature. The reported
titrimetric procedures for estimation of these anti-
biotics with oxidants such as iodine’’ and sodium
metaperiodate>!® are not satisfactory for microgram
quantities. Metol and iodine!! or potassium iodate"?
have been found to be valuable reagents for the
determination of primary aromatic amines. This pa-
per describes the use of metol and sulphanilamide for
the indirect spectrophotometric determination of the
amounts of iodine and sodium metaperiodate con-
sumed during oxidation of the antibiotics. In the first
method, penicillins (potassium penicillin G, potas-
sium phenoxymethyl penicillin, methicillin, sodium
amoxycillin, sodium cloxacillin and sodium ampi-
cillin), cephalosporins (cephaloxin monohydrate,
cephalothin and cephaloridine), streptomycin and
griseofulvin are hydrolysed initially with alkali, then
oxidized with standard iodine solution in excess
under neutral or slightly acidic conditions. The iodine
consumed is measured by estimating the excess of
iodine spectrophotometrically at pH 3.0. In the sec-
ond method, dihydrostreptomycin, framycetin and
the acid hydrolysis productof chloramphenicol'? are
determined by a method involving oxidation with
periodate, masking the excess of periodate with
sodium molybdate,” and using metol and sul-
phanilamide at pH 3.0 to determine the iodate
formed. In both cases metol is oxidized to p-N-
methylbenzoquinonemonoimine which then forms a
charge-transfer complex with the sulphanilamide
present, and the absorbance of the complex is mea-
sured at 520 nm. The procedures have been applied

164

to a wide variety of pharmaceutical preparations of
the antibiotics mentioned.

EXPERIMENTAL

Apparatus

A Shimadzu UV-140 double-beam specirophotometer
with matched 1.0-cm quartz cells was used for absorbance
measurements.

Reagents

Aqueous solutions of iodine (0.0037M I, in 0.05M potas-
sium iodide), sodium metaperiodate (0.2%), metol (0.2%),
sulphanilamide (0.2%), sodium molybdate (1.0%), hydro-
chloric acid (0.1, 1, 3 and 4M), sodium hydroxide (0.1, i,
3 and 4M) and potassium hydrogen phthalate-hydrochloric
acid buffer (pH 3.0)'° were prepared.

Antibiotic solutions

Aqueous solutions (200 ug/ml) of penicillins, cephalo-
sporins, streptomycin, dihydrostreptomycin and framycetin,
and a methanolic solution (200 ug/ml) of griseofulvin were
prepared. The hydrolysis product of chloramphenicol
[2-amino-3-(p-nitrophenyl)propane-1,3-diol] was obtained
by heating chloramphenicol (50 mg) with 3M hydrochloric
acid (5 ml) under reflux on a steam-bath for 2 hr, followed
by neutralization with sodium hydroxide solution (3M), and
the solution was then diluted accurately to 250 ml.

All chemicals and reagents used were of analytical or
pharmaceutical grade. Distilled water was used throughout.

Procedures

A. For estimating the iodine consumed. Transfer 0.2-2.0 m]
(accurately measured) of antibiotic solution into a 25-ml
standard flask. Add 1.0 ml of sodium hydroxide solution
(1M for penicillins, 0.1M for streptomycin and 4M for
cephalosporins and griseofulvin) and set the mixture aside
for 20 min at 30" (in the case of streptomycin and griseoful-
vin heat on a boiling water-bath for 4 min and [5 min
respectively).

Add 1.0 m} of hydrochloric acid (1M for penicillins, 0.1 M
for streptomycin and 4M for cephalosporins and griseoful-
vin) and 2.00 ml of 0.0037M iodine solution and keep the
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Table 1. Concentration rang

es and regression equations

Concentration
Compound range (C), ug/ml Regression equation®*

Potassium pencillin G 2-14 A =0.587-0.0399C
Sodium amoxycillin 2-14 A =0.525-0.0355C
Sodium cloxacillin 2-14 A =0.529-0.0339C
Potassium penicillin V 2-14 A =0.527-0.0342C
Methicillin 2-14 A =0.534-0.0332C
Sodium ampicillin 2-14 A =0.519-0.0345C
Cephalexin monohydrate 2-14 A =0.540-0.0327C
Cephaloridine 2-14 A =0.557-0.0279C
Cephalothin 2-14 A =0.541-0.0272C
Griseofulvin 2-14 A4 =0.521-0.0252C
Streptomycin sulphate 2-16 A =0.520-0.0251C
Chloramphenicol 4-28 A = —0.004 +0.0214C
Dihydrostreptomycin sulphate 4-24 A = —0.001 + 0.0180C
Framycetin sulphate 4-24 A =0.001 +0.0125C

*Found in this work; must be determined independently by users of the method.

solution in the dark for 15 min. Then add 15 ml of pH 3.0
buffer and 1.5 ml of metol solution. After 2 min, add 1.5 ml
of sulphanilamide solution and make up to the mark with
distilled water. After 10 min measure the absorbance at

520 nm with distilled water as reference. In the same way
prepare a corresponding reference solution simuitaneously,
containing the sample, but with 1.0 ml of distilled water
instead of the 1.0 ml of sodium hydroxide solution. Subtract

Table 2. Analysis of dosage forms by proposed and reference methods

Drug

Recovery* +s.d., %

Proposed Reference
method methodt

Potassium penicillin G powder
Pentids tablet (Sarabhai)

Pentids syrup (Sarabhai)

Sodicillin injection (HAL)

Sodium amoxycillin powder
Amoxylin capsule (Biddle Sawyer)
Cemoxin (suspension) (Cevoe pharma)
Sodium cloxacillin powder
Cloxacillin capsule (Biochem)
Cloxacillin injection (Biochem)
Potassium penicillin V powder
Crystapen V tablet (Glaxo)
Crystapen V syrup (Glaxo)
Methicillin powder

Sodium ampicillin powder
Ampisyn capsule (Cipla)

Olinkid tablets (Cufic)

Biocillin drops (Biochem)
Ampisyn syrup (Cipla)

Ampisyn injection (Cipla)
Cephaloxin monohydrate powder
Cephaxin capsule (Biochem)
Cephacillin tablets (Biddle Sawyer)
Cephaxin dry syrup (Biochem)
Cephaloridine powder

Cephlodine injection (IDPL)
Sodium cephalothin powder
Griseofulvin powder

Grisovin-FP tablet (Glaxo)
Streptomycin sulphate powder
Sugacin injection (HAL)

Clorstrep capsule (Parke Davis)
Chloramphenicol powder

Halcetin capsule (HAL)
Chloromycetin 1njection (Parke Davis)
Dihydrostreptomycin sulphate powder
Framycetin sulphate powder

99.1+£0.5 973+ 1.1
98.9 +£0.7 969+ 1.2
98.6 +£0.6 97.8+0.9
98.8 £0.7 972+1.3
100.6 + 0.6 99.2+09
100.1 £ 0.4 999+ 1.0
99.8+0.6 99.3+1.2
101.2+04 98.1+0.9
100.9 + 0.5 98.9+1.0
100.7 £ 0.5 99.0 + 0.9
102.0 +0.7 98.7+1.3
101.9 £ 0.6 99.6 £ 1.0
102.7 £ 0.9 98.1+1.4
100.1 £ 0.3 —
100.9 + 0.4 989+13
101.3 +0.7 99.1 £0.9
101.0+£ 0.6 98.6+ 1.0
102.1 +0.9 1013+14
98.1+0.4 96.7+ 0.9
98.4 1+ 0.5 97.6+0.8
99.1+£0.3 98.1+1.0
100.7 £ 0.4 98.0 £0.9
101.3+0.5 1034 £ 0.6
100.9 £ 0.6 102.1 £ 0.7
97.1+0.3 96.7+0.9
96.9 + 0.5 98.1 £0.8
98.1 £ 0.6 96.1 £1.1
100.1 £ 0.3 101.3+04
101.0 £ 0.4 101.1 £0.6
102.0+£0.2 101.0 £ 0.9
101.2+04 98.3+0.8
99.2+0.3 98.1+0.7
97.1+0.9 96.3+1.4
98.8 + 1.0 972+ 1.0
102.1 +0.7 101.9+0.8
99.3+0.3 —
100.7 £ 0.4 —

*Average of 6 determinations, value based on nominal content.

tPenicillins, cephalorins and streptomycin determined by the BP methods,’
griseofulvin by the Bhatkar and Madkauker method,’ and chlor-
amphenicol by the method of Anupa er al.®
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the absorbance of the sample solution from that of the
reference. Prepare a calibration graph similarly. The
difference in absorbance corresponds to the iodine con-
sumed in oxidizing the antibiotic.

B. For estimating periodate consumed. To a 25-ml stan-
dard flask containing 0.2-2.0 ml of antibiotic solution
(accurately measured), add 1.0 ml of sodium metaperiodate
solution and set the mixture aside for a suitable period
(framycetin, acid hydrolysis product of chloramphenicol, 10
min; dihydrostreptomycin 40 min), maintaining the pH in
the range 7.0-7.5. Then add 1.5 ml of sodium molybdate
solution and after 10 min add 15 ml of pH 3.0 buffer and
[.5 ml of metol solution. After 2 min, add 1.5 ml of
sulphanilamide solution and heat for 2 min at 70. Cool,
make up to the mark with distilled water, and measure the
absorbance at 520 nm against a reagent blank. Prepare the
calibration graph similarly.

Analysis of pharmaceutical preparations

Take a known quantity of sample equivalent to 100 mg
of the antibiotic, dissolve it in 100 ml of water (methanol in
the case of griseofulvin), filter if necessary, and dilute
accurately to 250 ml. Dilute the solution as necessary and
determine the antibiotic content by procedure A or B, as
appropriate.

RESULTS AND DISCUSSION

In procedure A, the iodine consumed during the
oxidation of antibiotic is indirectly determined spec-
trophotometrically with metol and sulphanilamide.
In procedure B, the iodate formed during the ox-
idation of the antibiotic with periodate is also esti-
mated spectrophotometrically with metol and sul-
phanilamide. The experimental conditions in both
procedures have been established through control
experiments. Beer’s law is valid over the concen-
tration ranges presented in Table 1. The unknown
drug concentration in different pharmaceutical prep-
arations can be calculated from calibration graphs or
their corresponding regression equations.

The results of the assay of the pharmaceutical
preparations (tablets, capsules, injection and syrups)
presented in Table 2 compare favourably with those
obtained by other methods.

The proposed methods can be applied to the
determination of penicillins, cephalosporins, strep-
tomycin, griseofulvin, and chloramphenicol in vari-
ous pharmaceutical preparations even when they are
present in microgram quantities. Other ingredients
such as glucose, lactose, starch, vitamins, sulpha
drugs and sodium phosphate usually present in phar-
maceutical preparations do not interfere.

The basis of the methods is as follows. Although
penicillins, cephalosporins, streptomycin and griseo-
fulvin do not themselves consume iodine, the prod-

ucts resulting from their treatment with alkali (which
produces a free imine group through hydrolytic cleav-
age of the f-lactam ring in penicillins and cepha-
losporins, maltol from streptomysin and griseofulvic
acid from griseofulvin)’ ® do. Sodium metaperiodate
has a rather selective oxidizing action on 1,2-diols,
cleaving a carbon—carbon bond and producing two
aldehydes.*’® Framycetin and dihydrostreptomycin
react directly with periodate owing to the presence of
a 1,2-diol system. Although chloramphenicol does
not react with periodate, its acid hydrolysis product
(containing an amino group at position 2, vicinal to
both hydroxyl groups of the propyl side chain) does.

The potential interference of glucose and lactose in
the determination of the antibiotics mentioned, ex-
cept framycetin and dihydrostreptomycin, is avoided
by subtracting the amount of oxidant consumed by
the antibiotic from that consumed by the hydrolysed
product.

The purple-red charge-transfer complex may be
presumed to arise by electron transfer from the
highest © molecular orbital of sulphanilamide to the
lowest empty orbitals (n*) of two adjacent p-N-
methylbenzoquinonemonoimine molecules (formed
in situ on treating metol with iodine or iodate)."
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Summary—Docecyl sulphate forms precipitates with certain metal-1,10-phenanthroline complexes. This
is the basis of a simple and direct thermometric titration of dodecyl sulphate with Cd(phen)i*

In recent years sodium dodecylsulphate has been
recommended as a reference standard in deter-
mination of anionic surfactants. However, sodium
dodecyl sulphate itself needs standardization by
acid—base titration after hydrolysis with acid. The
hydrolysis is time-consuming and the mixture is apt
to bump on heating, and a large sample is required.
A simple and direct method for standardization of
dodecyl sulphate (DS™) solutions is therefore highly
desirable.

Some metals form precipitates with large anions in
the presence of 1,10-phenanthroline (phen). These
systems have been used for gravimetric determination
of cadmium,' conductometric titration of nitrate,’
perchlorate,’ cadmium,* and so on.> Anionic surfac-
tants also form insoluble ternary ion-association
compounds with certain metal-phenanthroline com-
plexes, and these can be extracted into organic sol-
vents.®® If such compounds can readily be quan-
titatively formed with DS~, they might be useful in
a titrimetric determination of DS™.

Thermometric titration is a widely applicable and
rapid analytical method and we have found it to be
one of the best methods for the study of the inter-
action between anionic and cationic surfactants to
produce precipitates.” We have also found that
poly(vinyl alcohol) (PVA) prevents aggregation of
the precipitate formed. The purpose of this paper is
to demonstrate the usefulness of the metal-phen
complex system as the titrant for thermometric ti-
tration of DS~ in aqueous PVA medium.

EXPERIMENTAL

Apparatus

The differential thermometric titration apparatus used
has already been described 1n detail.'®

Reagents

Sodium dodecy] sulphate (minimum assay 98.0%) was
standardized by acid-base titration after acid hydrolysis.'!
A 0.1M Cd(phen);* solution was prepared by dissolving
0.08 mole of [,10-phenanthroline monohydrate in 25 ml of

*Author for correspondence.
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1M cadmium acetate stock solution and diluting to 250 mi
with distilled water. The cadmium acetate stock solution
was standardized by EDTA titration, with Eriochrome
Black T as indicator, at pH 10. The Cd(phen)}* solution 1s
stable for at least a few months, but the free phenanthroline
in the solution tends to decompose in light, so it is preferable
to store the solution in the dark. Other metal-phen com-
plexes were prepared analogously, except for Fe(Il)-phen,
which was prepared from ferrous chloride.

Procedure

One of the twin burettes is filled with 0.1 Cd(phen);*
solution, and the other with distilled water as a reference.
The sample solution, containing 20—200 ymoles of DS . is
placed in a 100-ml Dewar flask. Five ml of 0.5M acetate
buffer (pH 5) and 5 ml of 2.5% PVA solution are added, and
the mixture is diluted to 50 ml with distilled water In the
reference flask 50 ml of distilled water are placed. When
their temperatures are the same, the solutions in the two
flasks are simultaneously titrated with the twin burette
system, the rate of addition being 0.1 ml/min, and the
difference in temperature is recorded as a function of titrant
volume added.

RESULTS AND DISCUSSION

Reaction of some metal-phen complexes with DS~

Some relatively stable metal-phen complexes were
thermometrically titrated with DS~; they were the
Ni(II), Fe(II), Cu(ll), Hg(Il), Zn(Il), Cd(II), and
Pb(II) complexes. The last four gave large apparent
enthalpy changes for the reaction, and the titration
curves showed a clear end-point at a 2:1 molar ratio
of DS~ to phenanthroline complex. The heats of
formation of the precipitates are shown in Table 1.
The other metal-phen complexes gave smaller en-
thalpy changes in reaction with DS .

Hg-phen complex should be the best titrant for
DS~, but unfortunately is somewhal unstable on

Table | Heat of precipitation of
Mi(phen), DS,

Complex —AH, kJimole
Hg(phen), DS, 80.6
Cd(phen); DS, 74.4
Zn(phen), DS, 50.6
Pb(phen),; DS, 426
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Fig. 1. Concentration of phen in the filtrate vs. initial
phen:Cd molar ratio.

storage. The Cd-phen complex, which gives the next
largest enthalpy change, is stable and the cadmium
acetate stock solution keeps without decomposition.
Therefore Cd-phen complex was sclected as the
titrant for DS~

Composition of Cd-phen—-DS precipitate

The molar ratio of phen to cadmium in the precip-
itate was examined by a spectrophotometric method
with iron(I1) as described earlier.? A series of solu-
tions containing a constant amount of cadmium, the
required amount of DS~ and various amounts of
phen 1n 0-4.0 molar ratio to cadmium, was adjusted
to pHS. After a few hours, these solutions were
centrifuged. Part of each supernatant liquid was
filtered and the phenanthroline in the filtrates was
measured by the iron(Il) method, at 510 nm. The
results are shown in Fig. 1, and it is clear that
the molar ratio of phen to cadmium is 3.0. From
this result and the end-point of the titration of
Cd(phen)}* with DS~ it may be concluded that the
composition of the precipitate is Cd**:phen: DS~ =
1:3:2. This is different from that for the iodide
complex Cd(phen),1,.’

Titration of dodecyl sulphate ion

The end-point of the titration is influenced by the
pH of the titrand solution, and the type and quantity
of the buffer solution. Of the buffer solutions tried,

SHORT COMMUNICATIONS

001 °C
—

ar

1 l
o4 o8
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Fig. 2. Typical titration curve of 2.2 mM sodium dodecylsul-
phate (110 pmoles) with 0.1M Cd(phen)i*.

Table 2. Determination of dodecyl sulphate (10 deter-

minations)
Mean
Taken, umoles Found, umoles rs.d., %
21.2 21.2 2.4
106.0 106.8 0.9
2120 2129 0.4

0.05M acetate buffer of pH 4.0-6.0 gave the best
results.

PVA was found useful for inhibiting aggregation of
the precipitate, as in the earlier work.” The presence
of 0.1-2.0% PVA gives good results but at high
concentrations PVA tends to be precipitated in
presence of electrolytes. A typical titration curve is
shown in Fig. 2 and the analytical results are given
in Table 2.

The effect of various anions on the determination
was also investigated. The results are summarized in
Table 3. Some anions with low charge density, such
as perchlorate, iodide and nitrate, interfere since they
also react with Cd(phen);*. Perchlorate ion gives
serious positive error, but the anions listed in Table
3 cause < 1% error when present at the concentration
ratios shown.
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Summary—The analytical utility of ethyl acetoacetate for the spectrophotometric determination of
benzothiadiazine diuretics has been studied. The procedure developed is based on coupling of the
diazotized drugs with the reagent, which possesses an active methylene group. The stoichiometry of the
reaction is presented. The nominal recovery of the drugs from pharmaceutical preparations ranges from
97.6 £ 0.7 10 102.3 £+ 0.3%. The suggested method is simple, sensitive and applicable to unit dose analysis.

Benzothiadiazines are widely used as potent diuretics
of low toxicity, and several methods have been
developed for their determination. These include
non-aqueous titration,'? direct ultraviolet spec-
trophotometry,! colorimetry,'? polarography' and
complexometric,>* amperometric,” thermometric®
and bromometric titrations.”® Differential spec-
trophotometry and the orthogonal function method'!
have also been used. Benzothiadiazines are deter-
mined colorimetrically after hydrolysis, diazo-
tization, and coupling with amines and phenols.'2!%13
GLC," HPLC!*!¢ and LC-MS'? are the methods of
choice for the determination of benzothiadiazines in
biological fluids.

The coupling reaction of the diazo derivative, being
an electrophilic substitution, can take place not only
with phenols and amines, but also with carbanions
associated with an active hydrogen atom.'”® A col-
orimetric method for the determination of such a
carbanionic compound, namely ethyl acetoacetate,
has been based on its reaction with the diazo-
derivative of 4-nitroaniline, to give a coloured prod-
uct.” The use of compounds with an active methylene
groups as reagents for the determination of primary
aromatic amines was first reported by Belal and
co-workers, who employed ethyl acetoacetate® and
barbituric acid?' as coupling reagents to determine
some pharmaceutical primary aromatic amines.

This paper presents a simple and sensitive pro-
cedure for the estimation of six benzothiadiazines
(Table 1), by coupling of the diazotized hydrolysed
amines with the reagent. The method is simple,
sensitive and readily adaptable to unit dose analysis.

EXPERIMENTAL
Reagents
Ethyl acetoacetate, 5% ethanolic solution.
Sodium nitrite, 0.5% aqueous solution.

Urea, 2% aqueous solution.
Sodium hydroxide, 20% and 50% aqueous solutions.
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Pure drug samples were kindly provided by various
manufacturers, and used as such. Pharmaceutical prepara-
tions containing the compounds studied were obtained from
the Egyptian market or were laboratory-made.

Procedures

Calibration graph. Dissolve 50 mg of the pure compound
in 10 ml of 20% sodium hydroxide solution by boiling under
reflux for 30 min, and cool. Add 15 ml of concentrated
hydrochloric acid, and dilute accurately to 100 ml with
water. Dilute this solution tenfold with 1M hydrochloric
acid for analysis. Transfer to 25-ml standard flasks suitable
volumes of this solution to cover the working range
(Table 1). Add 1 ml of sodium nitrite solution to each, cool
the flasks in an ice-bath for 3 min, add 2 ml of urea solution
and after 3 min add 1 ml of ethyl acetoacetate solution
followed by 6 ml of 50% sodium hydroxide solution.
Measure the absorbances against a reagent blank at 7,
(Table 1). Use the same procedure for analysis of nominally
pure drug samples.

Analysis of tablets. Weigh 20 tablets and pulverize them.
Extract a known weight of the powder, equivalent to 50 mg
of the pure drug, by shaking it with three successive 25-ml
portions of 0.8% sodium hydroxide solution; filter the
extract into a [00-ml standard flask, and wash the filter and
dilute to volume with water. Boil 10 ml of this solution with
10 ml of 20% sodium hydroxide solution under reflux for
30 min and cool. Add 15 ml of concentrated hydrochloric
acid, and dilute accurately to 100 ml with water. Dilute this
solution tenfold with IM hydrochloric acid for analysis.
Proceed as described above, starting from the words
“Transfer to 25-ml standard flasks suitable volumes™

Table 1. Data for the reaction of benzothiadiazines and
ethyl acetoacetate

Molar Working

Amax»  absorptivity,* range,

Compound nm . .mole ' .em~' pug/ml
Chlorothiazide 425 3.46 x 10* 2-15
Hydrochlorothiazide 425 3.16 x 10* 2-20
Trichlormethiazide 425 3.23 x 10* 2-24
Benzthiazide 425 3.02 x 10* 2-24
Bendroflumethiazide 430 2.32 x 10¢ 2-30
MethyIclothiazide 430 1.26 x 10* 4 48

*Mean of 12 determinations.
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RESULTS AND DISCUSSION

Benzothiadiazines are hydrolysed completely to
yield 2,4-disulphamoylanilines, and these can be cou-
pled with ethyl acetoacetate in strongly alkaline
medium to produce yellow compounds. This reaction
can be used for spectrophotometric determination of
some benzothiadiazine diuretics. Scheme I represents
a possible reaction pathway for the formation of the
azo compounds, with hydrochlorothiazide as the
model.

The coupling reaction is instantaneous, and the
colour remains stable for more than 24 hr. The
optimum concentrations of the reagents were deter-
mined, and are those used in the procedure.

The molar absorptivities of the products from
chlorothiazide, hydrochlorothiazide, benzthiazide
and trichloromethiazide (Table 1) are nearly the same
because hydrolysis of all four compounds yields the
same product, 5-chloro-2.4-disulphamoylaniline.
Bendroflumethiazide, on the other hand. yields 5-
trifluoromethyl-2 4-disulphamoylaniline, and methyl-
clothiazide yields S5-chloro-2-(N-methylsulphamoyl)
4-sulphamoylaniline.

o o
N/

HzNOzS:@ N—H
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H
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2 2 2 l 2 2
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Ct N=NCI
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|
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Fig. 1. Continuous variations plot for reaction of methyl-
clothiazide and ethyl acetoacetate (total concentration of
reactants 2 x 10~ 'M).

Figure 1 shows the continuous variations graph for
methyclothiazide as a model.”? Complementary vol-
umes of 2 x 107>M solutions of the hydrolysed and
diazotized drug, and of ethyl acetoacetate (0:10, 1:9,
2:8...9:1, 10:0) were mixed in 25-ml standard
flasks with 6 ml of 50% sodium hydroxide solution

H— CHO
+
NH

N No, H2NO23 S02NH,
HCl

cl NH,

o H
-H" “ |

CH3—C——C—C—COO Et —» CH3'—"C—C—C'—COOE1
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Scheme 1.
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Table 2. Analysis of commercial and laboratory-made tablets by the
proposed and official methods

Preparation

Recovery, %

Proposed method Official method

Hydrochlorothiazide tabletst

(24 mg/tablet)
Chlorothiazide tablets§

(25 mg/tablet)
Trichlormethiazide tablets§

(25 mg/tablet)
Methylclothiazide tablets§

(25 mg/tablet)
Bendroflumethiazide tabletst

(25 mgjtablet)
Benzthiazide tablets§

(25 mg/tablet)

101.8 0.5 102.3 £ 04
98.7+ 04 99.5+0.2
97.8 £0.7 98.5+£0.5

102.4 £ 0.5 101.9 £ 0.3

1023 +0.3 101.8+£0.5
99.5+0.4 98.8 £ 0.5

*Means and coefficients of variation for 6 determinations.

+Commercially available tablets.
§Laboratory-made tablets.

and the solutions made up to the mark with water.
The absorbances were measured and plotted against
the mole fraction of the drug.

The systems all obeyed Beer’s law over the concen-
tration ranges shown in Table I. The method was
applied to analysis of commercial and laboratory-
made tablets containing the benzothiadiazines, with
the results shown in Table 2. Lactose, starch, mag-
nesium stearate and talc, which are commonly used
as excipients, were found not to interfere in the
analysis. Hydralazine hydrochloride and reserpine,
which are co-formulated with hydrochlorothiazide,
also had no effect. Statistical analysis® (F-test and
t-test) of the results obtained by the suggested
method and by the standard colorimetric methods!?
showed no significant difference between the per-
formance of the two methods.

The method suggested has the advantages of being
simple and sensitive. It may be considered as a
general method for the spectrophotometric deter-
mination of benzothiadiazines. The method has the
additional advantage that the coloured products are
soluble in alkali, so they do not precipitate and do not
need extraction.
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Summary—A simple and rapid method is described for the direct thermometric determination of milligram

amounts of methyl dopa, propranolol hydrochloride,

1-pheny!-3-methylpyrazolone (MPP) and

2,3-dimethyl-1-phenylpyrazol-5-one (phenazone) in the presence of excipients. The compounds are reacted
with N-bromosuccinimide and the heat of reaction is used to determine the end-point of the titration.
The time required is approximately 2 min, and the accuracy is analytically acceptable.

N-Bromosuccinimide (NBS) is a valuable reagent for
the determination of many organic compounds.' Its
use as a titrant for the determination of ascorbic acid
was first introduced by Barakat et al.? Pathak et al.’
have reported the titration of methyl dopa and
propranolol hydrochloride with NBS, with Methyl
Red as indicator. Potentiometric titration of pharma-
ceuticals with NBS is also reported in the literature.*’
The usefulness of NBS results from its high oxidation
potential and applicability in oxidation, substitution
and addition reactions.>®

In analysis of pharmaceuticals problems sometimes
arise if the matrix is coloured or the components of
the formulation are not all readily soluble in the
reaction medium. The classical methods of analysis
therefore often involve a filtration or solvent extrac-
tion step before the active ingredient is in a suitable
medium for determination. Thermometric titrimetry
overcomes this problem provided the reaction chosen
is selective for the active ingredient, the heat of
reaction is large enough, and the excipients are
thermally neutral. By taking advantage of the rapid
bromination reaction of NBS with organic com-
pounds, we have developed a simple, fast and selec-
tive thermometric method which is quantitive and
accurate for the determination of milligram amounts
of some antihypertensive and antipyretic drugs.

EXPERIMENTAL

Instrumentation and procedure

The instrument was as described earlier,” with certain
modifications. The basic electrical circuit had a simple d.c.
Wheatstone bridge, incorporating a thermistor of nominal
resistance 10kQ at 25° (Standard Telephone and Cables
Ltd., model F-14). The off-balance voltage was fed into an
operational amplifier and the output recorded (2-mV full-
scale deflection) at a chart-speed of 6 cm/min.
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For accurate and precise delivery of the titrant and titrand
a Mettler automatic titrator model DV 11 or 13 was coupled
with the instrument. The delivery rate was found gravimet-
rically to be 4.47 ml/min. The titrant was maintained at a
constant temperature of 24.00 + 0.01° by passage through a
thermostat before entering the titration vessel. The titration
vessel was a thick-walled polythene bottle of nominal capac-
ity 15 ml, and was thermally insulated 1n a polystyrene block
so that heat losses during titration were not significant. A
known amount of sample was placed in the titration vessel
and stirred mechanically at constant speed until thermal
stability was achieved. It was then titrated with NBS and the
amount of sample estimated from the enthalpogram.

Reagents

The methyl dopa (Merck, Sharp and Dohme) and pro-
pranolol hydrochloride (Ciba-Geigy) used were of pure
pharmaceutical grade. The phenazone and MPP were pre-
pared by a standard procedure.® The identity and purity of
all these reagents were checked by taking melting points and
mixed melting points, followed by ultraviolet
spectroscopy®'® thin-layer chromatography, and analysis by
a standard method.!" Standard solutions (100 ml) were
prepared by dissolving accurately weighed amounts in
doubly distilled water. The NBS was standardized io-
dometrically.!?

RESULTS AND DISCUSSION

Methyl dopa, propranolol hydrochloride, phen-
azone and MPP were thermometrically titrated
with standard NBS solution. The results obtained
(Table 1) were precise and accurate with relative
standard deviations in the range 0.3-0.6%. The
chemical structures of these compounds are given
below. Various matrix ingredients such as starch,
lactose and magnesium stearate, frequently used in
pharmaceutical preparations, were found to have no
effect on the determinations. Hence single-dosage
forms can be analysed. All these data suggest that the
test compounds are brominated readily and quan-
titatively.
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Table I. Summary of results for NBS determination of the test compounds (11
different sample weights)

Range Standard
taken, Recovery, Mean, deviation,
Compound mg % Yo Y%
Methyl dopa 5-55 98.7-99.8 99.6 0.3
Propranolol hydrochloride 10-60 98.6-100.0 99.6 0.5
MPP 5-55 98.3-100.0 99.3 0.5
Phenazone 5-55 98.4-100.0 99.4 0.6
HO l 3 2
HO@CHZ—?—COOH HOCH
Methyl dopa Q
Propranolol
ﬁ CH4 —— CHy
~N—H ; ~N—CH
1 o
Ph Ph
MPP Phenazone

As seen from the structures, methyl dopa and
propranolol contain many reactive sites for bro-
mination. According to the literature,'*"* amino,
methylene, phenyl and carboxylic groups undergo
bromination by substitution.

In the pyrazolone derivatives, MPP and phen-
azone, substitution by an electrophile can take place
at the 4-position.'s Bromine is the most likely electro-
philic reagent under the conditions used, so it is
assumed that the reaction product is the 4-bromo
derivative. This derivative can easily be prepared by
treatment of the parent compound with NBS in
carbon tetrachloride or aqueous acetic acid.® The
molar reacting ratio for MPP and phenazone shows
that one mole of the former consumes two moles of
NBS. The secondary amino-group in MPP is labile to
attack by a bromine atom, so the second mole of
NBS is consumed to give the 2,4-dibromo derivative.
Furthermore, bromine atoms at low concentration
give an N-bromo rather than a C-bromo-derivative. !’
It has been reported that N-halocompounds are
easily converted into halogen and amines, whereas
C-halogenation is non-reversible.”® Accordingly a
bromine atom substituted on the nitrogen atom at the
2-position of MPP would be labile, and liberate
iodine from potassium iodide under back-titration
conditions.'® There is no such replaceable hydrogen
atom in phenazone, however, so only one mole of
NBS is consumed per mole of phenazone. The reac-
tion ratios for methyl dopa and propranolol hydro-

chloride with NBS are 4 and 5 moles of NBS
respectively per mole of pharmaceutical, and the
bromination pattern is complicated.'” However, the
mechanism of interaction between NBS and these
compounds is not fully understood. We only suggest
that most of the bromination occurs at the sites
mentioned here.

CONCLUSION

In previously reported methods® for the deter-
mination of methyl dopa and propranolol hydro-
chloride the concentration of sulphuric acid was
critical. In the assay of phenazone and MPP a
concentration of acetic acid less than 9M at the
end-point causes the change in colour of the indicator
to be less sharp, leading to difficulties in end-point
detection. Moreover, titration of MPP and phen-
azone in more dilute acetic acid is always accom-
panied by precipitation of the bromo-derivative. The
proposed thermometric method for the deter-
mination of these pharmaceutical compounds is more
precise, accurate, selective and rapid in aqueous
media in the presence of manufacturing impurities,
than the classical and potentiometric techniques. It
provides analytically acceptable results for routine
analysis.

Acknowledgements—The authors are grateful to Merck,
Sharp and Dohme (Karachi) for a valuable gift of pure
methyl dopa.
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Summary—Conventional nuclear magnetic resonance spectrometry in solution, in combination with *C
labelling, has been utilized to investigate differences in freedom of motion of similar chemically altered
and physically modified porous silica sorbents under dry conditions, and the results have been correlated
with previously reported resuilts for chemically altered solvated surfaces. Spin-lattice relaxation time of
the labelled terminal methy! groups decreases in the order chemically modified solvated ligands, chemically
bonded unsolvated ligands, and physically sorbed unsolvated molecules.

Various techniques have been used in preparing
chromatographic sorbents, including thermal treat-
ment, salt modification, physical coating, and chem-
ical reactions, alone or in combination, e.g., reaction
of a chlorosilane with the sorbent followed by phys-
ical coating with liquid phase. The physical coating
and chemical reaction procedures have been the most
widely accepted methods of achieving selectivity in
gas and liquid chromatography respectively. Charac-
terization of such modified materials has been im-
portant in the development of reproducible materials
with known selectivities, and many methods have
been used for the purpose.

Most recently, spectral probing of the surface has
emerged as a technique for investigation of the
properities of sorbents. The methods used include
fluorescence,'? infrared** and photoacoustic*® spec-
troscopy as well as nuclear magnetic resonance
(NMR) spectrometry.®?' Key questions which have
only partially been answered are concerned with the
steric and motional aspects of the molecules immo-
bilized on the surface.

NMR spectrometry, especially of '*C, has been
widely applied to study various aspects of modified
surfaces. Information thus gained falls into several
classes: (1) characterization of attached ligands;*¢ 10
(2) determination of degree of surface modification;"’
(3) elucidation of bonding chemistry;' (4) mea-
surement of molecular dynamics.'® '7 Most of these
studies have been made by using magic-angle spin-
ning and proton cross-polarization, especially for
chemically attached ligands, for which line-
broadening occurs owing to restricted molecular
mobility.

*Author to whom correspondence should be addressed.
tPresent address: Department of Chemistry, University of
Oklahoma.

In the past, conventional NMR has been used to
investigate adsorbed molecules,'®? but until recently
its application to chromatographic-type, bonded-
phase surfaces has been limited owing to problems of
signal intensity and multiple-line coalescence arising
from the broad resonances of similarly shifted sig-
nals.™'** These problems have been minimized by *C
enrichment of a chosen carbon atom in the attached
ligand.**** Using such chemically modified materials,
we have examined various aspects of the surface,
including surface-backbone structure,™!' preferential
surface solvation in binary aqueous—organic systems
(corresponding to liquid chromatography),? and
changes in spin-lattice relaxation as a function of
position of labelling, surface-attachment chemistry,
and degree of coverage.'® As a follow-up this report
presents a comparison of data for chemically
modified and physically coated porous silica under
dry conditions (i.e., corresponding to gas chro-
matography). Further, it correlates these dry-state
(i.e., unsolvated surface) data with the previously
reported liquid-state (i.e., solvated surface) data.'®

EXPERIMENTAL

Materials

The synthesis of the labelled chlorosilanes used has been
described previously,” but for convenience is summarized
below. Two labelled compounds were made, one with a
BC-enriched terminal carbon atom 1n the alkyl chain and
the other with the labelled carbon atom attached to the
silicon atom. For the first, 1-bromoundecene was reacted
with magnesium to produce the corresponding Grignard
reagent, '*C-labelled carbon dioxide was bubbled through
the solution to yield dodecenoic acid which was then
reduced to the corresponding alcohol with lithium alumi-
nium hydride, and the alcohol was treated with tosyl
chloride in the presence of pyridine to give the tosylate. The
tosylate was reacted with sodium iodide in acetone to yield
the iodoalkene, which was reduced with lithium aluminium
hydride to form terminally labelled dodecene. This was
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finally coupled with dimethylchlorosilane to produce
13C,,-labelled n-dodecyldimethylchlorosilane. For the sec-
ond, octylmagnesium bromide was prepared and reacted
with labelled carbon dioxide; the resulting acid was reduced
with lithium aluminium hydride and the alcohol formed was
treated with phosphorus tribromide to yield 'C-labelled
l-bromononane. From this compound nonylmagnesium
bromide was prepared and reacted with excess of silicon
tetrachloride to yield '*C,-labelled n-nonyltrichlorosilane.

Both compounds were purified by distillation under
reduced pressure and their structures verified by infrared
spectroscopy, and proton and carbon NMR spectrometry.

From these products the corresponding labelled alkyl-
trimethylsilanes were prepared by treatment with excess of
methylmagnesium iodide in diethyl ether followed by addi-
tion of dilute hydrochloric acid and shaking. The organic
layer was separated and dried over anhydrous sodium
sulphate, the ether was removed by gentle heating, and the
remaining liqud was distilled under reduced pressure to
yield the pure product. The identity of these materials was
verified by infrared analysis.

The chemically modified surfaces were prepared by
reacting® excess of the labelled chlorosilane with 10-um
particle-size chromatographic-grade LiChrosorb SI-60
porous silica with a reported surface area of approximately
550 m?/g.

The physically coated sorbents were prepared by mixing
1 g of the same lot of silica with an appropriate amount (i.e.,
enough to give the desired loading) of the n-nonyltrimethyl-
silane or n-dodecyitrimethylsilane in about 20 ml of dry
diethyl ether, mixing thoroughly with a vortex shaker,
letting stand overnight and then drying for 1 hr at 105°.

NMR studies

Approximately |1 g of each material was placed in a
10-mm NMR tube and spin-lattice measurements were
made with a Varian model FT-80 NMR spectrometer at
ambient temperature in the absence of solvent, with C,D, as
the external reference compound. An inversion recovery
pulse sequence was employed.

RESULTS AND DISCUSSION

The observed spin-lattice relaxation times (7;) and
the widths of the resonances at half intensity (v,,) are
summarized in Table 1. In all cases a series of at least
seven different pulse delays was employed. The re-
sulting fit for each inversion recovery experiment was
linear with a regression coefficient of at least 0.99.
The standard deviation of the mean for multiple
determinations of individual 7, values ranged be-
tween 0.03 and 0.06 sec.

177

Physically coated materials

The spin-lattice relaxation time increased with
increasing amount of sorbed material. As shown in
Table 1, this corresponded to approximate doubling
of T, with tripling of surface coverage. On the basis
of the surface area listed by the manufacturer (550
m?/g), such an increase in 7, seems unreasonable. For
example, for nonyltrimethylsilane, assuming uniform
coverage of the total area available, the surface
concentration of the silane should have been approx-
imately 0.6 molecules/nm® for the 11.6% coverage
and 1.9 molecules/nm® for the 34.7% coverage.

It has been suggested by several investigators
that significant molecular exclusion may occur with
similar porous silica materials. For adsorbents with
porosity and structure close to those used in the
current investigation, even under vigorous reaction
conditions only about 30-40% of the surface area
determined by BET may be available.”

In our studies, if a similar reduction in available
surface area is assumed (e.g., 0.35 x 550 m?/g) an
effective coverage of 2 and 6 molecules/nm? area for
the 12-35% loading range is not unreasonable. If this
is accepted, arguments for self-association of the
sorbed molecules, resulting in a quasi-liquid state,
seem reasonable, and the observed increase in spin-
lattice relaxation time with increasing surface concen-
tration of the sorbed material is in agreement with
expected liquid behaviour.”! These data are also
indicative of increasing motional freedom with in-
creasing surface coverage and support the ideas of
those investigators®?® who have suggested that the
available area is considerably smaller than the BET
area.

25-28

Chemically bonded materials

The T, and v,, values, which were also determined
under unsolvated conditions, were greater than the
corresponding values for the physically coated sor-
bents. The 7, values demonstrate an overall
significantly different degree of motional freedom for
the sorbed molecules than for the chemically attached
ligands. The spin-lattice relaxation time for the
C, carbon atom of the n-nonyltrichlorosilane

Table 1. Spin-lattice relaxation and band-width data for physically coated and
chemically altered surfaces under unsolvated conditions

Modification reagent Carbon,t % T, sec v Hz
(CH,),Si*CH,(CH,),CH, (PCY 11.6 0.75 70
23.1 1.21 66
34.1 1.41 62
(CH,;),Si(CH,,), *CH, (PC) 11.5 0.77 76
34.0 1.90 66
C1,Si(CH,), *CH, (CB) 13.7 2.25 125
CI(CH,),Si(CH,),;*CH, (CB) 9.5 2.64 110
C1;Si*CH,(CH,),CH, (CB) 8.0 — 720

*Denotes position of '*C enrichment.
tIndicates surface loading.

§Mode of attachment: (PC) physically coated; (CB) chemically bonded.
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Table 2. Spin-lattice relaxation data for chemically altered now in progress. The data further show a significant

surfaces under solvated conditions degree of exclusion of the sorbed material as well as
Modification reagent Carbon,t % T,, sec sorption in self-associated micro-clusters.
CI(CH,),S1(CH,), *CH, 9.5 3.50
CI,Si(CH,), *CH, 10.8 3.25 REFERENCES
CLiSi(CH,), *CH, 13.7 2.66 I. C. H. Lochmuller, D. B. Marshall and J. M. Harris,
*Denotes position of *C enrichment. Anal. Chim. Acta, 1981, 131, 263.
+Indicates surface ]oading, 2. C. H. Lochmuller, D. B. Marshall and D. R. Wilder,

ibid., 1981, 130, 31.
3. L. C. Sander, J. B. Callis and L. R. Field, Anal. Chem.,

‘ . 1983, 55, 1068.
chemically-modified surface has not been reported, 4 D.E. Le;'den, D.S. Kendall, L. W. Burggraf, F. J. Pern

owing to the extremely broad resonance (720 Hz) and and M. DeBello, ibid., 1982, 54, 101.
resulting unfavourable signal-to-noise ratio. 5. cb;dH-l;‘g’;h;;““g» S. F. Marshall and D. R. Wilder,
. . . ibid., , 52, 19.
For the physically coated samples with similar ¢ = ™% "G 0l ' W Sinorf and V. J. Bartuska,
coverages, v, and T were nearly independent of the J. Chromatog., 1981, 208, 438.
position of labelling. However, in the case of the 7. M. E. Gangoda and R. K. Gilpin, J. Mag.' Res.., 1983,
chemically bonded groups the decrease in line-width 53, 140.

for the free end of the chain shows the eff f 8. E. Bayer, K. Albert, J. Reiners, M. Nieder and
ect o D. Muller, J. Chromatog., 1983, 264, 197.

anchoring by chemical attachment. For similar chem- 9. K. Tanaka. S. Shinda and Y. Saito. Chem. Letr.. 1979

ically attached ligands studied under dry conditions 179.
by magic-angle spinning and cross-polarization tech-  10. G. R. Hays, A. D. H. Clague, R. Huis and G. V. D.
niques, Sindorf and Maciel'® suggested that rotation Velden, Appl. Surf. Sci., 1982, 10, 247.

. . : i1 11. W. H. Dawson, S. W. Kaiser, P. D. Ellis and R. R.
is the dominant factor in the overall mobility of the Inners, J. Am. Chem. Soc., 1981, 103, 6780.

terminal methyl carbon atom. 12. L. D. Gay, J. Phys. Chem., 1974, 78, 38.
Similarly, we have demonstrated'® that the same 3. D. W. Sindorf and G. E. Maciel, ibid., 1982, 86, 5208.
applies for chemically attached solvated ligands. In  14. Idem, J. Am. Chem. Soc., 1983, 105, 3767.

~ drop | 1S. Idem, ibid., 1983, 105, 1848.
that earlier work a rather sharp drop in T, at o Qi (G B N G da, Anal, Chem., 1984,

increased surface coverage was interpreted as sug- 6. 1470.
gesting that an overall decrease in end-group mobility 17, D. Slotfeld:-Ellingsen and H. A. Resing, J. Phys. Chem.,
occurs once a certain critical surface concentration is 1980, 84, 2204.

attained. Data from those studies are summarized in 18- D. Michel, Surf. Sci., 1974, 42, 453.

Table 2. The overall higher values of 7, for the 19. ]1)9’8?4]:2613’0“ Pfeifer and J. Delmau, J. Mag. Res.,

solvated bonded state (Table 2) compared to data for 55 [ p. Gay and S. Liang, J. Catal., 1976, 44, 306.
the physically sorbed molecules (Table 1) suggest a  21. R. K. Gilpin and M. E. Gangoda, J. Chromatog. Sci.,
relatively greater degree of motion for the end carbon 1983, 21, 352.

atom in the chemically bonded solvated material than 22 M- E. Gangoda and R. K. Gilpin, J. Labelled Compd.
. . . . Radiopharm., 1982, XIX, 283.
for that in the phy51c'ally sorbed material, owing 10 23 Idem, ibid., 1982, XIX, 1081.
the fact that the dominant means of relaxation is by 24, R. K. Gilpin and M. E. Gangoda, ibid., 1984, XXI, 299.
rotation of the end methyl group in the terminal unit  25. M. F. Burke, A. K. Moreland and L. B. Rogers, Sepn.

of such bonded ligands. Sci., 1968, 3, 107.
26. M. F. Burke and D. G. Ackerman, Jr., Anal. Chem.,
1971, 43, 573.
27. R. K. Gilpin and M. F. Burke, ibid., 1973, 45, 1383.
CONCLUSION 28. K. K. Unger, N. Becker and P. Roumeliotis, J.
Chromatog., 1976, 125, 115.
The results reported demonstrate considerable 29, G. E. Maciel, J. F. Haw, I-Ssuer Chuang, B. L.
differences between physically coated and chemically Hawkins, T. A. Early, D. R. McKay and L. Petrakis,
modified surfaces in terms of motional freedom. J. Am. Chem. Soc., 1983, 10, 5529.

Such differences should result in differences in 0 ) R. Lyerla, Jr, H. M. Mclntyre and D. A. Torchia,
Macromolecules, 1974, 7, 11.

chromatographic behaviour (e.g., in experimentally 31 j E. Anderson, Kang-Jen Liu and R. Ullman, Discuss.
measured thermodynamic values). Work on this is Faraday Soc., 1970, 49, 257.
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Summary—Piperazine and its salts are reacted with aqueous alcoholic p-benzoquinone, buffered at pH 5.4,
to give a coloured product with maximum absorption at 516 nm. The piperazine base has a molar
absorptivity of 0.96 x 10°1.mole~!.cm~! and Beer’s law is obeyed over the range 2-10 ug/ml. When
applied to three commercial preparations, the proposed method gave mean recoveries within 1% of those
obtained by the official gravimetric method. The relative standard deviation was less than 1%.

Piperazine and its salts have been determined by
gravimetric, spectrophotometric and complexometric
methods.! The colour reaction with p-benzoquinone
was first reported by Foucry,? and later developed
into a quantitative method,>* based on heating the
reaction mixture at 80°. This reaction with p-
benzoquinone seems to be general for amines and
Benson and Spillane® have described its use for
determination of a wide range of amines (aliphatic,
primary and secondary, alicyclic and heterocyclic
amines), again by conducting the reaction at elevated
temperature.

This paper presents a simpler direct method for the
determination of piperazine by reaction with p-
benzoquinone at room temperature, without prior
separation of the free base. The method is very
suitable for routine analysis and can replace the
official gravimetric method,” which is based on pre-
cipitating the dipicrate salt.

EXPERIMENTAL

Reagents

p-Benzoquinone solution, 1%. Freshly prepared, in 95%
ethanol.

Buffer solution.? Prepared by mixing 44.7 ml of 0.1 M citric
acid and 55.3ml of 0.2M disodium hydrogen ortho-
phosphate to give 100 ml of buffer (pH 5.4).

Piperazine solution, 0.004%. Prepared in water by accu-
rate dilution of a concentrated solution of piperazine with
distilled water.

Piperazine dihydrochloride solution, 0.008%. Prepared by
accurate dilution of a concentrated piperazine dihydro-
chloride monohydrate solution.

Prperazine citrate solution, 0.010%. Prepared by accurate
dilution of a concentrated solution of piperazine citrate
3CH(N,-2CH,0;- 5H,0.

Piperazine phosphate solution, 0.008%. Prepared by
accurate dilution of a concentrated solution of piperazine
phosphate monohydrate C,H,N,-H,PO,-H,0O
Procedure for calibration graph

Pipette 1-5 ml volumes of standard piperazine or piper-

azine salt solution into 20-ml standard flasks. Add 2 ml of
buffer solution (pH 5.4) and 2 ml of p-benzoquinone

solution to each. Allow to stand for 30 min, then dilute to
volume with distilled water. Prepare a reagent blank by
diluting 2 ml of the buffer and 2 ml of p-benzoquinone
solution to 20 ml with distilled water. Measure the absorb-
ance of the standards against the reagent blank in 1-cm cells
at 516 nm.

Assay of pharmaceutical preparations

Transfer an accurately weighed amount of granules or an
accurately measured volume of piperazine solution equiv-
alent to 40 mg of piperazine base (C,H¢(N,) or 80 mg of
piperazine hydrate (C,H,,N,-6H,0) or piperazine salts into
a 250-ml standard flask. For granules add 100 ml of water
to dissolve them, and wait till effervescence ceases. Make the
solution up to volume with water. Pipette 25 ml of the clear
solution into a 100-ml standard flask and complete to
volume with water, Pipette 3 ml of the final solution into a
20-ml standard flask and proceed as described for the
calibration graph.

RESULTS AND DISCUSSION

Ethanolic p-benzoquinone solution reacts with
piperazine to give a red colour with maximum ab-
sorption at 516 nm (Fig. 1). The absorbance of the
yellow reagent blank solution at 516 nm is only about
0.04.

The effect of the pH of the buffer used has been
examined (Fig. 2) and the optimum pH for high
sensitivity, minimal blank reading and high stability
found to be 5.4. The colour reaches maximum in-
tensity in 30 min and remains stable for 2} hr (Fig. 3).

Beer’s law was found to be obeyed over the concen-
tration range 2—10 ug/ml! for piperazine base and
4-20 pg/ml for its salts (Table 1). The apparent molar
absorptivities (referred to the parent compound) were
found to be 0.96 x 10*1. mole~'.cm ™! for piperazine
dihydrochloride and piperazine phosphate, and
2.97 x 10*1. mole~'.cm™' for piperazine citrate.

The method was applied to the determination of
piperazine in three commercial preparations. The
results obtained were compared with those obtained
by the official gravimetric method based on weighing
the dipicrate salt. Thus for *“Uvilon Solution™ la-
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Fig. 1. Absorption spectra of piperazine citrate: 53 H,0
(15 ug/ml)—p-benzoquinone complex (——) and reagent
blank (——-), pH 5.4.

belled to contain 1000 mg of piperazine hydrate
(C,H (N, 6H,0) neutralized with citric acid per 5 ml
of solution, the recoveries (relative to nominal con-
tent) found were 94.4 + 0.6 and 94.2 + 0.5% (mean
and standard deviation) for the p-benzoquinone and
the official method, respectively. ‘“Urosolvin™
effervescent granules, labelled to contain 1.8 g of
piperazine hydrate, C,H,\N,-6H,0, 4.2 mg of col-
chicine, 1.8 mg of atropine sulphate and 9.6 g of
sodium citrate per 70 g, have been assayed by the two
methods and the recoveries were 103.0 + 0.6 and
103.4 + 0.4%, respectively. “Piperazine Midy”
effervescent granules labelled to contain 3.50% of
piperazine hydrate gave recoveries of 102.2 + 0.8 and
101.5 + 0.6%, respectively (Table 2). Application of
the r- and F-tests® showed that there was no
significant difference in precision and accuracy be-
tween the proposed and the official methods. The
official gravimetric method’ was also applied to
ascertain the purity of the piperazine, piperazine
dihydrochloride monohydrate, piperazine phosphate
monohydrate and piperazine citrate
[(C,HoN,); 2C¢H,0,- 53H,0] used in the work. The
values obtained were 97.8+0.2, 99.6+0.2,
99.8 + 0.1 and 101.4 + 0.1%, respectively, based on 4
replicates of each. The relatively low purity of the
piperazine base (97.8%) is attributed to the presence
of water of deliquescence, but this was taken into
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Fig. 2. Effect of pH on absorbance of the colour produced
on reaction of p-benzoquinone with piperazine.
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Fig. 3. Effect of time on absorbance of the colour developed
on reaction of p-benzoquinone with piperazine.

account in constructing the calibration graph. The
calibration graphs for piperazine base and piperazine
hexahydrate are practically identical.

The method has the advantage over the previous
methods*® that no heating is required. Since p-
benzoquinone reacts with primary, secondary, ali-
cyclic and heterocyclic amines,® any of these com-
pounds, if present, might interfere with the
determination. Piperazine degradation products con-
taining primary or secondary amine groups might
also give a positive reaction. However, this is also the
case with the official gravimetric method, which is
thus no more specific than the proposed method.

Benson and Spillane® reported that condensation
may take place between an amine and p-benzo-
quinone at position 2 or positions 2 and 5 when the

Table 1. Beer’s law linearity ranges and regression equations

Linearity
range, Regression
Compound ugml equation*
Piperazine 2-10 A =0.002 + 0.0998C
Piperazine dihydrochloride - H,O 4-10 A =0.004 + 0.0483C
Piperazine - H,PO, - H,0 4-20 A =0.001 +0.0423C
Piperazine citrate - 5tH,0 5-25 A =0.006 +0.0332C

*C = concentration in pg/ml.
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Table 2. Comparison of the recommended procedure with the official BP (1980)

method

Recovery + S.D., %

Official  p-Benzoquinone
Sample method method F* t*
Uvilon solution 942 +0.5 94.4 + 0.6 1.70 0.47
n=4) n=35 9.12) (2.365)
Urosolvin eff. granules 10344+ 04 103.0 + 0.6 2.21 1.18
(n=4) (n=5) 9.12) (2.365)
Piperazine Midy eff. granules 101.5+0.6 102.2 +0.8 1.70 0.49
(n=4) (n=75) (9.12) (2.365)

n = number of replicates.

*Results in parentheses indicate tabulated levels at P = 0.05.

0 0 0 OH
N N N
[j+4 — ) .2
N
0 0 0 OH

Fig. 4. Proposed reaction mechanism.

reaction is done at 80" in chloroform. However, 2
application of the molar-ratio and continuous-
variations methods under the conditions given in this
paper showed the reacting ratio of p-benzoquinone

)

to piperazine to be 4:1. This can be explained as 5.

due to an oxidation-reduction reaction as shown in

Fig. 4. 6.
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Summary—Silver, gold and palladium

can be

sorbed by a thiopolymer of the type

[HO(CH,CH,0CH, S8),CH,CH,0H]. The distribution coefficient for palladium increases with halide
concentration, with iodide having the largest effect. Silver can be extracted from chioride, nitrate or picrate
media. The different distribution coefficients for gold in hydrochloric acid and in sodium chloride suggest

that different sorption mechanisms predominate.

In 1970 Bowen reported the use of polyether-based
polyurethane foam for the sorption of several sub-
stances from aqueous media.! Since then, poly-
urethane foam has been widely used for the sorption
and concentration of both inorganic and organic
species.” The sorption of platinum metals by poly-
ether foam from thiocyanate media,’> of gold(III)
from chloride media® and as a thiourea complex from
perchlorate solution,® and of silver from picrate
solution® have been reported.

The hard and soft acid-base theory’ predicts that
a polythioether foam should give greater sorption
and selectivity than a similar polyether foam for soft
metal ions such as gold(IIl), palladium(II), silver(I),
mercury(I) and copper(I). In fact, the use of organic
sulphur compounds as solvents for extraction of
several of these metals has been reported. Pallad-
ium(II) has been extracted from chloride solution by
neutral organic sulphur compounds such as
alkylsulphides® and petroleum sulphides® and sol-
vents of this type have also been used to recover
gold(IIl), from both nitric and hydrochloric acid
solutions.!® The extraction of silver from nitric acid
by diesel oil'! and of silver(I) and mercury(I) with a
macrocyclic polythioether!? has also been recorded.
Although polyether foam is a more efficient extrac-
tion agent than its monomeric analogue, diethyl
ether, there has been little analytical use of polymeric
thioethers. The synthesis and use of SH-polyurethane
foam for the concentration of mercury(Il) was re-
ported earlier.’* While the present work was in
progress, the synthesis and use of a polymeric thio-
ether of the type (CH,-S), for the sorption of plat-
inum metals appeared."

The present work uses a thiopolymer (Thiokol) for
the sorption of noble metals from halide and other
media.

EXPERIMENTAL

Apparatus

A model 306 Perkin-Elmer atomic-absorption spec-
trometer was used for the determination of metal ions
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except for one study where ''""Ag tracer was used and the
samples were analysed with a Baird Atomic 530A gamma-
spectrometer with a 2-in. well-type (Nal(T1) detector.

Reagents

Stock solutions of Pd(II) and Au(Ill) (1000 pg/mil) were
prepared from palladium chloride and sodium tetra-
chloroaurate(II) dihydrate in 0.2M hydrochloric acid. A
silver solution (1000 pg/ml) was prepared from analytical
grade silver nitrate and '"""Ag was obtained from NEN
(Canada) Ltd. The Thiokol polymer was a gift from Dunlop
(Canada) Ltd. and had been prepared by reacting polymer
ZL574 (from Morton Thiokol, Trenton, NJ, U.S.A.) with
diphenylmethane di-isocyanate. ZL574 is a hydroxy-
terminated polymer of general formula
[HO(CH,-CH,-OCH,-CH,-S-8),CH,-CH,0OH] with molecu-
lar weight ~4000 and sulphur content 36-38%. Before use
the polymer was soaked in 0.1M nitric acid for 24 hr,
washed with water until free from acid, then washed with
acetone and finally air-dried. All other chemicals used were
analytical-reagent grade. The water was doubly distilled and
demineralized.

Procedure

The sample solutions and polymer were placed in
Erlenmeyer flasks and equilibrated by mechanical shaking
for at least 2 hr. The degree of sorption was determined by
measuring the concentration of metal ion in the aqueous
phase before and after equilibration with polymer. The
distribution coefficient (D in 1./kg) was calculated from the
degree of extraction (% E) according to the equation

%E v
_ Mt Y _Dak
00— e < w =D 1/ke)

where V is the volume of sample solution (ml) and W is the
weight of polymer (g).

RESULTS AND DISCUSSION

The results of preliminary studies showed that
Pd(IT) and Au(IIl) are effectively sorbed by the
thiopolymer from chloride solutions, whereas Pt(IT)
is recovered to a lesser extent and Pt(IV) sorbs
poorly. Ag(I) was efficiently sorbed even from nitrate
media. The results of detailed studies of the sorption
behaviour of Pd(I1), Ag(l) and Au(Ill) by the poly-
mer from different solutions are given below.
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Palladium

Results for the sorption of Pd(II) from the halide
solutions are shown in Fig. 1. The sorption increases
according to halide in the order CI- < Br~ <17, as
expected from the change in hydrophobicity. It can
also be seen that in all three systems the sorption
increases with the increase in initial concentration of
halide, reaches a plateau and then declines with
further increases, with this effect more prominent for
iodide. Solutions up to 0.08M in iodide become
turbid after addition of Pd(II), but a further increase
in iodide concentration gives clear solutions. It is
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bable species of the type PdX; and PdX;~. The log
D vs. log [X] curves in Fig. 1 indicate that the
palladium complexes with lower and higher halide
content are less extractable than those with inter-
mediate metal-halide ratios. A low ratio limit of 0.4:1
(CI:Pd) has been observed™ for the extraction of Pd
from chloride media at high temperature by poly-
meric (CH,S), . These authors have suggested that the
co-ordinately solvated species (I) extracted at room
temperature is converted at higher temperature into
a polymeric mercaptide (II) which also forms
donor—acceptor bonds with the sulphur atoms in the
neighbouring molecules.

1 CH,——S——CH,
|

“ 2(CH,-S-CH,) 4+ Cl——Pd——Cl

’ I

CH,——S——CH,
|

L

likely that PdI, is formed at lower concentrations of
iodide and dissolves as PdI; or PdI~ in presence of
excess of iodide.

Another important feature of Fig. 1 is that the
sorption profiles of Pd(II) from hydrochioric acid and
sodium chloride solutions are identical, which sug-
gests that Pd(II) is not sorbed by the thiopolymer as
an acidic species of the type H,PdCl,. Although the
extraction of H.,MX, type species has been
established' for the extraction of several metal ions
from halide solutions by oxygen-containing organic
solvents, it has been reported by several workers'®
that Pd(IT) is extracted by sulphur-containing organic
solvents as a solvated species of the type PdX, 2RS.
Assuming that PdX, is also the species sorbed in the
present system, the decrease in sorption of palladium
at higher concentrations of halide ion can be attrib-
uted to the increased concentration of the less sor-

~
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Fig. 1. Sorption of palladium from halide solutions; 45 ml

of 10 ppm palladium solution; 0.05 g of polythioether foam;

2 hr equilibration. x : CI~ (NaCl); O: C1~ (HCI); @: Br~
(HBr); A: 1= (HD.
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It is not clear from our results whether the sorbed
Pd species is solvated or co-ordinated in the thio-
polymer. However, it is certain that Pd is not sorbed
as an acidic complex by the thiopolymer.

Silver

The sorption profiles of silver from nitrate, chlo-
ride and picrate solutions are shown in Fig. 2. The
sorption of silver by the thiopolymer increases with
increase in the initial concentration of nitrate over the
entire concentration range studied, whereas the sorp-
tion from chloride solution becomes almost constant
from > I M hydrochloric acid. The sorption of silver
from picrate media shows a levelling off at
>2 x 107* M initial picrate concentration. Silver has
been extracted from nitrate solutions by several
sulphur-containing organic solvents.'” In addition,
the extraction of silver from nitric acid solutions by

—Log {PicTor CIT1]

¢} 20
50 4IO Sx \
40
.
Q o—® )-{il—o{——
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o — . r—4
(=] -— l/l
30} —t
L 1 I
20 25 15 05
~Log [NO3]

Fig. 2. Sorption of silver; 95 ml of 1 ppm silver solution; 0.10

g of polythioether foam; 3 hr equilibration. O: Pic™; @:

Cl-; A: NO; (HNO,); B: NOj (KNO;); ¢: NO;
(NaNO,).
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Fig. 3. Sorption of gold; 90 ml of 10 ppm gold solution; 0.10
g of polythioether foam; 3 hr equilibration. O: C1~ (HCI);
@: CI- (NaCl); x: NOy (HNO,).

diesel oil has also been attributed!" to the presence of
sulphur compounds. A polythio-crown ether has
been used'? to extract silver from chloride, picrate
and perchlorate solutions. By comparing the sorption
behaviour of silver from nitric acid with that from a
potassium or sodium nitrate system (Fig. 2), it is clear
that, as with palladium, the sorption of silver from
nitrate solution by the thiopolymer does not involve
any acidic species of the type HAgX,, which has been
reported® to be the silver species extracted from
chloride solutions by triphenylphosphine oxide. On
the other hand, a solvated species of AgX-2R,S type
has been established!” as the silver species extracted
by sulphur-containing solvents.

The value of unity for the slope of the log D vs. log
[Pic] plot is consistent with the sorption of an [AgPic}
species, which would agree with previous work on
extraction of solvated species. On the other hand the
smaller slopes for the chloride and nitrate systems
suggest that sorption of silver from these solutions
more likely involves a co-ordinated species.

Gold

Figure 3 shows the results of Au(III) sorption by
the thiopolymer from hydrochloric acid, nitric acid
and sodium chloride solutions. The most striking
feature is that unlike silver and palladium, gold is
sorbed to different extents from hydrochloric acid
and sodium chloride solutions. Since the thiopolymer
contains both oxygen and sulphur atoms in the
polymeric chains, the increase of the sorption of
Au(Ill) from hydrochioric acid solutions can be
attributed to the sorption of HAuCl; type species by
the oxygen-containing portions of the polymer. The
extraction of gold from acidic chloride solutions by
oxygen-containing solvents is well documented.!* On
the other hand, the sulphur content of the thio-
polymer has a dominant role in the sorption of
Au(IIl) from sodium chloride solutions, but whether

SHORT COMMUNICATIONS

Au(Ill) is sorbed as a solvated species of the type
AuCl,-XRS or as a co-ordinated species is not appar-
ent.

The sorption of gold(IlT) from nitric acid (Fig. 3)
is practically constant over the entire range of nitric
acid concentration studied and is similar to results
reported'’ for the extraction of gold and some other
noble metals from nitric acid by organic sulphides.

These results clearly show that the thiopolymer is
very effective for the sorption of silver, gold and
palladium. In addition to these metals, it is likely that
other soft metal ions, e.g., Cu(I), Hg(I), can be sorbed
by the thiopolymer and that it should be possible to
select suitable conditions for the separation of some
of the noble metals, Further studies are required to
establish the composition of the species sorbed.
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Summary—A simple and sensitive colorimetric method for the assay of quinine sulphate, primaquine
diphosphate, amodiaquine hydrochloride and pyrimethamine is described. The method 1s based on the
interaction of the drugs and p-chloranilic acid to give a stable product with an intense colour which can
be used for the determination of these antimalarials in their pharmaceutical preparations.

The aminoquinoline antimalarials have been deter-
mined colorimetrically with ammonium reineckate'
and trans-aconitic acid,? or by the acid dye technique®
or formation of a ternary complex with cobalt thio-
cyanate.* Primaquine has been determined by the
diazotization method® and with diazo-p-nitroaniline,®
2,6-dichloroquinone chlorimide and 1,2-naphtho-
quinone-4-sulphonic  acid.”  Spectrophotometric,®
gravimetric® and titrimetric'® methods have been used
for determination of amodiaquine. Pyrimethamine (a
pyrimidine derivative) has been determined by an
extractive colorimetric method using Methyl Orange,
Bromophenol Blue or Cresol Purple,' and by
conductimetric titration.'2

p-Chloranilic acid has recently been used for the
spectrophotometric determination of some alkaloids
in dioxan medium,' and the aim of the present work
was to use this reagent in acetonitrile medium for
spectrophotometric determination of some anti-
malarials. The method developed has been applied to
the determination of quinine sulphate, primaquine
diphosphate, amodiaquine hydrochloride and
pyrimethamine in pure form and in pharmaceutical
preparations. The colour produced in the reaction is
attributed to ion-pair formation.'*

EXPERIMENTAL

Reagents

Pharmaceutical grade quinine sulphate, primaquine phos-
phate, amodiaquine hydrochloride and pyrimethamine. p-
Chloranilic acid solution, 0.2% in acetonitrile. All the
reagents were analytical grade and the solvents spec-
troscopic grade.

Standard solutions

An accurately weighed amount of the drug or its salt
equivalent to 0.1 g of the free base was dissolved in about
20 ml of water. The solution was quantitatively transferred
to a separatory funnel, made alkaline with ammonia solu-
tion and shaken with four 20-ml portions of chloroform,

for 2 min each time. The extracts were pooled in a 100-ml
standard flask after passage through a filter paper contain-
ing anhydrous sodium sulphate, the paper being washed and
the solution made up to volume with chloroform.
Calibration graphs

Volumes of the standard solution ranging from 0.2 to
1.0 ml were transferred into a series of 5-ml standard flasks
and the solvent was removed by immersing the flasks in a
water-bath kept at 70°. The residue was dissolved in 2 ml of
acetonitrile, then 1 ml of p-chloranilic acid solution was
added. The volume was made up to 5 ml with acetonitrile
and the absorbance measured at 522 nm against a reagent
blank prepared simultaneously.

Analysis of tablets

Ten tablets were finely powdered and the powder thor-
oughly mixed. An accurately weighed quantity of the pow-
der equivalent to 0.1 g of the free base was transferred to
a separatory funnel containing about 20 ml of water. The
mixture was shaken for 15 min, then made alkaline with
ammonia solution and the base was extracted and deter-
mined by the procedures above.

RESULTS AND DISCUSSION

Quinine, primaquine, amodiaquine and pyri-
methamine react instantaneously with p-chloranilic
acid in acetonitrile medium to give a purple product
which has a broad absorption peak with a maximum
at 522 nm. The reagent has a broad peak with a
maximum at 435 nm (Fig. 1).

p-Chloranilic acid (p-CA) exists as the orange
undissociated species H,A at very low pH, the dark
purple HA - at intermediate pH, and the pale violet
A%~ at high pH.

Since the reaction product in acetonitrile is purple,
we consider that HA ~ is the form in which the p-CA
is involved in the reaction with the chosen anti-
malarials, and hence that there is proton transfer
from p-CA to the basic centre of the antimalarials
(Scheme 1). The ion-pair salt obtained dissociates to
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Table 1 Results for assay of dosage forms of antimalarial drugs with
p-chloranilic acid
Meant + SD, %
Proposed Official BP

Preparation* method method

Quinine sulphate tablets 101.3+0.7 98.2 +0.8
(150 mg/tab )M

Primaquine diphosphate tablets 100.5+ 0.5 98.8 +1.8
(Primaquine 15 mg/tab.)M

Amodiaquine hydrochloride tablets 99.7+04 97.8+07
(Camoquine 260 mg/tab.)P P

Pyrimethamine tablets 99.9+ 0.6 98.5+03

(Daraprim 25 mg/tab.)®¥

*M, Misr Co.; B, Bayer Co.; P.D., Park Davis; B.W., Burroughs Wellcome.

+Six separate determinations

Absorbance

~~

-

450 490 530 570 610 650

Wavelength (nm)

Fig. 1. Absorption spectra of A, primaquine-p-chloranilic
acid reaction product measured against reagent blank; B,
reagent blank measured against acetonitrile. Primaquine
concentration = 120 pug/ml; p-CA concentration = 2 x 10

pg/ml.

give the purple HA~ anion.' This dissociation is
promoted by a solvent with high dielectric constant.

0

Cl OH
H,A = H* + HA~ (purple)

B+ H* == BH" (colourless)

HO Cl
0

Scheme 1.

We reject the alternative mechanism involving a
radical anion CA~, since we have found no ESR
signal suggesting its presence.'*

p-Chloranilic acid gives an immediate colour reac-
tion with the drug bases at room temperature. For
quantitative purposes a volume of 1 ml 0f 0.2% p-CA
in acetonitrile for a final volume of 5 mlis the optimal
quantity for maximal colour formation. The colour is
stable for at least S hr.

Beer’s law is valid over the concentration range
0.04-0.20 mg/ml for amodiaquine, primaquine and
pyrimethamine and 0.04-0.12 mg/ml for quinine.

Application of official methods and the proposed
method for assay of the test compounds in their
dosage forms gave the results presented in Table 1.
Student’s ¢-test showed that the proposed and official
methods are equally accurate (95% confidence level).
The proposed method is simpler, faster and more
sensitive than the official procedures. These advan-
tages suggest its application in the analysis and
quality control of these antimalarials in their pharma-
ceutical preparations. Substances having no basic
centre are not expected to interfere, since extraction
of the antimalarial base precedes the colour reaction.
Although the method will not differentiate between
the antimalarials investigated it is useful for routine
analysis and quality control.
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Summary—A polarographic method has been developed for the simultaneous determination of cadmium
and tellurium in thin-film cadmium telluride. The procedure involves dissolution of the film with
concentrated nitric acid, which 1s subsequently removed by evaporation. The Cd(IT) and Te(IV) waves
are well separated at pH 10, but sufficient ammonia must be present to prevent the precipitation of

cadmium hydroxide.

The cathodic electro-deposition of thin-film cadmium
telluride has been reported by a number of work-
ers.!”” The interest in this material arises because it
has an energy band-gap well suited to the solar
spectrum, has a direct transition and absorbs
strongly, and can be deposited as either n- or p-type.
This last property is related to the composition of the
film. An excess of cadmium results in n-type and an
excess of tellurium in p-type CdTe.? In a number of
studies of electro-deposition from solutions contain-
ing Cd(II) and Te(1V), X-ray diffraction and electron
microprobe analysis were used to determine the com-
position of the film in relation to its type of conduc-
tivity.>® Since these techniques cover small surface
areas, polarography can act as an effective com-
plement to them because it can provide the average
composition of the whole film as well as the total
amount of material deposited. In addition, polar-
ography has the advantages of speed and cheapness.
It has been very helpful in our studies of new
electrochemical processes for the preparation of thin-
film cadmium telluride,” with special regard to cor-
relation of composition with deposition conditions.
We have found that the non-aqueous cathodic
electro-deposition of CdTe from solutions containing
Cd(IT) and tri-n-butylphosphine telluride results in a
p-type film which contains a slight excess of cad-
mium.” Consequently, since an excess of cadmium
usually produces n-type CdTe, it would appear that
the excess is not uniformly distributed throughout the
films and may occur in small pockets and hence not
affect the type of conductivity.

EXPERIMENTAL

The calibration procedure made use of standard solutions
of Cd(II) and Te(IV), which were mixed to provide solu-

*Author to whom correspondence should be addressed.
tOn leave from Department of Chemistry, Warsaw
Technical University.

tions containing various Cd/Te concentrations and ratios.
The cadmium solutions were prepared from cadmium
perchlorate, and the tellurium(IV) solutions by dissolving
elemental tellurium in concentrated nitric acid, which was
then removed by evaporation after addition of few ml of
sulphuric acid. The pH of the mixed solution was raised to
10 by addition of ammonia solution, and 0.1M ammonium
sulphate was used as the supporting electrolyte. The total
volume of the solution was brought to 25 ml. At equimolar
cadmium and tellurium concentrations of 5 x 107*M or
lower, the tellurium wave was not distorted, and the
diffusion current for the tellurium was exactly twice that for
the cadmium (Table 1).

Cadmium telluride films for analysis were dissolved in a
few drops of concentrated nitric acid, after which a few ml
of sulphuric acid were added and the excess of nitric acid
was removed by evaporation. The solution was diluted to 20
ml. After addition of 0.125 g of ammonium sulphate and
adjustment of the pH to 10 with ammonia solution,
sufficient distilled water was added to adjust the cadmium
and tellurium concentrations to close to 107%M. As a check
of this procedure, authentic samples of 99.99% pure CdTe
were dissolved in the same manner and analysed.

The polarographic analysis was performed with a PAR
174A polarographic analyser operating in the normal mode.
A drop-time of 1 sec and a potential scan of 5 mV/sec were
employed. These conditions provided two clean waves that
were well separated, with E|, at —600 + 20 mV for Cd(II)
and —800 £+ 10 mV for Te(IV), vs. Ag/AgCl. A pool of
mercury was used as the counter-electrode.

RESULTS AND DISCUSSION

Figure 1 shows the polarogram of a solution
containing Cd(II) and Te(IV), both at 1 x 10~*M
concentration. Since the cadmium reduction involves
two electrons, the fact that the tellurium reduction
current is twice that of the cadmium indicates a
four-electron reduction for the tellurium. Table 1
indicates that this current ratio holds for concen-
trations up to 5 x 10~* M. Consequently it appears
that Te(IV) is reduced to elemental tellurium
under these conditions. The diffusion current was
linearly proportional to concentration for both
elements, the slopes of the calibration graphs
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Fig. 1. Polarographic waves due to Cd(Il) and Te(IV), both 10~“M, with E,, at —610 and —800 mV
vs. Ag/AgCl, respectively. Supporting electrolyte was 0.1 ammonium sulphate.

Table 1. Polarography of standard solutions containing Cd(II) and Te(IV)

Diffusion current, uA

[Cd(D), [Te(IV)], Current ratio,

107*M 1074M Cadmium Tellurium treficq
5.0 5.0 1.32 2.64 2.0
2.0 2.0 0.52 1.06 2.0,
1.0 1.0 0.275 0.55 2.00
0.50 0.50 0.132 0.270 2.05
0.50 1.0 0.134 0.563 4.20
2.0 1.0 0.50 0.52 1.0,

being 26 and 52 mA.l.mole~! for cadmium and
tellurium respectively. Cadmium concentrations
larger than 5 x 107*M are not practical because the
increased ammonia concentration that is required to
prevent precipitation of cadmium hydroxide results
in poor separation between the Cd(II) and Te(IV)
reduction waves. Below 5 x 107°M concentration the
ratio of the diffusion currents for the two waves
deviates from 2 and calibration curves must be
employed. A CdTe film electro-deposited on a ti-
tanium plate was dissolved and the procedure applied
to the solution; two waves were obtained, which were
similar to those in Fig. 1. We have found no wave for
Te(VI), for which E,, is quoted® as —1.34 V at pH
9.2 in the presence of ammonium chloride. As a
control, the dissolution procedure was repeated with
a bare titanium plate; no waves were observed over
the scan range employed for the CdTe analysis. Table

2 lists some results of analyses of authentic samples
of 99.99% pure CdTe. For ten replicate analyses the

Table 2. Polarographic analysis of 99.99% pure CdTe and
electro-deposited thin-film CdTe

Measured concentrations, 10~*M

[CdTe], Atomic ratio,
10-4M [CdD)] [Te(IV)] Te/Cd
1.50* 1.5 1.5, 0.98
1.00* 1.0, 1.0, 1.0,
0.75% 0.77 0.78, 1.0,
0.50* 0.52, 0.52, 1.0,
Film#t 0.51 0.58 1.1,
Film#t 0.91; 0.98 0.99,

*Prepared by dissolution of 99.99% pure CdTe according to
the procedure in text.

+Dissolution of thin-film CdTe that had been electro-
deposited on titanium.
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average Te/Cd ratio was 0.99, with a standard devi-
ation of 0.01, and 95% confidence limits of +0.01.
The close agreement between the measured concen-
tration and that based on the mass of material
dissolved indicates that the dissolution procedure
causes little loss of tellurium by evolution of hydro-
gen telluride. For comparison, the results’ for two
electro-deposited CdTe thin films are also listed.
The advantage of this analytical procedure is that
it is relatively quick because cadmium and tellurium
are determined simultaneously with a minimum of
handling. The polarographic analysis for tellurium in
the presence of 0.1 M sodium hydroxide® is less attrac-
tive because cadmium is precipitated under these
conditions and, therefore, cannot be determined
simultaneously with the tellurium. Likewise, polaro-
graphic analysis in dilute nitric acid is less attractive
because two pre-waves occur before the tellurium

wave,'? and we have found that the tellurium wave is
sometimes distorted by hydrogen evolution.
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ADSORPTION BEHAVIOUR OF POTASSIUM, CUPRIC, ZINC,
CADMIUM AND NITRATE IONS

Hiroakr Kawano
Osaka Municipal Technical Research Institute, Osaka, Japan

YosHIKAZU Nakal, TosHiO MATSUDA and ToyosHI NAGAL
Department of Chemustry, Ritsumeikan University, Kyoto, Japan
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Summary—The individual adsorption behaviour of potassium, cupric, zinc, cadmium and nitrate ions on
hydrous lead dioxide (HLD) was investigated. HLD was found to be an amphoteric ion-exchanger with
an equi-adsorption point in the vicinity of pH 4.6. For bivalent metal ions, the amount of adsorption
increased with pH (at pH > 3) and there was almost 100% adsorption at pH > 6. Both the adsorption
capacity and the adsorption affinity on HLD were in the order copper(Il) > zinc(IT) > cadmium(II).

Hydroxides and hydrous oxides of various metals
have been used as co-precipitation' or adsorption®?
reagents for separation or concentration of trace
amount of materials from matrices. For example, the
oxides and hydrous oxides of multivalent metals,
such as zirconium, titanium and thorium, have been
applied as synthetic ion-exchangers.* It has also been
found that the hydrous oxide of manganese(IV)
(HMO) behaves as a cation-exchanger, and that a
surface redox reaction on the HMO is correlated to
the adsorption behaviour.” However, the adsorption
properties of the corresponding compound of
lead(IV) have been little explored.

Recently, hydrous lead dioxide (HLD), freshly
prepared by hydrolysis of lead tetra-acetate, has been
studied in our laboratory. We have already reported
that HLD is a superior adsorbent for bismuth ions in
acidic medium and that traces of bismuth in a copper
metal standard (about 1073%) can be quantitatively
collected on HLD.® In another investigation the
adsorption of bismuth on HLD from bismuth-EDTA
solution was examined and it was found that HLD
oxidizes EDTA over the pH range from 1 to 12.]

In the present work. the adsorption behaviour of
potassium, cupric, zinc, cadmium and nitrate ions on
HLD was investigated, to elucidate the fundamental
adsorptive properties of HLD.

EXPERIMENTAL

Reagents

A 0.05M solution of lead tetra-acetate 1n glacial acetic
acid was standardized by potentiometric titration with
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sodium oxalate’ and the concentration of lead(IV) in the
lead dioxide suspension was measured simply by visual
titration with sodium oxalate.® A 1M potassium nitrate
standard solution was prepared from potassium nitrate that
had been crystallized twice from water and then dried for
Shr at 110°. Bivalent metal ion solutions were prepared
from the analytical-reagent grade nitrates A 0 065M so-
dium tetraphenylborate (Na-TPB) solution and a 0.025M
zephiramine (tetradecyldimethylbenzylammonium chloride)
solution, used for the determination of potassium, were
prepared and standardized with 0.1000M potassium chlor-
ide standard solution as described previously.® '

A 10% nitron solution in 0.1M acetic acid, used for the
determination of nitrate, was prepared. The other reagents
were of analytical-reagent grade, and the water used was
made by distilling demineralized water containing a lttle
potassium permanganate and sodium hydroxide

Adsorption of potassium and nitrate

The HLD was prepared as reported previously.” HLD
(4 mmoles) and Sml of 1M potassium nitrate adjusted to a
selected pH value with [ M nitric acid or potassium hydrox-
ide solution were placed in a 50-ml standard flask, diluted
to 50 ml with distilled water, brought to a temperature of
30 , and stirred for 5 hr. The HLD was then filtered off with
a 0.45-pm pore-size membrane filter, and the potassium and
nitrate in the filtrate were determined as described below.
The pH of the solution was also measured, immediately
after filtration, under a nitrogen atmosphere because of the
low buffering capacity of the solution. The amount of each
ion adsorbed was calculated from the difference in its
concentration before and after adsorption.

For determination of potassium, 10 ml of filtrate, 3 ml of
3M sodium hydroxide (potassium-free) and 20 ml of 0.065M
Na-TPB solution were added to a 100-ml standard flask,
and the mixture was diluted to 100 ml with distilled water,
allowed to stand for 20 min at 30, and then filtered off
with a [-um pore-size membrane. The excess of tetra-
phenylborate in a 25-ml portion of the filtrate was titrated
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Fig. 1. Effect of pH on the adsorption of potassium (O) and
nitrate (@) ions on hydrous lead dioxide (HLD). HLD
4 x 10~ mole; potassium or nitrate ion 5 x 10~? mole;
solution volume 50 ml; shaking time 5 hr, temperature 30°.

with 0.025M zephiramine solution, with Clayton Yellow as
indicator.%"'?

Nitrate was determined 1n a 10-ml aliquot with nitron."?
Adsorption test for bivalent metal ions

HLD (5 x 10~* mole; about 0.14 g of PbO,2H,0), a
known amount of metal 1on solution, 10 ml of 0.1M
potassium nitrate and 20 ml of buffer solution (0.2M acetic
acid/sodium acetate or 0.1 M nitric acid/borax) were placed
in a 200-ml Erlenmeyer flask and diluted to 100 m] with
distilled water. The suspension was shaken for 1 hr, at 30°C.
The HLD was then filtered off with a 0.45-um membrane
and the concentration of the metal ion in the fltrate was
determined by differential pulse polarography, at the appro-
priate pH.'* The amount of metal ion adsorbed was found
by difference.

RESULTS AND DISCUSSION

Adsorption behaviour of potassium and nitrate

In a preliminary test of accuracy, for six analyses
of 10 ml of 0.1000M potassium nitrate, the recoveries
of potassium and nitrate were 100.0 +0.2 and
98.6 + 0.1% respectively.

The effect of pH on the adsorption of potassium
and nitrate ions on HLD is shown in Fig. 1. For 2-6
replicates at each pH value the mean deviations were
+0.032 and +0.013 mole per mole of HLD for
potassium and nitrate ions, respectively. Equal
amounts of potassium and nitrate ions were adsorbed
at about pH 4.6, and HLD preferentially adsorbed
the cation at higher pH, the anion at lower pH.

Adsorption behaviour of copper(II), zinc(I1) and cad-
mium (I1)

Effect of pH. Figure 2 shows that the effect of pH
on the adsorption behaviour is very similar for all
three ions.

Effect of metal ion concentration. This was in-
vestigated at about pH 6 with 5 x 10~* mole of HLD.
The results are summarized in Fig. 3. The limiting
adsorption capacities were about 0.13, 0.08 and
0.04 mole per mole of HLD for copper(Il), zinc(Il)
and cadmium(II), respectively.
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Fig. 2. Effect of pH on the adsorption of copper(il) (®),

zinc(Il) (@) and cadmum(il) (O) on HLD. HLD

5 x 10~*mole; metal ion 2 x 10-¢mole; solution volume
100 ml; shaking time 1 hr; temperature 30 .

One hour of shaking was adequate for equilibrium
to be reached. The adsorption values of pH 4 were
practically constant over the temperature range from
30 to 70°.

From the results, the adsorption capacities for
these metal ions on HLD is in the order cop-
per(Il) > zinc(II) > cadmium(II), which is in accord
with the sequence of decreasing ionic crystal radius
(Cu** 0.72A, Zn?* 0.74 A, Cd** 0.97 A)" and in-
creasing negative logarithm of solubility product for
the hydroxides, [pK,, 18.2 for Cu(OH),, 15.3 for
Zn(OH), and 13.2 for Cd(OH),, all at 0.1 ionic
strength].'¢

Effect of competing ions. The effect of the presence
of another metal ion on adsorption of the three metal
ions was studied at pH 6, as follows. After
2 x 10~*mole of metal ion (adsorbate ion) had been

14r
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Metal ion added (10 * mole)

Fig. 3. Relation between the concentration of metal ion

added and the amount of metal 1on adsorbed on HLD at

pH 6. HLD 5 x 10~* mole; solution volume 100 ml; shaking

time 1hr; temperature 30; @ copper(Il); @ zinc(II);
O cadmium(II).
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Table 1. Competitive adsorption of metal ions on the hydrous lead dioxide

Adsorption of adsorbed ion

Without competing

With competing

Residual adsorbed

Amount of
adsorption of

Adsorbed  Competing ion present,* ion present,* ion, competing ion*,
ion ion 10~ mole/mole HLD 10~ mole/mole HLD % 1077 mole/mole HLD
cun & 95414 54105 % 10%03
Zath  Gaa 59203 $2%0> 58 15303
can g 32207 15305 st i6t0s

*Average and standard deviation are based on five or nine replicates.

shaken for 1 hr with 5 x 10~*mole of HLD as de-
scribed above, the same amount of another metal ion
(competing ion) was added, and the mixture was
shaken again for 1 hr. The individual amounts of the
two metal ions adsorbed were then determined as
above.

The results in Table 1 clearly show that the ad-
sorption equilibrium between metal ion and HLD
was mainly controlled by an ion-exchange reaction,
the degree of exchange being dependent on the nature
of the competing ion. There was little desorption of
copper(I1) by addition of zinc(IT) or cadmium(IT), but
both copper and zinc caused considerable desorption
of cadmium. Copper had more effect than cadmium
on the desorption of zinc.

The ion-exchange reaction for bivalent metal ions
can be simply written''* as

RA + B?** =RB + A?*

in which R represents the ion-exchanger. The
selectivity coefficient, S8, of the reaction can be
calculated from

X\ Xy

Xa Xy

where X, and X are the mole fractions of the metal
ions A?* and B** in the exchanger and X, and X, the
corresponding mole fractions in the solution, A?*
and B being the adsorbed ion and competing ion,
respectively. The values of SZ and S& were calcu-

lated to be 0.18 and 0.08, respectively, from the data
in Table 1.

st =

Conclusions

From the results for the individual adsorption of
potassium, copper, zinc, cadmium and nitrate ions

and the effects of competing ions, it is concluded that
hydrous lead dioxide (HLD), freshly prepared by
hydrolysis of lead tetra-acetate, behaves as an
amphoteric ion-exchanger, which acts as a cation
adsorbent at pH > ~4.6 and an anion adsorbent at
pH < ~4.6.
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ANNOTATION

SPECTROPHOTOMETRIC METHODS FOR THE
EVALUATION OF ACIDITY CONSTANTS—I

NUMERICAL METHODS FOR SINGLE EQUILIBRIA
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Department of Bromatology, Toxicology and Applied Chemical Analysis, Faculty of Pharmacy,
The University of Seville, 41012 Seville, Spain

(Received 31 March 1985. Accepted 25 September 1985)

Summary—The spectrophotometric methods applicable to the numerical evaluation of acidity constants
of monobasic acids are briefly reviewed. The equations are presented in a form suitable for easy calculation
with a programmable pocket calculator. The aim of this paper 1s to cover a gap in the education analytical

literature.

Among the physico-chemical properties of molecules,
the acidity constants are of vital importance both in
the analysis of drugs as well as in the interpretation
of their mechanism of action.'™ Evaluation of the
acidity constants of organic reagents is also of great
value in planning analytical work,’ e.g., the acidity
constants can be employed in the design of titration
procedures and examining the possibility of separ-
ation of mixtures of compounds by extraction. The
complexing properties of a molecule depend on the
number and steric disposition of its donor centres as
well as on its acid-base properties. The evaluation of
acidity constants from spectrophotometric mea-
surements has been treated by several authors.*!° In
the present paper attention is focused on the numer-
ical methods for estimating acidity constants from
spectrophotometric data. An attempt has been made
to review the literature on the use of measurements
in the ultraviolet and visible regions for determining
acidity constants, but no attention will be paid to the
experimental details of the methods. The original
methods have been modified in order to obtain
expressions more convenient for use with a pro-
grammable pocket calculator.

THE BASIC ALGEBRA

The ionization equilibrium of a monobasic acid,
HR=H + R, is characterized by the acidity con-
stant,

_[HI[R]
*” [HR]

The ionic strength and temperature of the solution
are assumed to be kept constant, so that mixed'' or
conditional'? constants are used in the calculations.
Charges are omitted for simplicity.

If 4 is the measured absorbance (for 1-cm path-
length) of a solution containing a total concentration

(M

Cr =(R] + [HR}) of the acid, then assuming that
Beer’s law holds, we have:
_ A, + 4,[HJ/K,
1 +[H]/K,
where A4, and A, are the absorbances of the pure

forms of the reagent, R and HR, respectively. Equa-
tion (2) can be rearranged to give:

)

A—A4,
= 3
K, [H]<A0—A> 3)
The slope of the graph of 4 vs. pH is given by:
d4
——=-2303(4,—- 4 4
el (A, — A fo /i Q)]

where f; and f, are the molar fractions® of R and HR,
respectively. Stationary points are given by the condi-
tion d4/d(pH) =0, and correspond to the limiting
values f;=0 and f; =0, to which the graph tends
asymptotically. The expression on the right-hand side
of (4) will also be zero if A, = 4,, and then 4 will not
change as the pH is varied. Differentiation of equa-
tion (4) gives

d’4 d4
S )

and the condition d?*4/d(pH)?=0 will locate the
point of inflexion in the graph of 4 vs. pH. At this
point, fy = f; = 0.5, and [H] = K,. Rewriting equation
(2) for this point (A", pH") gives

A" = (A, + A))/2 (6

Thus, at the midpoint of the break in the curve,
pH = pK,, and the value of d4/d(pH) at this point
is

&)

dA
_— = —2.303(A4,— A4,) x 0.52= —0.576 A4
[d(pH)]pw =

Q)
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where A4 = 4, — 4,. Equation (7) was reported by
Budésinsky" in a paper dealing with the spec-
trophotometric evaluation of acidity constants of
several azo-derivatives of chromotropic acid.

NUMERICAL METHODS

Equation (3) contains three unknowns: 4,, 4, and
K., so, by measurement of the absorbances at three
different pH values (with the concentration of acid,
Ck, kept constant) it is possible to evaluate the
acidity constant. Four different experimental
situations' can be envisaged, depending on whether
the molar absorptivities of the pure forms R and HR
are available (¢, = A4,/Cy). The appearance of an
isosbestic point in a series of spectra for different
acidities (at constant temperature and ionic strength
constants) establishes the validity of application of
the method.

Case I: Ay and A| known

In the first instance, the measurement of the ratio
[R]/[HR] at a given pH value is sufficient for a value
of K, to be obtained. This implies the obtention of the
absorption spectra of the pure forms HR and R and
a mixture of HR and R at a pH close to pK,. It is
usually assumed that 4, and A4, can be obtained
directly by measurement of solutions of sufficiently
high and low pH, respectively, and application of
equation (3)."

As pointed out by Rossotti and Rossotti,'> mea-
surements of this type were first applied in the study
of ionic equilibria in solution in the period
1912-1916. In 1926, Stenstrom and Goldsmith' eval-
uated the acidity constants of phenol and tyrosine by
absorbance measurements in the ultraviolet region.
Prior to 1945, rather inaccurate photographic meth-
ods for determining the molar absorptivity were
usually employed, although in 1924 von Halban and
Ebert'® reported the evaluation of the acidity
constant of picric acid by use of a photoelectric
colorimeter."”

An alternative procedure’® is to determine graphi-
cally the pH value at which 4 = 4" [equation (6)]. In
this case, a complete absorbance vs. pH plot must be
obtained in order to draw a smoothed curve through
the experimental data. So far as we know, Bjerrum,'*
in 1915, was the first investigator to make use of this
relation.

Case II: Ay known; A, and K, unknown

An example of this situation occurs when sparing
solubility of a compound in water makes difficult the
determination of the molar absorptivity of the acid
form, or if the pK, value is too low.

From equation (2) or (3) we have:

(4g— A)K, + [H]}4, =[H]4 ®

The required unknowns can be obtained by solving

pairs of simultaneous equations derived from (8)

(e.g., by Cramer’s rule), for two solutions a and b;
__ [HLIHL(4,— 4,)

* [H(4, — 4p) — [H],(4, — 4,)

©)

4 = [HL AL, — A40) — (As — 4))[H], 4,
"7 [HI (4, — 4) — (4, — 4,)[H],

Equation (9) was described by Lunn and Morton® in
a paper dealing with the absorption spectra of pyri-
doxine and related compounds, in 1952. By dividing
the numerator and denominator of expressions (9)

and (10) by {H],(4,—A4,), and as in Ingman’s
21

(10)

paper,” writing
A,—A H
‘=4 and []"=q an
A, — 4, [H],
we get
1 —
Kd=[HL< ’) (12)
r—gq
A,r —gA
A1= o7 q4, (13)
r—gq

Equation (12) was given by Ingman?' in 1973, as a
variant of a method of indirect colorimetry described
by Sacconi® in 1950 and termed “single incomplete
colour change.”

The route described by Ingman is shown below
with slight modifications. For a monobasic acid we
have:

A=Ayfo+ A f, (14)
and since f; + f; = 1, we obtain
A — A4,

= 15

h A — 4, (15)

For two different solutions a and b, it follows that
[HR]a _.fﬁ — Aa - AO _

= =r (16)
[HR], f, A,— A4,
Thus f, = rf},. On the other hand,
1 —f1a> <1 —m)
K,=[H], =[H]
()= o5
1 _.fla/r
= ]( ) an
"\ Sfulr
which leads to
r—
fra= T2 (8)
-9
Introduction of this expression for f, into

K,=[H].(1 —fi,)/fi. gives equation (12).
Case III: A, known; A, and K, unknown

An example of this situation occurs when a com-
pound rapidly hydrolyses in basic medium, or the pX,
is very high, since it is then not possible to evaluate
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accurately the molar absorptivity of the species R.

Equation (2) or (3) can be rearranged to give:
[HI(4 —4)

K,

Arranging pairs of observations (A4, pH) to eliminate

A, we get®

K = [(H],(A, = A)) — [H] (4, — 4))

o Ad - Ab

Ay= —A (19)

(20)

and by dividing the numerator and denominator of
this expression by [H],(4, — 4,) we obtain

K,= [H]a(L——q,) @1)
1—r
where
A,— 4, [H],
r=—" and ¢’ = (22)
A,— A, [H],
Equation (21) was reported by Ingman.”
Likewise for 4, we get
‘A,—r'A
4, =125 23)
qg —r
Case 1V: A, A, and K, unknowns
Equation (19) can be rearranged to give:
A[H] 4,[H]
T 4y=-4 24
X X 0 (24)

Rosenblatt® in 1954 pointed out that a set of
equations (24) can be solved for values of K,. As we
have recently demonstrated,? the resolution of any
three solutions a, b and ¢, gives the following expres-

sions for K,, A, and A,:

qur' (@ — D+ q(l —q)

e @-n @
oty o,
T T LI
where
Pl el el

Expression (25) was also described by Ingman,?
again on the basis of the paper by Sacconi, who called
case IV *“double incomplete colour change”. In a
forthcoming paper® equilibrium data will be
presented.

An expression equivalent to (25) was deduced by
Romain and Colleter® in 1958, as we can see in the
following. From equation (15) we have

A =4, = 4)fi + 4 (29)

and for three different solutions a, b and ¢, it follows
that

A( - Ah __.fl( _.flh _ <[H]h - [H](><Ka + [H]a>

A,— Ay fu—fiw \IH),—[HL/\K, +[H],
(30)
since
_[H],
Su= HL K, 30
Expression (30) can be rearranged to
<A( - Ah><[H]a - [H]h) V= K, +[H], 32)
A, — A4, /\[H]. — [H], K, +[H],
which gives finally,
_ [H], — ¥[H],
A &)

an expression reported by Romain and Colleter® and

applied to the evaluation of pK, for substances of

therapeutic interest: acetylsalicylic acid, vitamin By,

antipyrine and 1-phenyl-3-methyl-pyrazolone.
According to equations (28) and (32)

-1
Y=r”(ql )
gn—1

By introducing this value for Y into (33) and re-
arranging, we obtain (25).

An interesting method for the evaluation of the
acidity constant of Thymol Blue was reported by Lai
and Burkhart? in 1975. The method is applicable to
the “double incomplete colour change” if the follow-
ing conditions are satisfied. Two wavelengths are
selected so that the absorbance due to the form HR
at the first wavelength (1) and the absorbance due to
the form R at the second wavelength (4°) are negli-
gible. If 4 and A’ are the absorbances at 4 and 4’;
then

(34)

A4 = ¢g[R]
A’ =¢ [HR]

(3%
(36)

If the concentration of reagent is kept constant but
the pH is changed then A[R] = —A[HR] and

£ AA’
0 Ad 37
0
SO
Rl AAA4° %)
[HR]  A'AA4

Once the concentration quotient is known, the acidity
constant is easily evaluated from (1).

CONCLUSION

Although the principles of spectrophotometric
evaluation of acidity constants of monoprotic acids
are described in some detail in almost every modern
textbook of analytical chemistry for cases in which
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the limiting absorbances of HR and R species are
known, little attention is paid to the treatment of raw
absorbance vs. pH data for more complicated cases.
A complete coverage of this topic from the point of
view of numerical evaluation is given in this paper.

A collection of programs for use with a Texas
Instruments T1 58/59 pocket calculator and based on
the equations developed in this paper has been de-
vised and is available from the authors on request.
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FLOW-INJECTION ANALYSIS WITH MULTIDETECTION
AS A USEFUL TECHNIQUE FOR METAL
SPECIATION

J. Ruz, A. Rios, M. D. Luque DE CASTRO and M. VALCARCEL
Department of Analytical Chemistry, Faculty of Sciences, University of Cdordoba, Cordoba, Spain

(Received 21 May 1985. Accepred 1S November 1985}

Summary—The analytical potential of a closed flow-injection system with multidetection by a single
detector (for calculation of rate constants, reaction rate, dilution and amplification methods, etc.) is
extended to simultaneous determinations for chromium speciation, with injection of the reagent(s) into

the sample solution (which acts as the carrier).

The analytical information obtained by flow-injection
analysis, FIA, can be extended by use of a multi-
detection system to obtain sequential or simultaneous
values of the analytical signal, measured at different
times or with different values of the instrumental
variable. This can be done in three different ways.

(a) By use of several detectors (of the same' or
different’ nature) arranged in series® or in parallel.* In
some cases the use of a double-beam spec-
trophotometer also permits this form of measure-
ment.’ In every case, more than one signal peak is
obtained per sample injected.

(b) By use of fast-scan detectors (e.g., a diode-
array detector) which simultaneously measure the
analytical signal at several values of the instrumental
variable® (e.g., with the diode-array detector, the
wavelength).

(c) By use of a single conventional detector in a
closed-flow system.” Detection for each sample is
performed as a function of time, with as many peaks
as the number of times, 7, that the sample plug passes
through the detector, until equilibrium is attained.

The last procedure has the advantage of simpficity.
The envelope of the maxima or minima of the n peaks
obtained defines typical kinetic profiles which provide
analytical information and are the basis of the
different types of determinations which can be done
with this multidetection system.

In this paper we consider the use of this method for
the simultaneous determination of species in a system
in which, in contrast to the one described earlier,’ the
sample acts as carrier and circulates continuously in
a closed loop into which the reagents are injected.
The reaction system chosen was Cr(VI)-1,5 diphenyl-
carbazide,* which in acidic medium yields a coloured
product that is photometrically monitored at 540 nm.
This reaction has been used for chromium speciation
by FIA determination of first Cr(VI) and then total
chromium after oxidation of Cr(IIl) to Cr(VI).>'? [n
the new method Cr(VI) and Cr(III) are determined
separately.

EXPERIMENTAL

Reagents

Aqueous solution of 1,5-diphenylcarbazide (DPC): 0.425
g of DPC dissolved in 100 ml of ethanol and diluted to 250
ml with water. Aqueous solution of Ce(NH,), (NO,): 0.489
g dissolved in 250 m! of 0.1 M nitric acid. Stock aqueous
solutions of Cr(VI) and Cr(III) (100 ug/ml) in 0.1 M nitric
acid.

Apparatus

A Pye Unicam SP6-500 single-beam spectrophotometer
equipped with a Hellma 178.12 QS flow-cell (inner volume
I8 ul), a Gilson Minipuls-2 peristaltic pump, a Tecator
L100-1 and home-made dual injection valves were used.

Manifold

In the configuration used, shown in Fig. 1, the chromium
sample circulates continuously through the system. When
the selecting valve is switched to channel 2, the sample
remains confined in the closed circuit, while the reagents
[DPC and Ce(IV)] are injected simultaneously by means of
the valves V, and Vjy, respectively. When the sample
contains only Cr(VI) the recording obtained shows as many
peaks as the number of times that the reacting plug
(DPC + sample) passes through the detector before the
solution held in the closed system is homogenized. The
splitting of the first peak is due to the large volume of
reagent injected (Fig. 2a). If the sample contains only Cr(III)
the indicator reaction takes place when the reagent plugs
meet after dispersing throughout the closed system {Fig. 2b).
When the sample contains both oxidation states of chro-
mium, there is superimposition of the indicator reaction
signals corresponding to both species (Fig. 2c).

RESULTS AND DISCUSSION

The variables influencing the system were opti-
mized separately for Cr(VI) and Cr(III), the follow-
ing results being obtained.

Increasing L, from 50 to 550 cm results in an
increase in A, for Cr{III), with splitting of the first
peak, and in a decrease in A, for Cr(VI). As a
compromise, L, = 100 cm was chosen. The oxidation
reaction for Cr(III) is slow; hence L, was fixed at
300 cm. The optimum flow-rate is 3.1 mi/min, and the
values of ¥, and Vy are 130 and 230 ul, respectively.
Larger volumes result in unwanted splitting of the
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Fig. 1. Closed system with continuous sample flow. When valve S is switched to position 2, the sample
is confined in the closed system, where oxidant and reagent are injected simultaneously.

peaks. The acidic medium (optimum for developing
the indicator reaction) is provided by dilute nitric
acid since the presence of sulphuric acid in the system
gives rise to the formation of complex species with
Cr(IIl) and inhibits or slows down the indicator
reaction.? The optimum concentrations of oxidant
and DPC are 0.5 g/l. and 0.17%, respectively.

The relations of the concentration of the analytes
in the sample to the parameters inferred from the
recording are listed in Table 1, and are linear for 4,
(absorbance at equilibrium), A4, (absorbance of the
first peak), B, and B, (absorbances of the first and
second minima, respectively) and ¥, (increase in
absorbance between the first and second peaks).

The base-line and the peak height for each record-
ing change with time (dispersion) in such a way that
the envelope of the minima defines a kinetic curve.
The increase between two consecutive minima is
representative of the reaction rate of the system and
is proportional to the analyte concentration in the
sample. The rate constant, &, is given by the expres-
sion log (4, — A,)=mt +n where m= —k/2.303
and A, is the absorbance of the minimum. The values

of k thus found for different analyte concentrations
are also shown in Table 1.

This configuration also allows the direct analysis of
a very concentrated or very dilute sample of the
analyte, the analytical measurement being taken as
the absorbance of the minimum between peaks or the
sum of the absorbances of the first n peaks of the
recording, respectively. Figure 3 is illustrative of the
application of the technique for analysis of dilute
solutions by the amplification method (£2 4, £} 4 are
the sums of the absorbances of the first two and three
peaks, respectively), and of concentrated samples by
the dilution method, which uses the absorbances of
the minima (B, and B, are the absorbances of the
second and third minima, respectively). The straight
lines shown in Fig. 3 are indicative of the potential
of these methods.

The equations corresponding to the Cr(VI) and
Cr(1IT) calibration curves, correlation coefficients and
determination ranges for different measurements
which can be performed on a recording of the
type obtained with this configuration are shown in
Table 2.

{a) (b)

A =O.100[

(c)

2min

Fig. 2. Recordings obtained with the configuration in Fig. 1 for samples containing; (a) Cr(VI); (b)
Cr(II1); (c) a mixture of Cr(IlI) and Cr(VI).
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Table 1. Influence of the analyte concentration on the signals from the system

A, A4, 4] B, B, Vi, k min~!
[Cr (VD). pg/mi

0.0 0008  0.110 0060 -—0.028 —0020  0.004 —

0.1 0076  0.36  0.118 0031 0060 0029 0,530
0.2 033 0209 0164 0035 0124 0089 1319
04 0258 0325 0290 005 0216  0.160 1320
0.6 0370 0398 0408  0.065 0272 0207 1313
0.8 0479 0474 0526 0066 0338 0272 1336
1.0 0590  0.563 0613 0106 0452  0.346  1.267
1.2 0693 0658 0705  0.183 0597 0414  1.301
1.4 0772 0720 0805  0.141 0595 0454  1.255
1.6 0862 0815 0888  0.199 0700  0.501 1232

[Cr(ID)], pg/mi

0.5 0.073 » 0.142 —0007 0009 0016 0239
1.0 0.125 0.168  0.003 0028 0025  0.276
2.0 0.172 0233 —0005 0032 0037  0.29
3.0 0.290 0350 0021 0075 005  0.3I3
4.0 0.355 0455 0018 0090 0072  0.325
5.0 0.440 0688 0034  0.I19 0085 0318
6.0 0.505 0770 0036  0.I3%8  0.102 0329

*For Cr(llI) A, is equal to the signal given by the blank.

3
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Fig. 3. Calibration curves obtained by use of different points on the recordings from closed-flow systems.

Table 2. Determination of Cr(VI) and Cr(IIlI) (normal, amplification and
dilution methods)

Correlation
Species Method Equations* coefficient
Cr(Vl)  Normal A, =0.435[Cr(VD)] +0.015  0.9940

A, =0.534[Cr(VD)] +0.013  0.9965
,=0.547[Cr(VD] +0.009  0.9976

A, =0538[Cr(VD)] +0.029  0.9971

Vo, =0.300[Cr(VD)] +0.031  0.9963

Amplification 214 = 0.954[Cr(VI)] +0.048  0.9891
Tid = 1.562[Cr(VD)] +0.032  0.9969

Dilution B, =0.417[Cr(VD)] +0.048  0.9965
B, =0.535[Cr(VD)] + 0.036  0.9980
Cr(Ill)  Normal A} =0.091[Cr(III)] + 0.019  0.9820

Ay = 0.154[Cr(IID] + 0.050  0.9964
Ay =0.124[Cr(IID] + 0.049  0.9955

A, =0080(Cr(II] +0.028  0.9939

¥y, = 0.016[Cr(IID] + 0.004  0.9987

Amplification 24 = 0.159[Cr(IID] + 0.059  0.9962
T4 = 0.287[Cr(IID] +0.101  0.9959

Dilution B, = 0.026[Cr(II[)] + 0.008  0.9938
B, =0.039[Cr(IID)] +0.022  0.9967

*Concentrations in ug/ml.
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Table 3. Resolution of mixtures of chromium(VI) and chromium(III)

Added, ug/mi

Found, ug/mi

Relative error, %

[CrtvD]  [Cr(IID]  [CrVD]  [Cr(iD]  [Cr(VD)]  Cr(IID)]
1.20 3.00 121 3.12 +08 +4.0
1.00 4.00 1.01 3.84 +10 —40
1.00 1.00 0.97 1.05 —-3.0 +50
0.60 2.00 0.59 2.09 —1.7 +45
0.80 1.00 0.77 0.95 -37 —50

The simultaneous determination of Cr(VI) and
Cr(IlT) is another possibility offered by this
configuration. The concentration of Cr(VI) in the
mixture is proportional to the height of the first peak,
since in its first passage through the detector the DPC
plug has not yet met the oxidant and therefore the
contribution of Cr(I1l) is nil. The Cr(III) concen-
tration is obtained from V,,, because at the first
minimum Cr(VI) has already reacted and the
difference in absorbance between the first and the
second minima is due to the contribution of the
reaction of Cr{(IlI). Table 3 lists the results obtained
in the resolution of the mixture of both oxidation
states of chromium together with the errors corre-
sponding to each determination.
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Summary—During work on atomic-absorption determination of arsenic, antimony and bismuth by the
hydride-generation method with sodium tetrahydroborate, the thermal and kinetic stabilities of the
hydrides at various generation temperatures were studied. The arsenic and antimony hydrides are very
stable even at 40° but bismuth hydride is very unstable both thermally and kinetically, even at 25°. The
approximate rate constants for the decomposition of gaseous bismuth hydride at 0, 10, 25 and 40° were
found to be 0.05, 0.10, 0.24 and 0.29 min~' respectively.

The group Vb elements form gaseous trihydrides such
as NH;, PH,, AsH,, SbH; and BiH,, and the stability
of these hydrides falls rapidly along the series.' The
dissociation energies of the M—H bonds of the first
four are in accord with this trend in stabilities: 391,
321, 297 and 257 kJ/mole.? However, BiH, is
extremely unstable thermally, so the chemical and
physical properties of this compound have been rarely
studied.**

Although the hydride generation technique in
atomic-absorption spectrometry (AAS) has been
widely exploited and many investigations have been
made of the optimal generation conditions, inter-
ferences etc., the thermal instability of the gaseous
hydrides of certain elements has not been taken into
account and the effect of temperature on the gener-
ation and decomposition of the hydrides has not been
thoroughly studied.

Two methods are generally utilized to transfer the
generated gaseous hydride to the atomizer for AAS.
In one the hydride is collected in a balloon or suitable
vessel and after a specified time, transferred to the
atomizer (collection mode).* ® In the other mode, the
hydride is directly transferred to the atomizer without
collection (direct-transfer mode).’ '* Fernandez® ex-
amined the collection mode for seven hydride-
forming elements (Ge, Sn, As, Sb, Bi, Se, Te) and
reported that bismuth hydride was very unstable, and
that prolonging the collection time resuited in a much
poorer detection limit, on account of decomposition
of the hydride, and the optimal collection time was
found to be 30sec. Chapman and Dale'® compared
the collection mode with the direct-transfer mode for
seven hydride-forming elements (Sn, Pb, As, Sb, Bi,

*To whom correspondence should be directed.
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Se, Te), and investigated the stabilities and the kinet-
ics of generation of these hydrides. They reported
that bismuth hydride was generated more slowly than
SnH,, PbH, and H,Te. Lee'” reported that the cold-
trap method was unsuitable for bismuth, because
bismuth hydride was so unstable that thermal decom-
position occurred during the warming period needed
to volatilize the trapped hydride and stated that only
5-15% of the trapped hydride was volatilized by this
method.

The work described in this paper was done to
estimate the thermal and kinetic stability of the
gaseous hydrides of arsenic, antimony and bismuth,
by means of a flame-heated T-shaped tube atomizer
with simple hydride generation and collection sys-
tems. In particular, the effects of temperature on the
generation and decomposition of the hydrides. are
reported for the first time.

EXPERIMENTAL

Apparatus

A Nippon Jarrell-Ash model AA8500 atomic-absorption
spectrometer with a 10-cm single-slot burner was used. The
hydride generation and atomization system was similar to
that previously described'® except that the exterior of the
pipe between the reaction vessel and the atomizer was
wrapped with insulating tape. A Yamato model CTE-22W
“Coolnics” was used to control the temperature of the
water-bath in which the reaction vessel was immersed.

The absorbance was recorded with a Rika Denki model
361 recorder. The atomization tube was heated with an
air—acetylene flame; the temperature at the centre of the tube
was measured with a chromel-alumel thermocouple.

Reagents

All reagents except for sodium tetrahydroborate were of
analytical-reagent grade. All water used was redistilled.

Sodium  tetrahydroborate  solution. Sodium  tetra-
hydroborate (98% assay. Nisso-Ventron) was dissolved in
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0.1% sodium hydroxide solution and filtered through paper.
This solution could be used for a few days.

Arsenic(111) stock solution, 1000 ppm. Arsenious oxide
{0.1320 g) was dissolved in a small amount of water
containing 0.40 g of sodium hydroxide, and then diluted to
100 mi with water.

Antimony stock solution, 1000 ppm. Antimony potassium
tartrate (0.2740 g) was dissolved in 100 ml of water.

Bismuth(I1l) stock solution, 1000 ppm. High-purity bis-
muth (0.1000 g) was dissolved in 5 ml of 2M nitric acid and
the solution evaporated to dryness. The residue was taken
up with a small amount of 1M hydrochloric acid and the
solution diluted to 100 ml with 1M hydrochloric acid.

RESULTS AND DISCUSSION

Conditions for atomization

The most critical variables in the atomization
process are the carrier gas flow-rate and the atom-
ization temperature. The dependence of the absorb-
ance on the nitrogen flow was investigated in the
range 0.6-2.2 1./min and found to be independent of
it between 0.6 and 1.0 1./min, for all three clements.

The influence of the atomization temperature is
shown in Fig. 1. The temperature was changed by
changing the acetylene/air flow-ratio. Since the tem-
perature also depends on the carrier gas flow-rate, the
nitrogen flow-rate was maintained at 1.0 I./min,

In contrast to bismuth, which gave the same ab-
sorbance at atomization temperatures between 800
and 920°, arsenic and antimony gave absorbances
which first increased with temperature (up to 860°)
and then remained almost constant. This indicates
that the thermal stability of arsenic and aniimoy
hydride is considerably higher than that of bismuth
hydride. The conditions shown in Table 1 are recom-
mended as optimal.

Conditions for hydride volatilization

The effect of sodium tetrahydrobarate concen-
tration on the efficiency of generation of the hydrides
from 40 ng of arsenic, antimony and bismuth was
investigated. One ml of tetrahydroborate solution
was injected into 10 ml of sample solution, and the
absorbance was measured as a function of tetra-
hydroborate concentration. It increased with tetra-
hydroborate concentration up to 0.5% for antimony
and bismuth, and 1.0% for arsenic, a constant value
being obtained with 1.0-1.5% tetrahydroborate for
all three elements. Tt was also found that varying the
hydrochloric acid concentration between 1.0 and
1.5M had little or no effect on the absorbance. Hence
1.0 ml of 1% sodium tetrahydroborate solution, a
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Fig. 1. Effects of atomization temperature on the peak
absorbance of 40 ng of As(III), 40 ng of Sb(III) and 50 ng
of Bi(IlI). The collection time was kept at 60 sec.

reaction medium of 1M hydrochloric acid, and a total
volume of 10.0 ml of sample solution were chosen as
optimal for hydride generation from all three ele-
ments.

Thermal and kinetic stabilities of the gaseous hydrides

Figure 2 shows the effect of sample temperature on
the signal of the hydrides of arsenic, antimony and
bismuth for a fixed collection time of 60 sec. In
contrast to arsenic and antimony, bismuth gives a
narrow plateau of practically constant and maximal
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Fig. 2. Effects of temperature on the peak absorbance of 40
ng of As(III), 40 ng of Sb(III) and 50 ng of Bi(IIl). The
collection time was kept at 60 sec.

Table 1. Conditions for AAS measurement

Parameter As(IIT) Sh(I) Bl
Wavelength, am 193.7 217.6 223.1
Lamp current, mA 10 16 10
Temperature of quartz tube, °C 920 920 830
Flow-rate of carrier-gas (N,), /./min 1.0 1.0 1.0
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response over the range 25-35 . Since {as shown
below) no further reduction of the three elements
took place at 25 when the collection time was
increased, the increase in absorbance is attributed to
decrease in the solubility of the gaseous hydrides in
the solution. For bismuth, however, if the tem-
perature is too high there is thermal decomposition of
the hydride generated, resulting in lower absorbance.
At the optimum generation temperature there will be
a short-lived steady-state balance between generation
and decomposition. The arsenic and antimony
hydrides are more stable.

The effect of collection time (period between
adding the reductant and sweeping the volatilized
gases into the atomizer) on the absorbance is shown
in Figs. 3 and 4. In the cases of arsenic and antimony
hydride (Fig. 3), no loss by decomposition was
observed for storage periods up to 4 min, even at 40°.
The lower absorbances at shorter collection times are
a measure of the generation reaction-rate.

On the other hand, for bismuth hydride, the max-
imum absorbance value was obtained for collection
periods ranging from 60 to 130 sec at 25° (Fig. 4,
curve 1). At 40° the maximum absorbance-value was
obtained in the collection period range from 25 to 45
sec. At both temperatures the hydride generation was
relatively rapid but the hydride was thermally
unstable.

Since a closed system is used for the generation
reaction and hydride collection, a greater amount of
hydride remains in solution. To confirm this thermal
decomposition, after the first measurement a further
1.0 ml of sodium tetrahydroborate solution was
added to the sample solution and after 60 sec the
absorption signal was measured as before. Curve 2 in
Fig. 4 shows the result. The longer the collection
times in the first measurement, the greater the absorb-
ance obtained in the second measurements. This
indicates that a fraction of the hydride will dissolve
in the solution and is also unstable. It decomposes
slowly at a temperature of 25°. Presumably, it reacts
with protons to give hydrogen gas and bismuth(I11)
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Fig. 3. Effects of collection time on the peak absorbance of
40 ng of As(I1l) and 40 ng of Sb(IIT) at 25" and 40".
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Fig. 4. Effects of collection time on the peak absorbance of

50 ng of Bi(III) at 25°. 1, First measurement; 2, after the first

measurement a further 1.0 ml of NaBH, solution was added

to the sample solution and after 60 sec the absorbance was
measured.

ions which can be reduced by sodium tetra-
hydroborate again.

It is thought that the stability of bismuth hydride
in solution is dependent upon the temperature and
the pH. The decomposition reaction will be acceler-
ated by increasing the temperature and lowering the
pH.

At temperatures of 0 and 10°, the maximum
absorbances were obtained for collection times in the
ranges 140-390 and 90-300 sec respectively. Al-
though bismuth hydride is more stable at these
temperatures, the hydride generation becomes very
slow, and longer collection times are required. Figure
5 shows that for bismuth hydride there is a critical
optimum combination of generation temperature and
collection time. Because a closed system is used for
the reduction reaction and hydride collection the
resulting increase in gas pressure (from the hydrogen
generated) causes a greater amount of hydride to
remain in solution, and this makes it difficult to
determine the kinetics of the hydride reactions. How-
ever, if the absorbance after the peak in Fig, 5 is due
only to the bismuth hydride in the gas phase in the
reaction vessel, this section of the plot should give
information about the kinetics of the decomposition
process.

Figure 6 shows that a linear plot of log absorbancs
vs. time was obtained for each temperature, which
suggests a first-order reaction, and the decomposition
process is postulated as BiH;— Bi+3H,. If this
assumption is correct, a rate constant (k) can be
determined. The values obtained are listed in Table 2
together with the half-life (z) of the decomposition.
In view of the experimental results, we conclude that
bismuth hydride in the gas phase is extremely unsta-
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Fig. 6. Plots of —In absorbance vs. collection time for the decomposition of bismuth hydride at various
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Table 2. Kinetic parameters of the decom- stabilities are similar, but bismuth hydride is very
position of BiH; unstable even at room temperature, and care must be
Temperature, °C k%, min~' tf, min " taken in designing methods based on its use in AAS.
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Summary—The synthesis, spectroscopic characteristics and analytical applications of 1,2-cyclo-
hexanedione bis-benzoylhydrazone are reported. The reaction of this new compound with titanium(IV)
has been studied spectrophotometrically. An orange 1:2 metal/ligand complex (4, =477 nm,
€ = 1.05 x 10* L.mole~'.cm ™) is formed at pH 1.75-3.0 in 3:2 v/v ethanol-water medium. The method
is simple and selective and has been satisfactorily applied to the determination of titanium in bauxite,

Portland cement, amphibolites and granites.

Aroylhydrazones have been mainly used as chromo-
genic reagents for the determination of metal ions.!-
Bis-aroylhydrazones have also been used as ana-
lytical reagents, particularly those derived from
oxalyldihydrazone.! Lever’ has reported the spec-
trophotometric and fluorimetric properties of the
bis-(4-hydroxybenzoylhydrazone) derivatives of gly-
oxal, methylglyoxal and dimethylglyoxal, the glyoxal
derivative being used for the colorimetric deter-
mination of calcium and cadmium. Zinc has
been determined gravimetrically with the bis(2-
hydroxybenzoylhydrazone) and  bis~(5-bromo-2-
hydroxybenzoylhydrazone) of dimethylglyoxal.® The
analytical properties of diphenylglyoxal and
dipyridylglyoxal bis(2-hydroxybenzoylhydrazone)®'2
and bis-benzoylhydrazone'> have also been in-
vestigated. Less attention has been paid to the use of
bis-aroylhydrazones derived from cyclic ketones.

In the present paper, the synthesis, properties and
analytical applications of 1,2-cyclohexanedione bis-
benzoylhydrazone (CHBBH) are reported. A rapid
and simple method for the colorimetric deter-
mination of titanium has been developed and applied
to the determination of this element in mineral and
siliceous materials.

EXPERIMENTAL

Reagents

Salts and solvents of analytical-reagent grade purity or
better were used throughout and all solutions were prepared
with distilled demineralized water.

CHBBH solutions, 0.2, 0.1, 0.05 and 0.0375% in ethanol,
0.1 and 0.05% in dimethylformamide and 0.05% in chloro-
form, were prepared.

A stock titanium(1V) solution (Ti 1.046 g/1.) was prepared
by dissolving titanium metal in 4M hydrochloric acid and
oxidizing with concentrated nitric acid, and standardized
gravimetrically with cupferron.'* Working solutions of
the required concentration were prepared daily from this
solution.
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Buffer solution of pH 2.4 was made by dissolving 94.5 g
of monochloroacetic acid and 16.2 g of sodium hydroxide
in water and diluting to 1 litre. Other buffer solutions
(phthalate, acetate and ammonia) were prepared by con-
ventional methods.

Preparation of the reagent

The reagent was synthesized by the general procedure for
related compounds.*® Benzoylhydrazide, 1 g in 14 m! of
ethanol, was mixed with 0.41 g of cyclohexanedione in
15 ml of ethanol, several drops of concentrated hydrochloric
acid were added and the mixture was refluxed for 30 min.

The white crystals (tetragonal symmetry, ¢ =5 =
15.78 A, ¢ = 19.82 A) produced were filtered off, washed,
recrystallized from ethanol and dried at 100°. Yield 60%);
melting point 209°.

Elemental analysis gave C 68.7%, H 5.8%, N 16.3%.
CyHyyN,O, requires C 68.98%, H 5.74%, N 16.09%.

The reagent is thermally stable in air up to the melting
point, as deduced from data obtained by thermogravimetry
and differential thermal analysis.

Spectrophotometric procedures

Ionization eonstant. Determined by the Stenstrdm and
Goldsmith'® and Phillips and Merritt'® methods by mea-
suring the absorbance at 325 and 360 nm against water, for
solutions adjusted to various pH values.

Determination of titanium. In a 25-ml standard flask, place
a suitable volume of sample solution containing up to
100 pg of Ti(IV), 15 ml of 0.05% CHBBH solution in
ethanol, 5 ml of monochloroacetate buffer and dilute with
water to the mark. After 5-10 min measure the absorbance
at 477 nm against water.

Prepare a calibration graph by using standard titanium
solutions treated in the same way.

Decomposition of samples

Amphibolites and granite. Dry the sample at 110°, weigh
accurately 0.5-1 g in a platinum crucible, add a 6-fold
weight of lithium metaborate and fuse at 1000° for 2 hr.
Cool, extract the melt with 2M hydrochloric acid and
remove the silica precipitate, collecting the filtrate in a
500-mi standard flask and making up to volume with dilute
hydrochloric acid. Use a 1-4 ml portion for the deter-
mination of titanium.

Portland cement. Weigh accurately ca. 1 g of sample
(dried at 110°) into a beaker and dissolve it in hydrochloric
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Table 1. Ultraviolet spectra of CHBBH in some common solvents

€, €
Solvent D* A.nm  lmole~'.em~' A_..nm IlLmole~'.cm~!
Dimethylformamide 37.6 335 1.06 x 10 277 8.69 x 10°
Methanol 32.63 329 1.13 x 10* 266 1.20 x 10*
Ethanol 243 328 1.13 x 10* 265 1.14 x 10*
Acetone 20.7 335 1.02 x 10* — —
3-Methylbutan-1-ol 14.7 335 1.13 x 10 — —
n-Pentanol 13.9 334 1.14 x 10 273 1.14 x 10*
Isobutyl methyl 13.11 340 1.02 x 10* — —
ketone

*D = dielectric constant at 25°.

acid, evaporate to dryness, digest with 6 M hydrochloric acid
and filter off the silica precipitate. Dilute the filtrate to
volume with water in a 500-mi standard flask. Use a 3 or
4 ml portion for the determination.

Bauxite. Weigh about 1 g of sample into a Kjeldahl flask,
heat for 60 min with a mixture of concentrated sulphuric,
nitric and hydrochloric acids (1:1:1 v/v), evaporate to fumes
of sulphuric acid, leach with dilute hydrochloric acid and
filter. Fuse the residue with potassium pyrosulphate and
extract the cooled melt with dilute hydrochloric acid and
filter. Combine the filtrates in a 500-mi standard flask and
make up to the mark with water. Take a 1 or 2 ml portion
for the determination.

In all instances, add 0.2 ml of thioglycollic acid to avoid
possible interferences.

RESULTS AND DISCUSSION

Analytical properties of the reagent

The wavenumber of the C=0O band of aroyl-
hydrazones in the infrared spectrum has already been
reported.!™ The absorption bands associated with
the imine group are also well known.?"? The bands
at 3220 and 3170 cm ™' can be attributed to the N—H
stretching vibration for associated secondary ami-
nes.? Amide I (1655 cm™!, very strong), amide II
(1510 cm~!, medium) and amide III (1270 cm~,
strong) bands are assigned in agreement with the

I 1

observations made by Domiano et al.'® and Pelizzi
and co-workers.!*®

Table 1 shows the spectral characteristics of the
reagent (1.15 x 107*M solution) in some common
organic solvents. The reagent shows two maxima (at
265-280 and 335-340 nm), except in acetone,
3-methylbutan-l-ol and isobutyl methyl ketone. The
absorption spectrum shows a slight red-shift as the
polarity of the solvent decreases. The main absorp-
tion band is probably due to an n—n* transition.'®

In 4% ethanol-water medium CHBBH is pale
yellow in acidic or neutral media, and bright yellow
in alkaline solution. The spectra are shown in Fig. 1.
The red shift from 330 to 345 nm in basic media
(curves 4 and 5) is due to formation of anionic species
of the type >C=N—N—C<O~. The blue shift
from 265 to 245 nm in acid medium (curve 1) is
attributed to protonation of a nitrogen atom in the
hydrazide group and to hydrolysis of the reagent to
yield its parent species. The dissociation constant for
the proton of the —CONH— group, was evaluated
by the Phillips and Merritt'® and Stenstrém and
Goldsmith'®> methods. The value found was
10.4 4+ 0.1, in agreement with those obtained for
related aroylhydrazones.!*?* Solutions of the reagent
in ethanol, dimethylformamide, methanol, acetone

| ]

250 280

310 340

Al{nm)

Fig. 1. Absorption spectra of CHBBH (1.15 x 10~*M? in 4% aqueous ethanol medium at different pH
values: 1, pH =2.34; 2, pH =4.23; 3, pH=9.88; 4, pH = 11.30; and §, pH = 12.83.
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Fig. 2. (a) Absorption spectrum of the Ti(IV}-CHBBH chelate in 60% aqueous ethanol at pH 2.4
(titanium concentration 4.18 pug/ml). (b) pH-absorbance graph of the chelate at (1) 477 nm, and (2)
500 nm (the pH values between parallel segments correspond to a region where precipitation occurs).

and n-pentanol are stable for at least a month,
whereas the reagent decomposes in 3-methyl-
butan-l-ol and isobutyl methyl ketone. In acid aque-
ous solution, CHBBH is rapidly hydrolysed, but in
moderately strong basic media no hydrolysis takes
place. However, the hydrolysis is less severe in aque-
ous ethanol as the proportion of ethanol is increased.

Reducing substances, such as thiosulphate, as-
corbic acid and hydroxylamine, do not affect the rate
of hydrolysis of the reagent in aqueous ethanol
solution, but sulphite appears to stabilize the reagent
in moderately strong acid medium. Persulphate and
hydrogen peroxide have no effect on the reagent at
low pH, but hydrogen peroxide decomposes it in
basic media.

A systematic study of the reaction of CHBBH with
40 different ions showed that the most interesting
metal complexes were formed in chloroacetate buffer
(pH 2.4), acetate buffer (pH 4.5) or ammonia buffer

(pH 9.5) with Fe(IIl), Fe(I), Ti(IV), Pd(II), V(V),
Sb(IIl), W(VI), Mo(VI), Cu(Il) and Bi(III). The
presence of at least 40% v/v ethanol is necessary to
prevent the precipitation of the metal chelate or
excess of reagent. Once formed, the chelates are all
readily extracted into chloroform but when the metal
ion solutions are shaken with a chloroform solution
of the reagent only the Cu(Il), Mo(VI), Bi(III) and
Sb(IIT) complexes are extracted.

Spectrophotometric study of the Ti(IV)-CHBBH
system

Formation of the Ti(IV) chelate. An aqueous Ti(IV)
solution reacts with an ethanolic solution of CHBBH
in acidic medium (optimum pH value 1.8-3.0) to
form an orange chelate that shows excellent anal-
ytical properties. The spectrum shows an absorption
maximum at 477 nm, where the reagent does not
absorb (Fig. 2). The titanium chelate is completely

Table 2. Tolerance limits in the determination of 45 ug/25 ml of Ti(IV) with CHBBH

Tolerance limit,

Ion* mg[25ml

Ba?*, Na*, TI(I), Hg(I), ascorbic acid,

H,BO,, CI-, NO;, Ni** 50
Mg+, Sr**t, Cs*4, Br™, ClO;5, S,0%", acetate 40
Benzoate 30
Ca(II), Ag(l), Rb(I)t, SCN-, B,O3~ 25
La(IID), Li), Zn(ID). He(ID, Pb(ID), As(IIT), CIO; 20
4= 10
AI(IIT), Fe(CN)}-, tartrate 5
Th(IV), Cr,0%-, BrO;, NOy, CrO%-, CO3%-, SOI-, citrate 2.5
Co(II), Cd(II), Si02~, NH}, MnO; 1.5
Cu(ll) 0.5
H,0,. AsO;~, In(lIl) 03
Sb(III) 0.2

*Cations were added in the form of chlorides or nitrates; anions were added in the form

of sodium or potassium salts.

tMaximum concentration tested. The mean value for eleven samples with 2 gg/ml Ti
gave a relative error of 0.3% for a probability level of 95% (P = 0.05).
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Table 3. Tolerance limits of foreign ions in the presence of masking agents

Tolerance limit*

Ion ug ml Masking agentt
AKIID) 600 Tiron (1000 ug/ml)
Al(IID) 600
g{;gﬁ) %g Tartaric acid
Sb(IID) 6 (200 pg/ml)
Fe(III), Pd(11) 2
éﬁgz) Hg(I1) 'fgg } Thiourea (4000 pg/ml)
\Avg((‘l,)l’) Zn(11), He(I) 10(1)8 } Thiocyanate (1000 pg/ml)
Ag(D), Hg(1I) 1200
As(1IT) 800
Cu(1l) 80 Sulphide (400 ug/ml)
Bi(I1I) 60
Sh(III) 12
Cu(1I), Hg(II), Pb(II) 1600
Bi(III) 100 Thioglycollic acid
Sn(IV) 80 (4000 pg/ml)
Sn(II), Fe(III) 60
Pb(II) 1000
Co(I) 120 Thiosulphate
Cu(ID) 100
Fe(Il) 30 (1000 pg/ml)
Bi(III), Fe(III), Pd(II) 10
Fe(CN)$~ 200 Zn(11) (800 pug/ml)
F- 80 La(IIT) (800 ug/ml)
F- 10 H,BO; (5000 ug/ml)
80;}-, PO;-, 80}~, CO}~ 2000 Ba(Il)
Mn(1I) 20 Peroxydisulphate (crystals) + Ag(l)
Pd(II) 100 DMG§ (1000 pg/ml)
Zr(1V) 100 Periodate (0.5 g)

*If a precipitate is formed, filter or centrifuge before measuring absorbance.
+The amount added is shown in parenthesis.
§DMG: dimethylglyoxime.

Table 4. Comparative determination of Ti in rocks and siliceous
materials by the CHBBH and AAS methods

Ti, %
CHBBH method

Sample Present procedure* SAMY AAS§
Amphibolite (A-63) 0.81 +£0.01 0.80 +0.03 0.75
Amphibolite (A1512) 0.94 +0.02 1.01 +0.05 0.98
Amphibolite (A-1618) 0.264 + 0.04 0.30 £+ 0.01 0.25
Granite (G-3) 0.12 +£0.01 0.11 4 0.02 0.10
Granite (G-8) 0.44 +0.01 0.50 +0.03 0.46
Portland cement
(BCS, No. 372) 0.34 +0.02} 0.32+0.03f 033
Bauxite
(BAS, No. 87) 2.24 4+ 0.03% 2.28 +0.04F 225

*Mean value and range of duplicate analyses corresponding to two
different weights of every sample, with two aliquots of different
volume from each sample solution.

tSAM: standard addition method.

§Quadruplicate determinations by atomic-absorption spectroscopy.
Since the sensitivity is lower than that of the CHBBH-based
method, a larger sample is needed.

1Given as percentage of TiO..

| Certified value as percentage of TiO,.
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formed within 5 min of mixing the reagents and
remains stable for at least 2 hr.

To find the conditions needed (a) to avoid precipi-
tation of the metal chelate and reagent excess, (b) to
decrease the rate of hydrolysis of the reagent, and (¢)
to increase the sensitivity of the reaction, the
influence of the organic solvent/water ratio
{ethanol/water and DMF/water from 1:4 to 3:2 v/v,
and ethanol/DMPF/water 2:1:2 v/v), the choice of
buffer solution {phthalate and chloroacetate) and the
amount of reagent solution (1-14 m! of 0.2% solution
in ethanol) was examined. The optimal conditions
found were a medium containing 60% v/v ethanol,
2-12 ml of 0.2% reagent solution, and chloroacetate
buffer. The ionic strength of the solution and the
order of addition of the reagents are immaterial.

The continuous-variations method showed the for-
mation of two complexes, with metal/ligand ratios of
1:1 and 1:2. The 1:1 complex is not observed when
the absorbance measurements are made more than
2 hr after preparation of the samples. The Asmus
method? also gave the 1:1 ratio and a new ratio of
2:3, possibly from averaging of the 1:1 and 1:2 ratios.
The charge on the Ti(IV) complex and the reapent
was investigated by anion-exchange, and it was con-
cluded that the complex is positively charged, but the
reagent is neutral.

Spectrophotometric determination of titanium

Under the optimum conditions for formation of
the titanium complex, the absorbances at 477, 490
and 500 nm are all linearly related to the titanium
concentration over the range 0.25-8.25 pg/ml.

A systematic study of interferences in the deter-
mination of 1.8 ug/ml Ti(IV) {Table 2) showed that
Bi(IID), Fe(IIN), Mo(VID), Sa(Il}, V(V) and Zr{IV)
interfere when present at the same concentration level
as Ti(IV), but Fe(II), Mn(ID), Pd(II), Sn(IV), U(VID),
W(VI), Fe(CN)¢~, F~ and PO;- interfere at greater
concentration. The tolerance limits for most inter-
fering species can be increased by addition of mask-
ing agents (Table 3) and this enlarges the scope of the
CHBBH system for practical determination of ti-
tanium.

Determination of titanium in bauxite and siliceous
materials

The proposed method was satisfactorily applied
to the determination of titanium in two standard
samples {bauxite and Portland cement) and several
rocks (amphibolites and granites). Table 4 sum-
marizes the results obtained. Those for the rock
analysis are compared with those obtained by
atomic-absorption spectrometry. The method of
standard additions was also used for validation.

CONCLUSION

The proposed procedure compares satisfactorily
with other methods proposed for the spectro-
photometric determination of titanium{IV} (Table 5).
The method is relatively free from interferences

M. GARCIA-VARGAS et al.

because most metal chelates of CHBBH are not
completely formed in moderately strongly acidic
media, and their absorption maxima occur at wave-
lengths shorter than 435 nm; the selectivity is in-
creased by the addition of suitable masking agents.
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EVALUATION OF FILTER PAPERS AS SUBSTRATES
FOR SOLID-SURFACE ROOM-TEMPERATURE
FLUORIMETRY AND PHOTOCHEMICAL FLUORIMETRY
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JEAN-JACQUES AARON*
44, Elysée-2, 78170—La Celle-St. Cloud, France
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Summary—Filter papers (Whatman Nos. 1 and 41, S & S 904) and anion-exchange filter paper (Whatman
DE-81) have been evaluated for their use as substrates in solid-surface room-temperature fluorescence
(RTF) and photochemical fluorescence (RTPF). Several chemical treatments of filter papers are found not
to reduce significantly their background fiuorescence signal. Analyte fluorescence signals are 2-4 times
higher on filter papers than on silica-gel TLC plates. Absolute limits of detection range between 0.6 and
40 ng on the Whatman filter papers, depending on the test compound. Filter papers are proposed as
convenient, inexpensive, and easy-to-handle substrates for RTF and RTPF measurements.

In recent years, solid-surface room-temperature
fluorescence (SS-RTF) has become an important
technique for the analysis of a variety of organic
compounds, such as polycyclic aromatic hydro-
carbons, nitrogen heterocyles, pesticides and drugs,
because of the small amount of sample needed, and
simplicity, sensitivity, and relatively low cost.! In
some cases, SS~RTF has also been shown to be useful
in combination with room-temperature phos-
phorescence.”* Several solid substrates, such as silica
gel,"* aluminium oxide,® filter paper>*7 and acety-
lated cellulose® have been used in RTF. Recent work
in our laboratory has involved the use of silica gel
thin-layer chromatoplates for room-temperature
photochemical fluorescence (RTPF) analysis of
several aminoquinoline derivatives.!'** In this latter
method, ultraviolet irradiation of samples adsorbed
on silica gel induced a photochemical reaction which
led to strongly fluorescent photoproducts.'* However,
until now, no attempt has been made to study the
analytical performance and possible drawbacks, such
as background fluorescence, of filter papers, in com-
parison with other supports currently used in
SS-RTF and RTPF.

The goal of the present study was to test several
types of filter papers and compare them with other
solid substrates, in order to evaluate their back-
ground fluorescence and analytical usefulness for
quantitative SS-RTF and/or RTPF determination of
selected organic compounds.

*Author to whom all correspondence should be addressed.
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EXPERIMENTAL

Apparatus

All SS-RTF and RTPF measurements were performed
with a Turner model 111 filter fluorimeter fitted with a
110-850 or 110851 ultraviolet lamp, 7-60 or 7-54 emission
and 2-A excitation filters, and 10% or 1% neutral density
filters. For the photolysis, a 200-W Osram mercury arc lamp
was used, with an Oriel model 8500 power supply.

A new aluminium single-sample holder was constructed
(Fig. 1), and positioned in the standard Turner fluorescence
sample compartment. It was used to hold 0.6-cm diameter
filter paper discs or 0.5-cm? squares of plastic-backed silica
gel and aluminium oxide thin layers. The discs were ob-
tained by punching filter paper with a standard office paper
punch. The plastic-backed silica-gel and aluminium oxide
squares were cut with scissors. The samples were placed
under the cover plate of the sample holder and held in place
by two screws.

Reagents

Chloroquine and primaquine diphosphate salts and dan-
syl chloride (Sigma), 6-methoxyquinaldine (Aldrich) and
quinine sulphate (Prolabo) were used as received. Solvents
used were analytical grade acetone, phosphoric acid, eth-
anol, propan-2-ol, triethanolamine, and distilled water. The
triethanolamine spray was a [:9 v/v mixture of tri-
ethanolamine and propan-2-ol.

The S & S 904 and Whatman Nos. | and 41 filter papers
were obtained commercially and the Whatman DE-81
anion-exchange filter paper was donated by Prof. J. D.
Winefordner. Precoated 5 x 20 em silica gel and aluminjum
oxide N plastic sheets (Polygram, Macherey-Nagel) were
used.

Procedures

Fluorimetric and photochemical fluorimetric measurements.
Once the paper, plastic-backed silica gel or aluminium oxide
was put in the sample holder, portions (5 ul) of solvent or
solution were spotted onto it with a Hamilton 10-g1 micro-
syringe. The samples were dried for 10 min with a hot-air
current. For the photochemical fluorimetric measurements,
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Fig. 1. The new RTF and RTPF sample holder.

the sample holder was placed about 60 cm from the mercury
arc lamp and irradiated for a fixed time, then immediately
transferred to the fluorimeter sample compartment, and the
fluorescence intensity of the spots was measured.

Treatment of the papers. To try to reduce the fluorescence
background of the papers, several treatments were tested.
Filter paper discs were washed with 20 ml of demineralized
water, 0.5M sodium hydroxide, 0.7M phosphoric acid,
0.5M potassium chloride, ethanol, or acetone, for periods
between 1 and 60 hr, then dried in an oven at 100° for
various periods between 30 min and 24 hr. On removal from
the oven, the discs were placed in the sample holder and
allowed to cool for about 10 min, after which the back-
ground fluorescence measurements were performed. After
heating for 1 hr, the discs soaked in phosphoric acid had
begun to char, and those treated with sodium hydroxide
solution had turned yellow. In another test, the filter paper
discs were irradiated for 2 hr with the mercury arc lamp, and
removed at 10-min intervals during this period, for their
fluorescence signals to be measured, but no change in the
fluorescence background was noted.

RESULTS AND DISCUSSION

Background fluorescence

Table 1 gives the results for the background
fluorescence of different kinds of plain and treated
filter papers, compared with that of silica gel and
aluminium oxide as substrates. It can be seen that
Whatman No. 1 filter paper gives significantly lower
background fluorescence signals than the other pa-
pers, for the same excitation. The Whatman No. 1
paper background fluorescence is also practically
equal to that of the aluminium oxide TLC piate, and
slightly lower than that of the silica gel thin-layers.
For all papers studied, no significant decrease of the
background fluorescence was found to be caused by
the washing and heating treatments. In fact, soaking
in 0.5M sodium hydroxide even increased the back-
ground signal. The background fluorescence signals
were lower in all cases when the 110-851 ultraviolet
lamp was used instead of the 110-850 visible-region
lamp. This indicates that the background emitting
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species has a more intense absorption band at around
370 nm, the main excitation region of the 110-850
lamp.

Analyte fluorescence signal

We have compared the fluorescence signals of
several selected compounds adsorbed on the different
papers under study, and on silica gel and aluminium
oxide thin layers (Table 2). It is interesting to note
that the analyte fluorescence signals are 24 times
higher on filter papers than on silica gel thin layers,
except for primaquine which gives approximately the
same signal on all substrates. On aluminium oxide
thin layers, the fluorescence intensity of the analytes
is significantly lower than on other substrates, except
that of dansyl chloride. Whatman No. 41 and S & S
904 papers give only a slight improvement of the
analyte signals, compared to DE-81 anion-exchange
filter paper. However, for dansyl chloride, the largest
fluorescence signal is obtained on DE-81.

Ultraviolet irradiation has a significant effect on
the fluorescence signal of the photoactive analytes
adsorbed on filter papers. A 2-3 min irradiation of

Table 1. Effect of the treatment of filter papers on the
background fluorescence signal

Blank fluorescence
Relative intensity®

Visible
region
Substrate Solvent? lamp® UV lamp!
S & S 904 None 2.1 1.3
filter paper Water 2.1 1.3
0.5M NaOH 6.2 1.8
0.5M KCl1 2.5 1.45
Acetone 2.5 1.05
Ethanol 28 1.3
DE-81 anion- None 1.7 1.1
exchange paper Water 1.7 1.1
0.5M NaOH 32 1.8
0.5M KCl 2.0 1.3
Acetone 2.3 1.05
Ethanol 3.7 23
Whatman No. 1 None 1.3 0.9
filter paper Water 1.3 1.0
Whatman No. 41 None 1.4 1.1
filter paper Water 1.5 1.1
0.5M NaOH 34 1.6
0.5M KCl 1.5 1.1
Acetone 1.6 0.95
Ethanol 1.5 0.9
Silica gel None 1.6 1.0
TLC plate
Aluminium oxide None 1.3 1.0
TLC plate

4Solvent or solution used for soaking filter papers; “none”
means that the blank fluorescence signal of untreated
plain filter paper or other substrate was measured.

"Blank fluorescence relative intensity was normalized to the
blank fluorescence intensity (1.0) of silica gel substrate
(UV lamp).

°110-850 lamp with emission maximum at 370 nm.

4110-851 far-UV lamp with major emission (about 95%) at
254 nm.
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Table 2. Comparison of the analyte fluorescence signals determined on several substrates

Relative fluorescence signal®

6-Methoxy
Substrate Chloroquine® quinaldine® Primaquine? Dansyl! chioride®
exchange flter paper 41 10 2! 140
m?t?aa;e rNo. 41 34 12.9 34 12.0

2All fluorescence relative intensities were normalized to the blank fluorescence intensity (1.0) of

aluminium oxide substrate.

*Aqueous solution of 1000-zg/ml chioroquine (after a 4-min irradiation time).

*1.75M H, PO, solution of 6-methoxyquinaldine (50 pug/ml).

93.0M H,PO, solution of primaquine (1000 zg/ml) (after a 4-min irradiation time).

*Acetone solution of dansy} chloride {200 ug/ml) (after spraying with triethanolamine solution).

'NF = not fluorescent.

chloroquine and primaquine adsorbed on Whatman
No. 41 paper produces a 2-4-fold increase of the
signal (Fig. 2). This behaviour is very similar to that
previously noted by us for the photolysis of the same
compounds adsorbed on silica gel thin layers.'> Tt
shows that filter papers are convenient solid sub-
strates for use in the photochemical-fluorimetric
method.

Analytical figures of merit

Table 3 gives RTF and RTPF calibration data and
limits of detection for the selected compounds ad-
sorbed on Whatman No. 41 or No. 1 filter papers.
The linear dynamic ranges are relatively large, be-
tween 20 and 250 times the LOD. Slopes of the
log-log calibration curves are close to unity for most

of the compounds, and the correlation coefficients
indicate that the precision of the plots is reasonably
satisfactory, except for chloroquine. The absolute
limits of detection (LOD) are relatively low for
measurements on filter papers, ranging from 0.6 to 40
ng, and are generally lower than those obtained on
aluminium oxide or silica gel chromatoplates, with
the same sample holder and optical system. For
example, the LOD of quinine sulphate is about thirty
times higher on a silica gel TLC plate than on filter
paper.

CONCLUSION

We can conclude from this study that filter papers
constitute satisfactory substrates for RTF and RTPF

Table 3. RTF and RTPF analytical data for selected compounds adsorbed on filter papers

LDR S Correlation  Absolute
Compound® Substrate® {ug/ml) Slope!  coefficient® LOD, ng
Chloroquine’ w-41 100 0.70 0.951 40
Dansyl chloride® W-41 50 0.80 0.987 7
AL-O 250 0.87 0.995 8
6-Methoxyquinaldine W-41 100 0.94 0.994 0.6
Quinine sulphate W-1 50 1.02 0.995 2.5
SIL 75 0.80 0.985 75
Primaquine’ W-41 20 0.53 0.997 5

éChloroquine solutions were prepared in water. Dansy! chloride solutions were prepared in
acetone. 6-Methoxyquinaldine and quinine sulphate solutions were prepared in 1.75M

and 3.5M phosphoric acid respectively.

®W-41 and W-1 mean Whatman No. 41 and No. 1 filters; AL-O means an aluminium oxide
TLC plate; SIL means a silica gel TLC plate.
°Linear dynamic ranges, expressed as the ratio of the upper concentration of linearity (within

5%) and the limit of detection.

Siopes and correlation coefficients calculated from the log-log calibration plots by a

microcomputer prograri.

¢Absolute limit of detection, defined as the amount of compound (in 5 1 of sample solution)

giving a signal-to-noise ratio of 3.

'Fluorescence intensities determined after an irradiation time of 4 min (for chloroquine) and

2 min (for primaquine).

8A tricthanolamine solution is sprayed on the substrate before measurements.
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Fig. 2. Effect of irradiation time on the relative fluorescence
intensity of chloroquine (concentration 1 x 10° ug/ml) ad-
sorbed on Whatman No. 41 filter paper.

measurements. Although the fluorescence back-
ground of filter papers is not reduced by chemical or
photochemical means, it does not seem to be much
higher than that of silica gel or aluminium oxide thin
layers, when our new sampling device is used. There-

fore, filter papers can be used in place of silica gel or
aluminium oxide thin layers with comparable sensi-
tivity, linear dynamic range, and precision for room-
temperature  fluorimetry and  photochemical
fluorimetry. The sampling procedure used with filter
papers is also more convenient for the operator, and
less expensive than the conventional glass-backed
silica gel chromatoplates.
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Summary—The extraction of fifteen elements in the systems consisting of polyurethane foam (polyether
type)/HF-alkali-metal fluoride and cyclic polyether/HF-alkali-metal fluoride has been investigated. Little
or no extraction was found for Co, Zn, Fe, Zr, Hf, Sn(IV), Nb, Pa, As(V), Mo, and W. Only Ta, Sb,
Re, and Tc are well extracted with either polyurethane foam or dicyclohexano-18-crown-6 in dichloro-
ethane under the conditions investigated. The mechanism of the extraction is discussed. The most

interesting separation possibilities have been tested.

In our previous work,! we used polyurethane foam
pretreated with extractants, for the separation of
tantalum from hydrofluoric acid media, and observed
that tantalum was also separated by unloaded poly-
urethane foam. In recent reviews on the use of
polyurethane foam materials for separations,’ it was
shown that “soft” anions, such as thiocyanate, heavy
halides, picrate, efc. are the most readily extracted
anionic species. From this point of view, the distribu-
tion behaviour of complex fluorides is rather
surprising.

The purpose of the present work was to study the
retention of certain elements forming stable anionic
fluoro-complexes in hydrofluoric acid media by
polyether-based polyurethane foam. Since rhenium
and technetium exhibited similar retention behav-
iour, they were also included in this study. For
comparison, the extraction with cyclic polyethers was
also studied.

EXPERIMENTAL

Chemicals

Polyurethane foam, a polyether of PWE/40 open-cell
type, was obtained from Greiner GmbH, Kremsmiinster,
Austria. It had a bulk density of 0.042 g/cm®. The foam was
cut with a cork-borer, treated with acetone and 2M hydro-
chloric acid for several hours, thoroughly rinsed with de-
mineralized water, and then washed in a plastic syringe with
acetone as described before,' and dried.

The cyclic polyethers dibenzo-18-crown-6 (DB-18,6),
dicyclohexano-18-crown-6 (DC-18,6), 18-crown-6 (C-18,6)
(obtained from Ventron GmbH, Karlsruhe, F.R.G.) and
12-crown-4 (C-18,4) (Aldrich Chemical Co. Inc.,
Steinheim/Albuch, F.R.G.) were of p.a. purity.

Dichloroethane, used as a solvent in the extraction experi-
ments, was purified by washing with dilute sulphuric acid
and water, followed by distillation.

*Author for correspondence.

Estimation of the distribution ratios

The distribution data were obtained under static condi-
tions (batch method) by use of radiotracer techniques. The
radiotracers were prepared by irradiation of high-purity
metals or their compounds in a nuclear reactor. The radio-
nuclide purity of the tracers was checked by high-resolution
gamma-ray spectrometry. Except where otherwise men-
tioned, the solutions contained 5-10 pg of the labelled
element per ml; the concentrations of niobium and tin were
about 50 zg/ml and in the case of technetium no carrier was
present.

The distribution ratio, D;, defined as the ratio of the total
analytical amount of the given element per gram of dry
foam to the total amount of the element in 1 ml of the
external solution, was determined at 214+ 1°. The
volume-weight ratio of solution to foam was 58 ml/g. The
foam and aqueous solution were shaken in plastic vials for
24 hr.

The extraction experiments with crown ethers were done
by mixing (in polypropylene vials) 2 ml of the organic phase
with 2 ml of aqueous solution containing the element under
investigation, and shaking the mixture for 10 min, at 21°.
The phases were separated and the distribution of the
element was determined by measuring the radioactivity of
an aliquot of each of the two phases. The distribution ratio
D, is defined as the ratio of the total concentration of the
element in the organic phase to the concentration of the
element in the aqueous phase.

Separation procedures

For the batch separations, 5 ml each of the aqueous and
organic phases were mixed for 15min in a polypropylene
syringe. The phases were then separated and measured. For
column separations, beds 45 mm long and 9 mm in diameter
were made with two polyurethane foam cylinders (0.270 g
of foam). Other conditions were the same as described
earlier.!

RESULTS

Retention on the polyurethane foam

Figure 1 shows experimental distribution ratios
plotted as a function of hydrofluoric acid concen-
tration. The uptake of tantalum on the polyurethane
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Fig: 1. Dependence of the distribution ratio on the hydrofluoric acid concentration for Ta, Re, Tc, and
Sb in the system poiyurethane foam/HF: D, = distribution ratio; Cyug = hydrofluoric acid molar concen-
tration.

foam increases with hydrofluoric acid concentration
to a maximum at about 0.8M acid. Making the
aqueous phase 0.1 in potassium fluoride leads to a
considerable decrease in the distribution ratios, but
the general character of the tantalum plot shown in
Fig. | remains. The slopes of the plots for the linear
part of the curves before the maximum are 0.71 and
1.03 for pure hydrofluoric acid solutions and those
also containing potassium fluoride, respectively.

The influence of ammonium, sodium or potassium
fluoride concentration on the tantalum distribution
was also investigated, the concentration of
hydrofluoric acid being kept constant at 0.4M. From
the data given in Fig. 2 it can be seen that, at
concentrations =0.1M, potassium fluoride decreases
the retention of tantalum somewhat more effectively
than the other two fluorides do.

The dependence of the distribution ratio for anti-
mony(V) (see Fig. 1) on the hydrofluoric acid concen-
tration shows a similar character to that for tanta-
lum, but the maximum value of D; is lower and
occurs at a higher hydrofluoric acid concentration
than for tantalum. The elements Zr, Hf, Sn(IV), Nb,
Pa, As(V), Mo, and W are only slightly retained on
polyurethane foam from hydrofluoric acid in the
concentration range 107°-10M (the D;-values are
<10). For Co, Zn and Fe(1ll), no retention from
1-2M hydrofluoric acid was observed. The distribu-
tion of Te(VII) and Re(VII) is also shown in Fig. L.
These elements are well retained from 107°-0.5M
hydrofluoric acid. For this acid range the distribution
ratio remains almost constant, but at higher acid

concentrations the fraction retained decreases sharply
in the same manner as in the case of tantalum.
Technetium is retained a little more strongly than
rhenium.

Extraction with cyclic polyethers

The distribution of tantalum as a function of
hydrofluoric acid concentration is shown in Fig. 3 for
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Fig. 2. The effect of KF, NaF and NH,F on the retention

of tantalum on polyurethane foam from 0.4M HF:

D= distribution ratio; Cy =metal fluoride molar
concentration.




Distribution between polyurethane, polyethers and HF solution 221

-3 -2 -1 0 1
log C\

Fig. 3. Dependence of the distribution ratio on the HF-

concentration in the extraction of tantalum with 0.01M

cyclic polyether solutions in dichloroethane from

hydrofluoric acid solutions: D, =distribution ratio;
Cyr = hydrofluoric acid molar concentration.

various crown ethers. These results show that the best
extraction of tantalum can be achieved with
dicyclohexano-18-crown-6 in dichloroethane. Chlo-
roform and benzene proved to be unsuitable for this
purpose.

For all the extractants studied, the distribution
ratio of tantalum increases with increasing acid con-
centration, passing through a maximum for 0.2-0.5M
acid.

Figure 4 shows the influence of potassium fluoride
on the extraction of tantalum, in two types of experi-

ment. In the first (open symbols), the hydrofluoric
acid concentration was kept constant at 1M while the
concentration of potassium fluoride was varied from
10-% to 1M, and in the second (filled symbols), the
solutions were 0.1M in potassium fluoride and the
concentration of hydrofluoric acid was varied from
107% to 10M. It can be seen that the general character
of all the plots is similar. However, the various cyclic
polyethers differ substantially in their extraction
efficiency for tantalum. For dicyclohexano-18-crown-
6 (the most effective), maximum extraction is ob-
tained from solutions 0.01-0.2M in potassium
fluoride and 0.1-1M in acid.

Particular attention was paid to the influence of
various fluorides on the extraction of tantalum with
dicyclohexano-18-crown-6. In the series of experi-
ments the concentration of hydrofluoric acid was
kept constant at 0.2M. In the absence of the fluoride
salts, log D, was found to be 1.81. The results
summarized in Fig. 5 show that the distribution ratio
for tantalum decreases according to the fluoride used,
in the order KF > NH,F > NaF, with sodium
fluoride significantly reducing the extraction
efficiency.

The plot of log D, vs. log [dicyclohexano-18-crown-
6], at a constant aqueous phase composition (0.2M
acid), gave a straight line for which the equation log
D, =0.807 log [DC-18,6] + 3.35 holds over the range
10~3-10~'M DC-18,6. The slope and point of inter-
section for a solution 1M in hydrofiuoric acid and
0.1M in potassium fluoride were 0.775 and 3.33,
respectively.

With the cyclic polyethers, as with the foams, all
other elements studied showed only negligible extrac-
tion, with distribution ratios below 10~2, except for
technetium and rhenium. Figure 6 shows the results
for the extraction of these two elements with
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Fig. 4. Distribution ratios for the extraction of tantalum with cyclic polyethers from hydrofluoric
acid-potassium fluoride solutions: D, = distribution coefficient; Cyrr, = molar concentration of varied
component of system.
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Fig. 5. The effect of KF, NaF and NH,F on the extraction
of tantalum with 0.01M dicyclohexano-18-crown-6 in
dichloroethane from 0.2M HF: notation as in Fig. 3.

dicyclohexano-18-crown-6  from  solutions of
hydrofluoric acid alone and in mixtures with potas-
sium fluoride.

In the absence of potassium fluoride, the extraction
is moderate and the plot of log D, vs. log Cyr shows
a broad maximum at 0.1-0.2M hydrofluoric acid.
The addition of potassium fluoride leads to a
significant increase in the D,-value, whereas addition
of hydrofluoric acid to a solution that is 0.1 in
potassium fluoride has the opposite effect. Under all
conditions used, technetium is slightly better extrac-
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ted than rhenium, but the plots have the same shape
for both elements.

Applications

The results obtained in the distribution study indi-
cate that polyurethane foam or a cyclic polyether can
be used to provide new and effective procedures for
the separation of Ta, Tc and Re from a number of
other elements, and in particular from refractory
metals such as Nb, Mo and W. Some examples are
given below.

Extraction with 0.01M dicyclohexano-18-crown-6
in dichloroethane can be used for the batch sepa-
ration of traces of tantalum from niobium at concen-
trations up to 30 mg/ml in 1M hydrofluoric acid
medium. At least 99.9% of the tantalum is found in
the organic phase after repeated extraction, with
niobium left quantitatively in the aqueous phase.
Similar results are obtained for the separation of
technetium from molybdenum, and of rhenium from
molybdenum and tungsten, the aqueous phase being
1M in ammonium fluoride and 0.1M in hydrofluoric
acid.

The possibilities for column separation are demon-
strated in Fig. 7. Tantalum is strongly sorbed from
1M hydrofluoric acid onto the polyurethane foam
column, but niobium is not retained at all. The
tantalum can be eluted with 1M nitric acid/0.3%
hydrogen peroxide mixture (recovery 95-97%) or
with acetone (recovery >99%).

In another experiment, a column of polyurethane
foam was coupled with a column of the same size
loaded with Dowex 1x8. A 100-mg sample of

L
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Fig. 6. Distribution ratios for the extraction of technetium and rhenium with 0.01M dicyclohexano-18-
crown-6 in dichloroethane from hydrofluoric acid (A,A) and from HF-KF mixtures (O,H, 0.1M KF,
xM HF; O.@®, 1M HF, xM KF). Notation as in Fig. 4.



Distribution between polyurethane, polyethers and HF solution

T
A Ts N 5
—+ +
Nb Ta
| |
A . B | c
Mo Te
>
2z
°
<
| |
T A ) B . c
Mo Re
inactive
|
e} 12 24
Voiume {ml)

Fig. 7. Separations of Nb-Ta, Mo-Tc, and Mo-Re on
polyether-type polyurethane foam under dynamic condi-
tions. Polyurethane-foam column 45 x9 mm, flow-rate:
0.5-0.7 mi/min. Top: A, 100 mg of Nb in 1M HF; B,
IM HF; C, IM HNO, + 0.3% H,0,. Middle: A, 100 mg of
Mo in 0.1M HF + 1M NH,F; B, 0.1M HF + 1M NH,F; C,
1M HNO,. Bottom: A, 100 mg of Mo in 0.1M HF + 1M
NH,F; B, 0.1M HF + 1M NH,F; C, 1M HNO,.

irradiated niobium pentoxide containing 1500 ppm of
tantalum was dissolved in ~0.5 m} of concentrated
hydrofluoric acid and the solution was diluted to 5 ml
to give a 1 M hydrofluoric acid medium. This solution
was passed through the column system, followed by
15 m! of 1M hydrofluoric acid. The effluent contained
most of the trace impurities, including the alkali-
metal and transition elements, but not tantalum
activity (the decontamination factor was =10%), and
the anion-exchanger column contained 0.2% of the
tantalum activity. This Dowex column can be further
washed with 40% hydrofluoric acid for elution of
such elements as Hf, Zr, Mo, Pa, leaving the niobium
and traces of tantalum sorbed on the column.

For separation of molybdenum from technetium or
of rhenium from molybdenum or tungsten, the aque-
ous solution was made 1M in ammonium fluoride
and 0.1M in hydrofluoric acid (see Fig. 7). The
technetium or rhenium could be eluted with a recov-
ery of 98-99% with 1M nitric acid. Elution with 1M
hydrochloric acid was not satisfactory. If a 1M
hydrofluoric acid medium was used without the
addition of ammonium fluoride, about 2-6% of the
technetium or the rhenium was found in the initial
effluent. From the mechanisms discussed below for
the distribution of rhenium and technetium, it can be
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assumed that these two elements can also be retained
on polyurethane foam from other media such as
chloride, nitrate etc., at lower acidity of the solution.

DISCUSSION

Bowen,* who first studied the retention of anionic
complexes on polyurethane foam, assumed that
polyether-type polyurethane foam has anion-
exchange sites of various strengths as a result of the
tendency of the ether oxygen atoms and/or the nitro-
gen atoms of the urethane linkage to accept protons.
It is known that anionic fluoro-complexes of tanta-
lum are efficiently extracted by many extractants,
such as ketones, amines, phosphates, etc. The strong
anion-exchange of tantalum from hydrofluoric acid
media with anion-exchangers containing amine
groups has also been described. In both cases, the
extraction and anion-exchange can take place from
concentrated solutions of the acid, where the com-
plexation of tantalum as well as protonation of the
extractants (or the exchanger amine groups) is com-
plete. However, from Figs. 1 and 3 it can be seen that
the distribution ratio of tantalum decreases when the
hydrofluoric acid concentration is above a certain
level, for both types of material, the acyclic poly-
urethane foam and the cyclic polyethers. Tantalum,
in general, shows great similarity between its reten-
tion on the foam and its extraction with crown ethers,
which implies that the anion-exchange mechanism is
improbable.

The mechanism of the retention of metal ions by
polyurethanes has been systematically studied by
Hamon e al.,’ who have discussed all possible reten-
tion processes, viz. surface adsorption, solvent extrac-
tion, ligand addition or exchange, base anion-
exchange and cation-chelation. They concluded that
the foam acts predominantly as a long acyclic poly-
ether chain, and the extraction of anions is due to the
complexation of counter-cations in the cavities
formed by the polyether chain; the efficiency of the
extraction depends on how well the cation fits.

The cations participating in the complexation in-
clude those of the alkali metals and hydronium ions.’
The ionic diameter of the hydronium ion is close to
that of K* and NH; and matches closely the cavity
size of both the foam and the 18-crown-6 type
compounds. Complexation of the hydronium ion by
crown ethers and cryptates has already been re-
ported.*” Al-Bazi and Chow® supposed that H,0*
ions are held in the cavities of polyurethane by both
ion-dipole interaction and hydrogen-bonding
whereas K* ions are held only by ion-dipole inter-
action.

The retention of tantalum on polyurethane foam as
well as the extraction of polycyclic crown ethers can
then be described as a distribution of anionic com-
plexes of the type TaF>~" (n = 6). The sorption by
foam materials is caused by complexation of hydro-
nium ions in the cavities formed by the polyethylene
oxide chain of the polymer. According to Tadokoro
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et al.,’ the polyethylene oxide has a helical structure
which contains seven chemical units and two turns in
the repeat unit of length 19.3 A. In the extraction
with a cyclic polyether, the anionic tantalum com-
plexes are the counter-ions to the H;O* or K* ions
held in the cavities of the polyether ring.

Technetium and rhenium are present in aqueous
solution as the weakly hydrated soft anions TcO,
and ReO; . Accordingly, the extraction of these two
elements with crown ethers can be explained as due
to formation and extraction of the ion-association
complexes [K(H;0), crown]*.MeO; (where Me = Tc
or Re). The counter-ion in the organic cavity is either
K* or H,O". In view of the greater effect of potas-
sium fluoride on the extraction of these two elements
with dicyclohexano-18-crown-8 (see Fig. 6), it might
be concluded that K* is more efficient than H;O" as
the counter-ion.

With the polyurethane foam, the anions MeO; are
the counter-ions to the H;O*-ions held in the cavities
of the polyethylene oxide chain of the polymer.

This conclusion agrees well with the results ob-
tained by infrared spectroscopy for a synthetic tanta-
lum fluoride—polyether complex.’® On the basis of
these experimental results, we assume that the extrac-
tion of tantalum can be explained by the formation
of the complex [H,0, (DC-18,6)]*.TaF; .

The increase in the D; and D, values for tantalum
(Figs. 1 and 3) with increasing acid concentration
(up to the acidity for Dg,,) can be attributed
to the conversion of oxofluorotantalates into
fluorotantalates. The acids HTcO, and HReO, are
very strong and stable over a wide pH-range in
aqueous solution, so the extraction of Tc and Re with
both the polyurethane foam and the crown ether
takes place even at low acidity.

The decrease in D and D, for tantalum at acidities
higher than that for D,,, can be connected with either
the formation of highly co-ordinated and non-
extractable complexes such as TaFji~ etc.!' or an
increase in the concentration of HF; ions, which can
be regarded as competing with the fluorotantalate
complexes for ion-association. The latter possibility
seems to be the more important, as the behaviour of
rhenium and technetium, which do not form
fluoro-complexes and are present as MeO, -type oxo-
anions even at higher hydrofluoric acid concen-
trations, is comparable with that of tantalum.

The equilibrium constant for HF + F"=HF; is
reported? to be ~10%® and as the concentration of
hydrofluoric acid is increased there will consequently
be a shift to the right in its dissociation into H* and
F~. Although hydrofluoric acid is a weak acid in
dilute aqueous solutions (pK = 3.1), its acidity in-
creases with concentration, and this has been attrib-
uted to extensive dissociation, coupled with
hydrogen-bonded ion-pair formation (H,O" ... F™),
a consequence of which is a decrease in free fluoride
concentration.'?

This could explain why alkali-metal fluoride con-

R. CALETKA et al.

centrations 20.1M cause a rapid decrease in the D,
and D, values in the extraction of tantalum with both
the cyclic polyether and the polyurethane foam.

In the media considered in this work, niobjum,
molybdenum and tungsten are assumed to exist pre-
dominantly as anionic oxofluoro-complexes, which
are stable even at high acid concentrations. From this
point of view it is not surprising that practically no
detectable retention and extraction of these elements
is observed. On the other hand, hafnium and protac-
tinium form only simple fluoro-complexes,'* and are
neither retained on polyurethane foam nor extracted
with cyclic ethers. A possible explanation of these
apparent discrepancies is the formation of the species
HfFZ~ and PaF:~, which are not extracted. The effect
of alkali-metal fluoride on the distribution of
tantalum at Cy-=0.1M (Figs. 2 and 5) could
also be explained by the formation of higher
fluoro-complexes such as TaF2~ and TaF;~.

Retention on polyurethane foam was also observed
for the fluoro-complexes of antimony(V), and the
behaviour of tantalum and antimony with poly-
urethane foam in hydrofluoric acid solution is similar
to that in their extraction as ion-association com-
plexes into solvents such as ketones, amines and TBP,
as well as to that in anion-exchange, and is probably
due to the formation of complexes of the same type
and having similar properties, presumably TaF; and
SbFg. However, the formation of the antimony
species takes place at slightly higher concentrations of
hydrofluoric acid than that of the tantalum species.
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Summary—Experimental chitin-uranium-—copper EPR spectra have been simulated by computer. The
simulation suggests that the chitin-copper—uranium EPR spectra are primarily due to a chitin-copper
interaction, with insignificant contribution from other paramagnetic species. The simulation suggests two
possible complex configurations, both involving one ligand nitrogen atom.

One of the recent developments in biotechnology is
the identification of a new type of adsorbents of
biological origin which have high sequestering capac-
ity for organic or inorganic pollutants. One of these
adsorbents is the inactive biomass of Rhizopus ar-
rhizus that has been demonstrated to give selective
sequestration of radionuclides, such as uranium, tho-
rium or radium, from aqueous solution.'? A detailed
investigation of the uranium and thorium uptake by
R. arrhizus has led to the identification of the cellular
components mainly responsible for the observed
uptake and has allowed hypothesis of a mechanism
for the process of radionuclide biosorption.**
Biosorption of uranium by R. arrhizus is concen-
trated at the cell wall of the dead mycelium. Chitin,
a crystalline aminopolysaccharide and a basic build-
ing block of the R. arrhizus cell wall, has been
identified as the active constituent of the mycelial cell
wall responsible for the biosorptive behaviour. In
order to improve the understanding of the mech-
anism of uranium uptake by dead cells of R. arrhizus
the competitive uptake of uranium by chitin in the
presence of copper was investigated. Equilibrium
data for competitive uranium adsorption, along with
the result of other spectral investigation techniques,
have already been reported.’ The information accu-
mulated thus far has provided concrete evidence that
the chitin amine nitrogen and a free radical associated
with the chitin macromolecule are responsible for the
co-ordination and sequestering of uranium as well as
of other cations by the cell wall chitin.}
Equilibrium and spectral data on the competitive
uranium uptake by chitin have shown that the ura-
nium uptake capacity can be reduced by transition
metal ions, such as copper (II), which compete with
uranium for the chitin amine sites.® In an effort to
acquire evidence for the three dimensional arrange-
ment of the metal chitin complex, it was decided to
examine the electron paramagnetic resonance (EPR)
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spectra of the chitin-uranium—copper system. The
present work is not intended to be an exercise in
theoretical EPR spectroscopy but rather an applica-
tion of this type of spectroscopy in the area of
biosorption, aiming at providing information on the
mechanism of biosorption.

EXPERIMENTAL

The EPR spectra were determined by using a Varian
E3 EPR spectrometer. The magnetic field sweep and the
magnitude of the spin Hamiltonian tensor components
were calibrated by means of a solid sample of
diphenylpicrylhydrazyl free radical. All the sample tubes
were checked and found to be free of any spurious and
extraneous resonances in the temperature range 77-298 K.
Special care was taken to ensure that the resonance line-
shapes were not distorted by excessive amplitude modulation
or microwave power. The experimental procedure and
conditions used in the preparation of the chitin samples
have been described previously,®

RESULTS AND DISCUSSION

Natural chitin has a naturally occurring organic
free radical in its crystalline structure, Fig. 1.° Since
radicals are usually short-lived, the stable EPR spec-
trum of the free radical suggests that the radical is
trapped and stabilized in the rigid crystalline chitin
matrix. Upon introduction of uranium ions alone
into chitin, the free radical EPR spectrum changes,
suggesting an interaction with uranium, Fig. 2.2
When copper(Il)-ions are also introduced, the EPR
spectrum of chitin changes further, mainly because of
the copper—chitin interaction. The chitin—uranium—
copper spectrum {Fig. 3) appears to be primarily the
result of chitin-copper interaction. The contribution
of the uranium interaction does not appear to be
significant. It was decided to focus the investigation
on the copper-chitin interaction since it produces a
better defined EPR spectrum and is representative of
the metal—hitin interaction system. The recorded
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-
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Fig. 4. Suggested environments of Cu moieties in the chitin
network.

copper—chitin spectrum corresponded well with the
ones reported in the literature.® Chemical equilibrium
data for the chitin—uranium—copper system have
confirmed that the affinity of chitin is greater for
copper than for uranium.’

Figure 3 is a typical example of the experimental
EPR spectrum of chitin following uptake of copper
and uranium from solution at pH 4.0. Although the
resonance components in the z-direction (Fig. 4) are
weak, under conditions of higher spectrometer sensi-
tivity they become more discernible, as shown on line
b in Fig. 3. This EPR spectrum indicates that there
exist two main sites for the Cu—chitin interaction in
the solid chitin matrix. The major site is denoted as
I and the minor site is called site II. The suggestion
of two sites is in agreement with the fact that solid
chitin exists mainly as a mixture of two isomorphous
phases, namely 2- and f-chitin. Thus when copper
ions interact with chitin, two different major com-
plexes may be formed, depending on whether the
chitin involved in complexation is of the a- or f-
form.
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Owing to the large line-widths of the EPR reso-
nances the spectra are difficult to analyse, and com-
puter simulation was tried as it is a technique that can
assist in the resolution of spectral features. Such
simulation enables the determination of most of the
effective spin Hamiltonian tensor components. The
estimated tensor components for the spectrum in
Fig. 3 are listed in Table 1. Chitin is an amino-
polysaccharide and there is extensive experimental
evidence in the literature indicating that the amino
nitrogen atom is the site for the co-ordination of
metal ions.’”® Because of the three-dimensional ar-
rangement of the chitin monomer units, it is possible
that when a metal ion is complexed it may interact
with more than one nitrogen ligand atom. The possi-
bility that the environment of the co-ordinated copper
contains at least open nitrogen atom was thus in-
vestigated. The spectrum was simulated by means of
a Fortran IV program which makes provisions for
superhyperfine splittings, assuming that potentially
one, two, three, or four nitrogen atoms participate in
a copper—chitin complex.!'®

In simulating the line-shapes the best results were
achieved when it was assumed that the Cu(II) moiety
was associated with one nitrogen atom, resulting in
a three-fold splitting of the resonances, with equal
relative intensities. Owing to the unresolved nature of
the superhyperfine splittings, it could not be un-
equivocally determined whether the ligand nitrogen
atom was axially or equatorially attached. Such
unresolved superhyperfine splittings are not
uncommon, and occur in the EPR spectra of
most Cu(II)-amine complexes such as bis(ethyl-
enediamine) copper (II)."

Figure 5 shows the simulated resonance field posi-
tions of the **Cu isotope of the copper complex
sitvated at site I, vs. cos 0, where 0 is the angle
between the external applied magnetic field, B, and
the principal molecular axis of symmetry of the
molecule (Fig. 4). From this figure it can be seen that
the electronic magnetogyric and nuclear hyperfine
tensor components, g.. and A.., at an angle of 0 =0,
are greater than the corresponding components g, .,
g, A, and A, at an angle of 0 =90" The EPR
spectrum generated by these resonance field positions
is shown in Fig. 6. This spectrum, which includes the
contributions of the superhyperfine interactions from
one nitrogen nucleus, is separated into its four copper
hyperfine components. These lines are labelled 1, 2,
3 and 4 respectively and the overall spectrum is
labelled 5.

Table 1. Effective spin-Hamiltonian parameters for Cu(Il)--chitin

Chitin v,
site GH: P g g-- A¥ A%, A% A NT A4 (N A (N
I 9.45 2.062 2062 2311 20.00 20.00 154.47 2.5 2.5 1.9
11 945 2060 2060 2321 18.00 18.00 14580 25 2.5 1.7
*10-%cm~".

tNitrogen superhyperfine tensor components (mT).

TAL. 33:3---C
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Fig. 5. Simulated resonance field positions as a function of cos . The four copper hyperfine ficlds are
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Fig. 6. The simulated EPR spectrum of site 1 for the Cu{IT}-chitin complex. The four copper hyperfine
splittings are labelled 1. 2, 3 and 4 and the averall spectrum is 5.
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The spectra presented in Figs. 5 and 6 also assist in
understanding the sloping of the overall spectrum §
in the region 260-310 mT. This sloping appears to be
the result of the large line-widths of the resonances
along the z-axis, which in turn results in the overlap
of their wings, thus producing the apparently sloping
base-line. The spectra in Figs. 5 and 6 also indicate
that the four perpendicular hyperfine lines along the
x and y axes lie close to one another, in contrast to
the parallel components that are some distance apart.
This is interpreted as the result of the larger copper
hyperfine tensor component A.. as compared to A4,
and A, . Consequently the corresponding EPR spec-
trum (Fig. 6) is unresolved and more intense along
the perpendicular components 4, and 4,,.

The simulated spectra for ®*Cu and ®Cu, as well as
their resultant effect for site I, taking into account
their natural abundance isotopic ratio, are shown in
Fig. 7. Although the spectral line shapes of the
parallel components are better resolved in the simu-
lated than in the experimental spectrum (Fig. 3),
when the spectrum of the minor site II is also taken
into account the experimental spectrum is well re-
produced by our simulation (Fig. 6). The best simu-
lated spectrum is obtained when the abundance of the
two sites is in the ratio 1:0.13, implying 13% of
B-chitin in the sample. This ratio is not unreasonable
and agrees well with the ratios reported in the
literature.”

Relation of the spin Hamiltonian components to the
nature of the Cu~—chitin complex

Assuming that the unpaired electron for the
Cu(Il)—hitin complex resides in a molecular orbital
that is mainly d,,_,, (Cu) > in character, then the g
tensor components may be approximately expressed
as

84
=g.~20023 - —
81 =& AE,
and
24
=g .=g,~20023 — —,
g1 &xx g}_\ AE]

where 4 is the spin—orbit coupling constant for the
copper atom, AE, is the energy separation between
the |d._,>(Cu) > and |d,, (Cu) > states, and AE, is
the energy difference between the |d,,_,, (Cu) > and
either the |{d,.(Cu)> or |d,.(Cu)> orbitals.”? Since
the spin—orbit coupling constant is negative (using a
hole formalism for the Cu 3d° system) and AE, is
usually smaller than AE,, it is expected that all the
diagonal g tensor components will be greater than the
corresponding value for the free electron, g,. In
addition, the g, and g, components are expected to
be smaller than the g.. component, which is in
accordance with the experimental and simulated
spectra. Generally the spin—orbit coupling constant,
A, for CuN, is less than that for CuO, complexes,

Deriv. of absorption

1 | | ]

] 1 1 I ]

279 289 299

309 319 329 339 349

Magnetic field (mT)

Fig. 7. Simulated EPR spectra from *Cu and **Cu chitin complexes. Resultant spectrum is labelled 3.
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whereas the ligand-field energies, AE, and AE,, are of
the same order of magnitude. Consequently it is
expected that the g tensor components should be
larger for CuO, complexes than for the respective
components of CuN; complexes. The values of
8.=2311 and g, =g, = 2.062, determined by the
simulation, suggest the existence of two most likely
local copper moieties. The first includes three oxygen
and one nitrogen atoms in the equatorial plane and
the second has four oxygen atoms in its equatorial
plane and an additional nitrogen atom along the
z-axis. Both of these moieties are schematically
presented in Fig. 4. Two-dimensional arrangements
for the complex of copper with chitin have been
proposed in the literature, and agree reasonably well
with the proposed three-dimensional models.”*
The absolute values of the copper hyperfine tensor
components for site I were estimated to be 4, =
15447 x 10~* cm™' and A4, =4, ~20.0x10"*
cm~'. The theoretical expressions for these tensor
components are given approximately by"

e ﬁ 3
A___.J%‘;_ﬁ{n»x—%ﬂ(gi—2)+(g,,—2)}

i
Ax,\'sz,\':gef%ﬁ)ﬁE{"’Kﬂ'%“%E}
Spin—orbit coupling and the unquenching of orbital
angular momentum contribute the factors (g; —2),
}(g,—2) and (g, —2). On the other hand the
dipolar interactions result in values of —% and 3
for A.., and for 4, and A,, respectively. Although
the dipolar and spin-orbit coupling contributions
oppose one another for 4. and reinforce each other
in A, and A4, the value of A_ is found, from the
simulation of the experimental spectrum, to be much
larger than 4, and A,,. This is due to the isotropic
Fermi contact interaction (K) resulting from the
existence of electronic charge density at the copper
nucleus. In the case of Cu(Il), the Fermi term arises
from the core s electrons that are spin-polarized. It is
very difficult to estimate in advance the contribution
to the Fermi term arising from core polarization.
However, from the values of the copper hyperfine
tensor components that were estimated by the simu-
lation, the value of K was found to be 0.312. This
value is close to values that have been reported for
other Cu(Il) complexes.’® The value found for K
indicates that A4.. is negative, whereas both A, and
A,, are estimated to be positive, equal and approxi-
mately 20.0 x 10~*¢cm~". The g and A tensors for the
Cu(IT) complex suggest that the unpaired electron of

M. Tsezos and S. MATTAR

the Cu(II)}-chitin complex sites lies in a molecular
orbital that is mainly |d,,_,. (Cu) > in character.

CONCLUSIONS

The experimental and simulated EPR spectra of
the chitin-uranium-copper system suggest the fol-
lowing conclusions.

Copper appears to form two separate complexes
with chitin at two possible sites, designated as sites I
and I1, which are probably related to the existence of
the two main crystalline forms of chitin (x and B).

From the present simulation and previous experi-
mental work, both copper complexes are thought to
involve one nitrogen ligand atom, with the remaining
ligands oxygen atoms. The proposed possible
configurations of the copper environment for sites I
and II are presented schematically in Fig. 4.

The estimated g tensor components (g, >
g,  ~ &) indicate that the copper complex has its
unpaired electron lying in the copper |d..,.>
orbital.

The chitin—uranium-—copper EPR spectrum ap-
pears to be. primarily the result of the chitin—copper
interaction. Any contributions to the spectrum by
uranium or a free radical do not appear to be
significant.
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Summary—Methods for determining ~0.2 ug/g or more of silver and cadmium, ~0.5 ug/g or more of
copper and ~ 5 ug/g or more of antimony, bismuth and indium in ores, concentrates and related materials
are described. After sample decomposition and recovery of antimony and bismuth retained by lead and
calcium sulphates, by co-precipitation with hydrous ferric oxide at pH 6.20 + 0.05, iron(III) is reduced to
iron(I) with ascorbic acid, and antimony, bismuth, copper, cadmium and indium are separated from the
remaining matrix elements by a single methyl isobutyl ketone extraction of their iodides from ~2M
sulphuric acid—0.1M potassium iodide. The extract is washed with a sulphuric acid—potassium iodide
solution of the same composition to remove residual iron and co-extracted zinc, and the extracted elements
are stripped from the extract with 20% v/v nitric acid—20% v/v hydrogen peroxide. Alternatively, after
the removal of lead sulphate by filtration, silver, copper, cadmium and indium can be extracted under
the same conditions and stripped with 40% v/v nitric acid—25% v/v hydrochloric acid. The strip solutions
are treated with sulphuric and perchloric acids and ultimately evaporated to dryness. The individual
elements are determined in a 24% v/v hydrochloric acid medium containing 1000 u g of potassium per ml
by atomic-absorption spectrophotometry with an air—acetylene flame. Tin, arsenic and molybdenum are
not co-extracted under the conditions above. Results obtained for silver, antimony, bismuth and indium
in some Canadian certified reference materials by these methods are compared with those obtained earlier
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by previously published methods.

Recently, we published a study of the methyl isobutyl
ketone (MIBK) extraction of 15 elements as iodides
from 0.1-5M sulphuric acid/0.01-0.5M potassium
iodide solutions.! This study showed that silver,
antimony, bismuth, copper, cadmium, indium, tellur-
ium(IV) and thallium(III) can all be quantitatively
extracted into MIBK in one extraction from 2M
sulphuric acid/0.05-0.5M potassium iodide when the
volume ratio of the organic to aqueous phase is 1:2.
Furthermore, at the 500-mg level, <1.5% of any zinc
present is extracted from solutions that are up to
~0.1M in potassium iodide and up to ~2M in
sulphuric acid. The back-extraction of these elements
was also investigated. In recent years, individual
atomic-absorption spectrophotometric (AAS) and
light-absorption spectrophotometric methods have
been developed in this laboratory for the deter-
mination of some of the elements above, viz. silver,?*
antimony,’ bismuth®’” and indium® in zinc sulphide

Crown Copyright Reserved.
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ores and concentrates, zinc processing products and
other diverse sulphide ores and related materials.
However, the results of the extraction study sug-
gested that the group extraction of these elements,
plus copper and cadmium, from ~2M sulphuric
acid—0.1M potassium iodide might provide an alter-
native and relatively rapid flame AAS method for the
determination of all six elements in the materials
listed. Because these materials usually contain only
trace amounts of thallium and tellurium, deter-
mination of these two elements by flame AAS was not
considered feasible.

AAS methods®? based on extraction of the iodides
of one or more of the elements above, and other
elements including zinc and lead, into MIBK [or
MIBK containing compounds such as tri-n-octyl-
amine,'” trioctylphosphine oxide'* and tricapryl-
methylammonium chloride (Aliquat 336)*'°] from
hydrochloric,” ''¥ 20 sulphuric,'*!” perchloric’* and
phosphoric acid'*!®* media have been reported for
various types of materials. However, none of these



234

methods is directly applicable to samples containing
relatively large amounts of lead, because in hydro-
chloric acid media lead is co-extracted as the
iodide,™*12! whereas in sulphuric, perchloric and
phosphoric acid media, the lead sulphate produced
by reaction with sulphuric acid and/or by the
oxidative decomposition of sulphide ores must be
filtered off before the extraction step. This results in
the loss of appreciable amounts of antimony, bismuth
and silver, which are retained by the precipitate.’ The
occluded silver can be readily recovered by washing
the precipitate with ~4M ammonia solution.>* How-
ever, the development of a suitable group iodide
extraction/AAS method, which would be applicable
to the determination of both antimony and bismuth
in ores of moderate and high lead content, and which
would involve extraction from sulphuric acid media,
would require that provision be made for the recov-
ery of these occluded elements from the lead sulphate
precipitate. This, as well as the group back-extraction
of the elements under consideration, was investigated
in this work. Although the extracted elements can
be determined directly in the MIBK extract by
AAS, 121420 a0 aqueous medium was chosen because
of the wide variation in the contents of some of these
elements in sulphide ores and related materials. This
simplifies the dilutions needed, and results in sample

and calibration solutions that are usually more stable
than MIBK extracts.!®!#

The proposed method A involves the separation of
antimony, bismuth, copper, cadmium and indium
from the matrix elements by a single MIBK extrac-
tion of their iodides from ~2M sulphuric acid/0.1M
potassium iodide, after the recovery of antimony and
bismuth from lead and calcium sulphates by co-
precipitation with hydrous ferric oxide at pH 6.20
=+ 0.05. The extracted elements are stripped from the
extract with 20% v/v nitric acid containing 20% v/v
hydrogen peroxide and ultimately determined in 24%
v/v hydrochloric acid medium containing 1000 pg
of potassium per mi by AAS with an air-acetylene
flame. Method B involves the extraction of silver,
copper, cadmium and indium under the same condi-
tions, after the removal of lead sulphate by filtration
and recovery of the occluded silver from the precipi-
tate by washing with dilute ammonia solution. The
extracted elements are stripped with 40% v/v nitric
acid containing 25% v/v hydrochloric acid to keep
silver iodide in solution, and determined as described
above. Results obtained for silver, antimony, bismuth
and indium in some Canadian certified reference
materials by these methods are compared with those
obtained earlier by previously published methods.

EXPERIMENTAL
Apparatus
A Perkin—Elmer model 5000 spectrophotometer,
equipped with a single-slot 10-cm air—acetylene burner, was
used for all atomic-absorption measurements. Operating
conditions were those recommended by the manufacturers,
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and the burner position and flame parameters for each
element were optimized for maximum absorbance while
aspirating standard solutions. Hollow-cathode lamps, the
impact bead and the most sensitive resonance lines were
used for all the elements determined, and background
correction was employed for antimony and bismuth. Each
element was determined by using the direct read-out device
after calibration of the instrument with two or three cali-
bration solutions of different concentrations. Under these
conditions and depending on the concentrations of the
calibration solutions, the instrumentally computed scale
expansions ranged from ~1 up to ~7, 11,7, 10, 3 and (3
for silver, antimony, bismuth, copper, cadmium and indium,
respectively. Depending on the volume of sample solution,
2 or 3 sec integration times were used in conjunction with
an aspiration rate of ~ 6 ml/min.

Reagents

Standard silver solution, 100 ug/ml. Dissolve 0.1000 g of
pure silver foil in ~ 25 ml of 25% v/v nitric acid, add ~ 10
ml of 50% v/v sulphuric acid and evaporate the solution to
fumes of sulphur trioxide. Cool the solution, dissolve the
salts by heating gently with ~100 ml! of concentrated
hydrochloric acid, then dilute to volume with water in a
I-litre standard flask containing ~ 300 ml of concentrated
hydrochloric acid. This solution is stable for at least 2
months.

Standard antimony(III) solution, 1000 pg/mi. Dissolve
0.5338 g of pure potassium antimony tartrate (dried at 105°
for 1 hr) in water and dilute to 200 ml.

Bismuth, indium, copper and cadmium solutions, 1000
ug/ml. Dissolve 0.5000 g of each of the pure metals by
heating gently with ~40 ml of 25% v/v nitric acid. Cool and
dilute each solution to 500 ml with water.

Copper plus cadmium solution, 100 ug/ml. Transfer 25 ml
of each stock solution to a 250-m! standard flask and dilute
the resulting mixed solution to volume with water.

Indium solution, 100 ug/ml. Dilute a 25-ml aliquot of the
stock solution to 250 ml with water as described above.

Antimony plus bismuth solution, 100 pg/ml. Dilute 25 ml
of each stock solution plus 50 ml of concentrated hydro-
chloric acid to 250 ml as described above.

Iron(IH) solution, 5 mg of iron/mi. Dissolve 12.5 g of
ferric sulphate nonahydrate in ~300 mi of hot water
containing ~ 10 ml of concentrated hydrochloric acid. Cool
and dilute to 500 ml with water.

Potassium solution, 10.0 mg /ml. Dissolve 19.0 g of potas-
sium chloride in water and dilute to 1 litre.

Bromine, 20% v/v solution in carbon tetrachloride.

Sulphurous acid. Water saturated with sulphur dioxide.

Tartaric acid, 5% solution.

Ammonium chloride, 15% solution.

Potassium iodide, 2M solution.

Sulphuric acid (2M)~-potassium iodide (0.IM) wash solu-
tion. Prepare a sufficient volume of solution just before use,
containing 22 ml of 50% v/v sulphuric acid and 5 ml of 2M
potassium iodide solution per 100 ml

Nitric acid (20% v/v)-hydrogen peroxide (20% vfv)
solution. Prepare a sufficient volume of solution just before
use, by appropriate dilution of concentrated nitric acid and
30% w/v hydrogen peroxide.

Nitric acid (40% v/v)~hydrochloric acid (25% vfv) solu-
tion. Prepare a sufficient volume of solution just before use,
and cool to room temperature.

Aqua regia. Mix 3 parts of concentrated hydrochloric acid
with 1 part of concentrated nitric acid. Prepare fresh as
required.

Sulphuric acid, 50% v/v.

Sulphuric acid, 1% and 5% v/v. Store in a plastic
squeeze-type wash bottle and a glass wash-bottle, re-
spectively.

Ammonia, 25% v/v solution. Store in a plastic squeeze-
type wash-bottle.
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Ammonia, 10% v/ solution. Store in a dropping bottle.
Hydrochloric acid, 10% v/v. Store in a dropping bottle.
MIBK. Analytical-reagent grade.

Calibration solutions

Prepare 0.5-, 1-, 1.5-, 2-, 2.5- and 3-ug/ml silver solutions
by adding the corresponding volumes of 100-ug/ml
standard silver solution to 100-ml standard flasks (Note 1).
Add 10 ml of 10.0-mg/ml potassium solution to each flask,
followed by sufficient concentrated hydrochloric acid for the
final solutions to be 24% v/v hydrochloric acid, then dilute
each solution to volume with water. Using the 100-ug/ml
standard antimony plus bismuth solution and the 100-ug/ml
indium solution, prepare, in a similar manner, one series of
calibration solutions containing 0.5, 1, 2, 3, 5, 10, 15 and 20
ug/ml each of antimony and bismuth and a second series
containing the same concentrations of indium (Note 2). In
the same way, prepare solutions containing 0.5, 1, 1.5, 2, 2.5,
3 and 4 pg/ml each of copper plus cadmium, then prepare
a zero calibration solution by diluting 25 ml of 10.0-mg/ml
potassium solution and 60 m! of concentrated hydrochloric
acid to 250 ml with water.

Procedures

A—Determination of antimony, bismuth, copper, cadmium
and indium. Transfer up to 1 g of powdered sample,
containing up to ~500 ug each of antimony, bismuth,
cadmium and indium and not more than ~ 150 mg each of
calcium and lead and 20 mg of copper, to a 400-ml Teflon
beaker. Cover the beaker and add 5 m! of 20% bromine
solution in carbon tetrachloride and 15 ml of concentrated
nitric acid. Mix and allow the solution to stand for ~15
min, then heat gently to remove the bromine and carbon
tetrachloride. Add 25 ml of 50% v/v sulphuric acid, heat
until the evolution of oxides of nitrogen ceases, then remove
the cover and wash down the sides of the beaker with water.
Add 10 ml of concentrated hydrofluoric acid and carefully
evaporate the solution until copious fumes of sulphur
trioxide are evolved. Cool, cover the beaker with a Teflon
cover (Note 3), add 5 ml of aqua regia (Note 4) and heat
until the evolution of oxides of nitrogen ceases, then remove
the cover and evaporate the solution to fumes of sulphur
trioxide. Cool, wash down the sides of the beaker with water
and evaporate to fumes again to ensure the complete
removal of hydrofluoric and nitric acids. Cool, add 10 ml of
5% tartaric acid solution and 50 ml of water and heat gently
to dissolve the salts. Cool the solution to room temperature
and, if necessary, filter it (Whatman 11-cm No. 40 paper)
into a 400-ml Pyrex beaker. Wash the beaker and paper each
three times with ~ 5-10-ml portions of 1% v/v sulphuric
acid, then once each with water. Reserve the filtrate. If the
antimony, bismuth and copper contents of the sample are
expected to be <200 ug, run a blank through the whole
procedure.

Using a jet of water, wash the residue into the original
Teflon beaker, then place the beaker under the funnel and
add, in succession, three 25-ml portions of hot 15% ammo-
nium chloride solution to the funnel to dissolve any residual
lead and calcium sulphates. Wash the paper once with
water, then reserve it. Add 3 ml of concentrated hydro-
chloric acid, 1 mi of concentrated nitric acid (Note 5} and
5 ml of 5 mg/ml iron(III) solution to the resulting solution,
cover, and boil vigorously for ~30 min to ensure the
complete dissolution of lead sulphate. Cool the solution to
room temperature, then adjust the pH to 6.20 + 0.05 with
concentrated and 10% v/v ammonia solution, and with 10%
v/v hydrochloric acid if required. Cover the beaker and boil
the solution for ~ 1 min to coagulate the precipitate; allow
it to settle, then filter the solution through the original filter
paper and wash the beaker and the paper plus precipitate
each thoroughly three or four times with water to remove
chloride. Discard the filtrate and place the beaker containing
the initial filtrate under the funnel. Wash down the sides of

235

the precipitation beaker with ~10 ml of hot 5% v/v
sulphuric acid and add the solution to the funnel containing
the precipitate. Wash the beaker once more with the hot
acid solution, followed by water, then wash the paper three
times with ~5 ml portions of the acid solution to dissolve
any remaining precipitate. Discard the paper. Place a glass
rod in the solution to prevent bumping, cover the beaker,
evaporate the solution to ~60 ml, then cool it to room
temperature.

Transfer the solution to a 250-ml separatory funnel
marked at 100 ml, add 3 g of ascorbic acid, then stopper the
funnel and shake until most of the acid has dissolved. Add
5 ml of 2M potassium iodide solution, dilute the solution to
the mark with water and allow it to stand for 30 min to
ensure complete complex formation. Add 50 ml of MI1BK,
stopper the funnel and shake it for 2 min. Allow several min
for the layers to separate, then drain off and discard the
aqueous layer. Wash the extract by shaking it for ~30 sec
with 20 ml of freshly prepared 2M sulphuric acid-0.1M
potassium iodide. Discard the wash solution. Add 25 ml of
freshly prepared 20% v/v nitric acid-20% v/v hydrogen
peroxide solution to the extract and shake for 2 min (Note
6). Allow the layers to separate, then drain the lower
(aqueous) layer into a 150-ml beaker and wash the stem of
the funnel with water. Strip the MIBK phase twice more by
shaking it for ~1 min with 10 ml of the sirip solution and
then for ~30 sec with 5 mi. Collect these solutions in the
beaker containing the initial strip solution and wash the
stem of the funnel with water each time (Note 7).

Add 1 ml of 10.0-mg/ml potassium solution, 2 ml of
50% v/v sulphuric acid and 1 ml of concentrated perchloric
acid to the combined strip solution. Place a thin glass
rod in the solution to prevent bumping, then cover the
beaker and evaporate the solution to fumes of perchloric
acid. Continue to heat the solution for ~ 10 min to destroy
organic material, then cool to room temperature, add 2 ml
of aqua regia and heat until the evolution of oxides of
nitrogen ceases. Cool, remove the cover and evaporate the
solution to dryness. Wash down the sides of the beaker with
water and evaporate the solution to dryness again to remove
all the sulphuric acid. Add 2.4 ml of concentrated hydro-
chloric acid and 3 ml of sulphurous acid to the beaker
containing the blank. Depending on the lowest expected
content of any of the elements to be determined, add
sufficient concentrated hydrochloric acid to the beaker
containing the sample for the final solution to be 24% v/v
in hydrochloric acid (Note 8), then add sufficient
10.0-mg/ml potassium solution for 1 ml to be present for
each 10 ml of final solution in excess of 10 ml (Note 9). Add
S ml of sulphurous acid followed by sufficient water for the
hydrochloric acid concentration to be ~ 50% v/v (Note 10).
Cover both beakers and boil the solutions gently for ~5-7
min to remove sulphur dioxide (Note 11), then cool to room
temperature. Transfer the blank solution to a 10-ml stan-
dard flask and the sample solution to a flask of appropriate
size (25—100 ml). Dilute each solution to volume with water
and mix.

Using the conditions described under Apparatus, deter-
mine the concentrations of antimony, bismuth, copper,
cadmium and indium at 217.6, 223.1, 324.8, 228.8 and 303.9
nm, respectively, spraying the sample solution into an
appropriately adjusted air-acetylene flame. If dilution of
the solution is necessary, add sufficient concentrated hydro-
chloric acid and 10.0-mg/ml potassium solution to the
aliquot taken, for the final concentrations of acid and
potassium to be 24% v/v and 1.0 mg/ml respectively (Note
12). Calculate the contents of each element (in ug), then, if
necessary, correct the results obtained for antimony, bis-
muth and copper by subtracting those obtained for the
blank.

B—Determination of silver, copper, cadmium and
indium. Treat up to 1 g of powdered sample (Note 1),
containing up to ~500 ug each of silver, cadmium and
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indium and not more than ~ 10 mg of calcium, 350 mg of
lead (Note 13) and 20 mg of copper, with bromine in carbon
tetrachloride solution and nitric acid as described above,
then add 10 m! of concentrated hydrochloric acid, 5 ml of
concentrated perchloric acid and 15 ml of 50% v/v sulphuric
acid. Heat until the evolution of oxides of nitrogen ceases,
then cool the solution and remove the cover. Add 10 mt of
concentrated hydrofluoric acid and carefully evaporate the
solution to fumes of perchloric acid (Note 14). Cool, wash
down the sides of the beaker with water and evaporate the
solution to ~5 ml. Cool, add 20 ml of 50% v/v sulphuric
acid and ~35 ml of water and heat to dissolve the salts.
Cool the solution to room temperature and, if necessary,
filter it as described above into a 250-ml separatory funnel
marked at 100 ml. Wash the beaker once with water, then
twice with ~ 10-ml portions of 25% v/v ammonia solution
to dissolve any insoluble silver compounds adhering to the
sides. Wash the paper and residue thoroughly (Note 15)
three times with ~7-ml portions of 25% v/v ammonia
solution to recover the silver retained by the lead sulphate,
then wash the beaker and paper each once with 5% v/v
sulphuric acid. Discard the paper.

After the addition of ascorbic acid and potassium iodide
solution dilute the solution to 100 ml with water, allow it to
stand for 30 min, then proceed with the MIBK extraction
and washing step as described in Procedure A. Strip the
solution as described, using 40% v/v nitric acid-25% v/v
hydrochloric acid solution instead of the nitric acid—hydro-
gen peroxide solution. After the addition of the recom-
mended volumes of potassium solution, 50% v/v sulphuric
acid and concentrated perchloric acid, treat the sample and
blank solutions as described in Procedure A but omit the
additions of aqua regia and sulphurous acid and the final
boiling step. If necessary, warm the solutions very gently
(Note 16) to dissolve the residue, then dilute them to
suitable volumes and determine silver (at 328.1 nm), copper,
cadmium and indium as described above.

Notes

1. For silver determinations, all glassware and Teflon-
ware should be washed with ~ 25% v/v ammonia solution,
followed by water.

2. As mentioned subsequently under Calibration solu-
tions, relatively exact additions (graduated pipette) of
concentrated hydrochloric acid are necessary for indium
calibration solutions. If desired, calibration solutions
containing copper, cadmium and indium can be prepared.

3. A watch-glass should not be used, because if the
hydrofluoric acid has not all been removed in the preceding
step it will etch the glass and result in the contamination of
the solution by antimony and other elements from the glass.
If antimony is not of interest and a relatively large amount
is present, it can be removed at this stage by volatilization
as the bromide by adding ~ 10 ml of concentrated hydro-
bromic acid and evaporating the solution to fumes of
sulphur trioxide again. In this case the subsequent additions
of aqua regia and sulphurous acid can be omitted.

4. Aqua regia is added to ensure that all the antimony is
present as antimony(V).’

5. Nitric acid is added to prevent possible loss of anti-
mony by volatilization as the chloride during the subsequent
boiling step.’

6. The MIBK phase should be colourless after shaking
for 2 min. If it is not, add more strip solution and continue
shaking until the extract becomes colourless.

7. Warning. After the stripping step shake the MIBK
phase with ~ 100 ml of water to remove some of the
co-extracted acid before draining the solvent into a waste
bottle. If this is not done, a potentially dangerous exo-
thermic reaction can occur if the combined stripped extracts
are allowed to stand for some time, particularly in a tightly
closed bottle, before disposal.

8. If indium is to be determined, the exact volume of
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concentrated hydrochloric acid required must be added
(Note 2) and the subsequent boiling step to remove sulphur
dioxide must not be prolonged, or hydrochloric acid will be
lost by evaporation. This causes a high result for indium
because the hydrochloric acid concentration in the sample
solution will be lower than that in the calibration solutions
and cause less depression of the indium signal.

9. Additional 10.0-mg/ml potassium solution is not re-
quired for the blank solution, which is ultimately diluted to
10 ml, because 1 ml was added to the strip solutions before
the evaporation step. For final sample solution volumes of
25, 50 and 100 ml, add 1.5, 4 and 9 ml, respectively.

10. An approximately 6M hydrochloric acid medium is
required for the rapid reduction of antimony(V) to anti-
mony(IIT) with sulphurous acid.’

I1. The boiling step should not be prolonged because
antimony will be lost by volatilization if the solution is
evaporated to low volume or to dryness.

12. The additional 10.0-mg/ml potassium solution and
concentrated hydrochloric acid required for some dilutions
are as follows: 2 ml of sample solution diluted to 25 ml
requires 2.3 ml of potassium solution and 5.6 ml of concen-
trated hydrochloric acid; 2 ml/50 ml requires 4.8 and 11.6
ml; 5 ml/25 ml requires 2.0 and 4.8 ml; 5 ml/50 ml requires
4.5 and 10.8 ml; and 4 ml/100 m! requires 9.6 and 23.0 ml,
respectively. For dilutions of 2 ml/100 ml, or more dilute
solutions, which may be required for the determination of
copper, the small amounts of potassium and hydrochloric
acid in the aliquots taken do not need to be considered.

13. If silver is not of interest, up to ~ 50 mg of calcium
and ~ 600 mg of lead can be present.

14. If much antimony is present, it can be removed as
described in Note 3.

15. For the residue to be washed effectively, any that
adheres to the sides of the paper should be gently loosened
with a glass rod. If silver is not of interest, the beaker and
residue can be washed with 1% v/v sulphuric acid.

16. Gentle warming minimizes loss of hydrochloric acid
(Note 8) during the dissolution step.

RESULTS AND DISCUSSION

Calibration solutions

Calibration solutions containing 24% v/v hydro-
chloric acid were chosen, to keep silver in solution
without the addition of diethylenetriamine as recom-
mended previously,? and 1 mg of potassium per ml
(as the chloride) was added to both the sample and
calibration solutions as an ionization suppressant,
particularly for cadmium and indium. Silver solu-
tions prepared in this way and containing <1 ug of
silver per ml are stable for at least one week. Solu-
tions of higher concentration should be prepared
fresh every 2 or 3 days because their absorbance may
decrease on standing. Calibration solutions contain-
ing both antimony and bismuth should be prepared
fresh every 2 weeks. Those containing indium, copper
and cadmium are stable for at least one month.
Except for indium solutions, it is not necessary to add
the exact required volume of concentrated hydro-
chloric acid; 24 +1 mi per 100 ml is adequate.
However, for indium calibration solutions rather
more accurate additions are necessary because of
the severe depressive effect of hydrochloric acid on
indium absorption in an air-acetylene flame.?' In this
work, it was found that, at the 10-u g/m! level, indium
absorbance was depressed ~27 and 32% in the
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presence of 20 and 25% v/v hydrochloric acid,
respectively. For convenience, the hydrochloric acid
concentration of the calibration solutions was kept
the same for both Procedures 4 and B. However,
if only Procedure A4 is used, the acid concentration
can be reduced to ~15% v/v. A lower concentration
is not recommended, because bismuth may then
hydrolyse in the solutions.

Separation of silver, antimony, bismuth, copper, cad-
mium and indium by extraction as iodides and back -
extraction of the complexes

Previous' and later work showed that, in the
presence of 500 mg of zinc, 50 mg of iron and
ascorbic acid as a reductant for iron(III), up to at
least 500 ug each of silver, bismuth, cadmium and
indium, and up to at least 20 mg of copper can be
simultaneously and quantitatively extracted into 50
ml of MIBK from ~ 100 ml of 2M sulphuric acid-
0.1M potassium iodide solution and subsequently
stripped from the extract with 40% v/v nitric acid
containing 20-25% v/v hydrochloric acid to keep
silver iodide in solution. However, although anti-
mony, in the presence of tartaric acid to prevent
hydrolysis,' is also quantitatively extracted under
these conditions, it is not stripped with solutions
containing hydrochloric acid, probably because of
the formation of SbCl,, which remains in the MIBK
phase. Similar behaviour was observed previously for
tin' and was attributed to the formation of SnCl, or
possibly negatively charged chloro-complexes. Sub-
sequent tests with pure antimony and silver solutions
showed that antimony can be stripped from the
extract first with 5-20% v/v nitric acid, followed
by stripping of the silver with nitric-hydrochloric
acid solution as described above. However, low and
erratic results were consistently obtained for silver
when this double stripping technique was applied to
some Canadian Certified Reference Materials Project
(CCRMP) ores and concentrates in which the lead
sulphate formed during decomposition was first
washed with 25% v/v ammonia solution to remove
occluded silver, followed by dissolution of the
precipitate with ammonium chloride and recovery
of the occluded antimony and/or bismuth by co-
precipitation with hydrous ferric oxide as described in
Procedure A4. In these tests the beaker containing the
combined solution, after the dissolution of the
hydrous ferric oxide precipitate, was washed with
25% v/v ammonia solution before the extraction
step, to ensure the recovery of any insoluble silver
compounds adhering to the sides of the beaker after
concentration of the solution by evaporation. Ulti-
mately, because subsequent tests suggested that silver
in the sample extracts is not completely stripped by
this double stripping technique, a separate method
was developed for the determination of antimony, as
well as for bismuth, copper, cadmium and indium, in
which these elements are stripped from the extract
with 20% v/v nitric acid containing 20% v/v hydro-

gen peroxide.! Silver is not stripped under these
conditions.

Treatment of the strip solutions

In Procedure A, involving the determination of
antimony, aqua regia is added before the evaporation
of the strip solution to dryness, to convert all the
antimony present into antimony(V). This prevents or
inhibits the formation of a mixed antimony(III and
V) species which is not readily reduced to anti-
mony(III).> Because the atomic-absorption of anti-
mony depends on its oxidation state, this treatment
ensures that ultimately all the antimony present in the
final solution will be in the same, antimony(III), state
as in the calibration solutions after reduction of the
resultant antimony(V) with sulphurous acid in ~6M
hydrochloric acid.!® High results will be obtained if
antimony(V) is present in the final solution. The
additions of aqua regia and sulphurous acid are not
necessary for Procedure B. However, in both Pro-
cedures 4 and B, ~10mg of potassium is added as
the chloride to the sirip solutions to prevent or inhibit
the formation of insoluble antimony® and silver®
compounds on evaporation of the solutions to dry-
ness in the presence of sulphuric and perchloric acids.

Recovery of antimony and bismuth retained by lead
and calcium sulphates, by co-precipitation with hy-
drous ferric oxide

Previous work showed that if lead sulphate is
removed by filtration before the extraction step, it
retains appreciable amounts of bismuth and anti-
mony,' and subsequent work showed that calcium
sulphate behaves similarly. Consequently, a simple
and reasonably rapid method was required for the
recovery of these occluded elements. Because it has
been reported recently? that trace amounts of anti-
mony(V), bismuth and tin(IV) can be separated from
up to 10 g of lead by co-precipitation with hydrous
ferric oxide at pH 4.0-4.5, with ammonia solution for
pH adjustment, the applicability of this separation
procedure was investigated in this work. However,
this method yielded low results for both bismuth and
antimony(V) [prepared by oxidation of antimony(III)
with aqua regia] in the absence of lead, because of the
low pH used for co-precipitation. Subsequent work
showed that essentially complete co-precipitation of
both elements can be obtained at ~pH 6-7. Because
lead would be expected to be co-precipitated as the
hydrous oxide at pH values approaching 7, a pH of
6.20 + 0.05 was chosen for further work, and tests
showed that, under these conditions, bismuth and
antimony can be quantitatively recovered from pre-
cipitates containing up to ~ 150 mg each of calcium
and lead. With larger amounts of lead some co-
precipitation of lead may occur and cause low results
for antimony and bismuth.

Effect of diverse ions

At the sulphuric acid and potassium iodide concen-
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Determination of various metals by AAS

trations used for the extraction of silver, antimony,
bismuth, copper, cadmium and indium, germanium,
arsenic and molybdenum are not extracted into
MIBK, and tin is not significantly extracted. Thal-
lium(IIT) and tellurium(I'V) are completely extracted
and palladium is almost completely extracted, but the
amounts of these elements present in ores and con-
centrates—relative to silver and the other elements—
would not be expected to interfere in their extraction
or to cause error in their determination by flame
AAS. Selenium is reduced to the elemental state by
ascorbic acid before the extraction step. Zinc is partly
extracted— ~ 6 mg at the 500-mg level —but can be
readily removed from the extract by washing it once
with ~20 ml of 2M sulphuric acid—0.1M potassium
iodide solution. Residual iron is also removed under
these conditions.!

As found previously, silver occluded by lead
sulphate,? but not by calcium sulphate,® can be
recovered by washing the precipitate with 25% v/v
ammonia solution. Up to ~ 10 mg of calcium and
~350 mg of lead can be present in the sample
without producing appreciable error in the silver
result.® As mentioned earlier, up to at least 20 mg of
copper—which is usually present in much larger
amounts in ores and related materials than are the
other elements of interest—can be present during the
extraction step, and up to 1 mg of copper per ml will
not cause significant error in the AAS determinations
of silver, antimony, bismuth, cadmium and indium.

Applications

Tables 1 and 2 show that the results obtained for
antimony, silver and copper in six diverse CCRMP
ores and concentrates are in excellent agreement with
either the values obtained during the preliminary
CCRMP work or the certified values, or are within,
or almost within, the 95% confidence limits. The
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results obtained for cadmium in MP-1 also agree
reasonably well with the approximate value obtained
during the preliminary CCRMP work, but those
obtained for CPB-1 and CZN-1 are slightly higher
than, but still in good agreement with, the certified
values. Except for bismuth in CZN-1 (Table 1) and
indium in MP-1 (Tables 1 and 2), the results obtained
for indium and bismuth are also in good agreement
with the certified values or those given for informa-
tion only. Although that obtained for bismuth in
CZN-1 is slightly lower than the recently certified
value,? it is in excellent agreement with the mean
results (Table 3) obtained previously in this labora-
tory by three different methods involving both
spectrophotometric® and AAS finishes’ after separ-
ation of bismuth from matrix elements by various
extraction and co-precipitation procedures. Similarly,
the result obtained for indium in MP-1 is lower than
the certified value but in good agreement with pre-
vious results (Table 3) obtained by extraction/flame
atomic-emission, extraction/AAS and iron collection/
AAS methods.® From the results of this work and
that shown in Table 3, it is considered highly prob-
able that the certified values for bismuth in CZN-1
and for indium in MP-1 are slightly high. The results
(Table 1) obtained for antimony in the industrial zinc
concentrates agree well with previous results obtained
by a spectrophotometric iodide method after separ-
ation of antimony by co-precipitation with hydrous
ferric and lanthanum oxides followed by chloroform
extraction as the xanthate.’ Those obtained for silver
(Table 2) agree with the mean result obtained by an
acid-decomposition/AAS method involving no separ-
ations.” Table 3 shows that the mean results obtained
for antimony and bismuth in various CCRMP
reference materials by Procedure A4, for silver by
Procedure B and for indium by both procedures are
all in excellent agreement with the mean values

Table 2. Determination of silver, copper, cadmium and indium in CCRMP reference materials and zinc concentrates by
Procedure B

Ag Cu Cd In
Certified Found, Certified Found, Certified Found, Certified Found,

Sample* value, ug/g ugl/g  value,% ugle value, % ugle value, % ugle
CBP-1 626 + 6 627 0.254 +£0.004 2511 0.0143 £0.0005 154

620 2524 152
CZN-1 93+3 943 0.1444+0.003 1448 0.132+0.002 1395 86+ 17ug/gt 86.0

95.0 1433 1385 86.2
MP-1 579422 590 2.0910.03 2.04,% 0.07t 540  0.069 1 0.003 645

59.0 2.06,% 540 649
MP-1a 69.7+22 696 1441001 141,% 0.033 £+ 0.001 323

71.2 1.41,% 332
MP-2 49403 5.2

5.4

Zinc concentrate-731 S1.1% 520

51.6
Zinc concentrate-732 51.1% 51.1

51.4

*Subsamples taken are given in footnote to Table 1.
tSee pertinent footnote to Table 1.

tMean of two results by an acid-decomposition/AAS method.*
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Table 4. Precision for silver, antimony, bismuth, copper, cadmium and indium in a CCRMP concentrate, ore and soil
sample

Element found by Procedure 4 and/or B, ug/g*

Ag Sb Bi Cu Cd In

Sample B A A A B A B A B
CZN-1

Mean 93.2 534 22.5 1445 1451 1383 1396 88.1 87.9

SD 1.47 4.34 0.24 6.66 13.10 5.08 6.27 1.88 1.73

RSD, % 1.6 0.8 1.1 0.5 0.9 04 0.4 2.1 2.0
MP-1

Mean 58.9 231 2.082% 2.054% 555 540 659 651

SD 0.41 7.65 0.023% 0.014%  4.83 2.70 4.55 8.01

RSD,% 0.7 33 1.1 0.7 0.9 0.5 0.7 1.2
S0-2¢1

Mean 10.1 10.5 10.3 3.80 10.4 11.4

SD 0.12 0.45 0.10 0.25 0.12 0.27

RSD, % 1.2 4.3 1.0 6.6 1.2 24

*Results reported in 2 g/g unless otherwise indicated. Except for Cu in SO-2 (7 determinations) the means reported are those

for 5 determinations.

+The approximate percentage chemical composition of SO-2 is 25.0 Si, 8.1 Al, 2.0 Ca, 5.6 Fe and 0.9 Ti.

Except for Cu (no additions), the respective mean values given for SO-2 include the amount of each element present in
a 1-g subsample plus that added (10 ug). The approximate means of duplicate determinations of Ag, Sb, Bi, Cd and
In in SO-2 by the proposed method were 0.3, 0.5, 0.9, 0.2 and 1.2 ug/g, respectively.

obtained previously by other methods. The results
shown in Tables 1 and 2 are the means of four or five
AAS measurements. For convenience, all the results
by the proposed methods, except for copper in MP-1
and MP-1a, are given in pg/g. This was not possible
for all cases in Table 3 because many of the earlier
results used for comparison purposes were reported
in weight per cent to three decimal places only.
Table 4 shows that the precision for all six elements
in CZN-1, and for five elements in MP-1, by the
proposed methods is good and that Procedures 4 and
B yield approximately similarly precise results for
copper, cadmium and indium. Ore samples contain-
ing microgram quantities of all six elements were not
available to determine the precision at low levels.
Consequently, except for copper, which is present in
microgram quantities, 10 ug each of antimony, bis-
muth, cadmium and indium were added to five 1-g
subsamples of SO-2, a CCRMP podzolic soil sample,
and the resulting synthetic samples were analysed for
these elements and copper by Procedure A. Silver,
added to five separate subsamples, was determined by
Procedure B. The results (Table 4) show that the
precision for silver, antimony, bismuth, cadmium and
indium, at about the 10-ug/g level, is reasonably
good, and that for copper, at about the 4-ug/g level,
is moderately good. In these tests, each result ob-
tained for the six elements is the mean of 4-6 AAS
measurements at, except for copper, about the
0.4-ug/ml level; copper was measured at about the
0.2-ug/ml level. The relative standard deviations for
these measurements were 1.5, 16.3, 3.8, 8.6, 1.6 and
11.0% for silver, antimony, bismuth, copper, cad-
mium and indium, respectively. This indicates that, at
these levels, sufficient AAS measurements must be
taken, particularly for antimony, bismuth, copper

and indium, if a reasonably accurate result is desired.
Compared with the other elements, which required
little or no correction for reagent blanks, as indicated
below, the poorer precision for copper (Table 4),
which at the resonance line used is relatively sensitive
by flame AAS, may be caused by a variable blank
effect because a relatively high copper blank (2.5 ug)
was obtained in these tests. The mean value obtained
for copper is also somewhat lower than, but still in
reasonably good agreement with, the recommended
value of 7 + 1 ug/g which is the mean of ~ 200 results
ranging from 3 to 14 pg/g. The mean values for the
other five elements include the amount of each
present in the sample.

The proposed methods are suitable for samples
containing ~0.2 ug/g or more of silver and cadmium,
~0.5 ug/g or more of copper and ~5 pg/g or more
of antimony, bismuth and indium. Smaller amounts
can also be determined if the final sample solution is
diluted to 10 ml instead of 25 ml. However, this
volume of solution may not be sufficient for the
determination of all the elements desired, particularly
if dilutions are necessary. Procedure B is better than
Procedure A for the determination of indium because
the final hydrochloric acid concentration can be
controlled more readily. If antimony is not of interest
in Procedure A4, nor silver in Procedure B, a dilute
nitric acid—potassium nitrate medium would prob-
ably be more advantageous for the determination of
indium and the other elements. In this case, corre-
sponding calibration solutions would have to be
prepared and any silver chloride present in the final
sample solution would have to be removed by filtra-
tion. In this work, in which doubly demineralized
water was used, the reagent blanks for copper, anti-
mony and bismuth were <2.5, <1.4 and <0.7 ug,
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spectively. No blanks were obtained for silver,

cadmium and indium. The proposed methods are not
applicable to samples containing a large amount of
copper.
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Summary—Second-harmonic alternating-current voltammetry can be used for the sequential deter-
mination of two electroactive species having very similar half-wave potentials (AE,, < 50 mV). Since the
concentrations of such metals in samples of special interest are often at trace levels, for their determination
second-harmonic a.c. voltammetry (extremely selective but not sufficiently sensitive) can usefully be
combined with the anodic stripping method, which has a very high analytical sensitivity. The deter-
mination of tin and lead as well as of indium and cadmium in 1M hydrochloric acid is described. The
half-wave potentials are only 35 and 45 mV apart, respectively, for these systems. A three-electrode cell
was used with a long-lasting sessile-drop mercury electrode as the working electrode, with a drop-time
of 240-300 sec. The detection limit was found to be 102 for all four elements studied. The precision

0039-9140/86 $3.00 + 0.00
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expressed as the relative standard deviation was 2-3% and the relative error was 1-2%.

Anodic stripping voltammetry is at present the most
powerful electroanalytical method for the deter-
mination of trace metals.!? Modern voltammetric
techniques have increased the sensitivity and select-
ivity of the method.’ The hanging mercury drop
electrode (HMDE) has been partly superseded by the
mercury film electrode (MFE),** which gives better
resolution,® though the HMDE gives more re-
producible results at higher concentrations. Recently
Andruzzi and Trazza’ introduced the long-lasting
sessile-drop mercury electrode (LLSDME), which
compares favourably with the HMDE.? It has been
used for the determination of metals in water® and
plant materials.'

Second-harmonic a.c. voltammetry has been found
to offer the best resolution in ASV with the MFE as
the working electrode® and the resolution is found to
depend on the substrate.* The resolutions attainable
by a.c. anodic stripping voltammetry techniques with
the semi-stationary electrodes do not necessarily fol-
low the relationships valid for a.c. polarography,
however, since the fundamental and second-
harmonic a.c. functions are distorted in the case of
anodic oxidations of amalgams.!'"!?

In the present work the simultaneous deter-
mination of certain pairs of metals with a small
difference in half-wave potential (AE,, < 50 mV) by
a.c. anodic stripping voltammetry (ACASV) at the
LLSDME was investigated.

*To whom correspondence should be addressed.

243

EXPERIMENTAL

The apparatus and reagents were as described previously.?
The procedures are fairly standard and are indicated in the
text.

RESULTS AND DISCUSSION

The difference in half-wave potential AE is 35 mV
for tin(I) and lead(II), and 45 mV for indium(III)
and cadmium(II) in 1M hydrochloric acid medium.
Various organic complexing agents have been used to
increase these AE values and facilitate determination
of these pairs of ions.”*'* These additions can be
avoided if second-harmonic a.c. voltammetry is
used'l&ﬂ

Since the concentrations of these ions are often at
trace levels, combination of the selectivity of second-
harmonic a.c. voltammetry with the sensitivity of
anodic stripping is useful for their determination.

Tin(II) and lead (II)

Calibration graphs. The experimental conditions
for the determination of these ions by first and
second-harmonic a.c. anodic stripping voltammetry
are reported in Table 1. The demodulation phase
angle ¢ was carefully set, to minimize the capacitive
current.

The calibration graphs obtained for the two species
by first and second-harmonic ACASV are sum-
marized in Table 2. In the second-harmonic method
the peak current was calculated for the cathodic peak
of tin and the anodic peak of lead.'? The peak-width
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Table 1. Experimental conditions for first and second-harmonic ACASV*
Parametert Sn(I) Pb(Il) cdr In(lIl)
Eq, V vs. SCE —0.700 —~0.700 —0.800 —0.800
Brirst narmonics degrees 270+80  270+89 0+0.5 0+0
cond harmonics HEETEES 2704+ 67  270+72§ 270 +65 270 + 64§
*Electrolysis time 180 sec; rest time between deposition and start of recording 30 sec;
scan rate 10 mV/sec: frequency 100 Hz; amplitude of a.c. voltage 10 mV; stirring
rate 8§00 rpm.
tE, = electrodeposition potential.
§Phase angle used in the simultaneous determination.
Table 2. Calibration curves for tin(Il) and lead(IT)*
Method Sn(Il) Pb(II)

First harmonic (1.665 £ 0.003) x 10°

b

Second harmonic i, =(2.025 + 0.019) x 10°%

r=0.9997; 5, =2.4%; D.L. =99 x 10-%M

Range of concentrations 0-5x10°'M

r=0.9999; 5, = 1.0%; D.L. = 1.2 x 10~*M

i, =(3.77 £ 0.02) x 10°

0.9999; 5, =3.2%; DL.=53 x 10-°M
4.69 1 0.09) x 10%

0.998%; 5,=3.0%; D.L. =43 x 107%M
0-2x 10770

-
°

N
]

~

*The limit of detection, D.L., is expressed according to the IUPAC recommendation'® (99% probability). The units are
A for peak current, i,, and M for ¢. The uncertainties reported correspond to a probability of 95%,

measured at half-height (W) for the first-harmonic
a.c. voltamperograms and the peak-to-peak sepa-
ration of potentials (p—p) for the second-harmonic
a.c. voltamperograms are given in Table 3. The
theoretical values for the reversible electrode process,
ie., W;=90/n and p—p = 68/n mV (where n is the

number of electrons involved in the -electrode
process?), are indicated in brackets.

Simultaneous determination. The simultaneous de-
termination of tin and lead has been examined.
Examples of first and second-harmonic a.c. anodic
stripping voltamperograms of the mixture are shown

(A} (B)
Iom uh I 0.4 4A
1 ] i _ s/ t I 1
04 05 06 44 04 05 06
—E(V/SCE)
Fig. 1. Alternating-current anodic stripping voltamperograms of a tin and lead mixture:

ey = 2.99 x 1077M; ¢g, = 7.90 x 10~ "M. Curve A: second-harmonic. Curve B: first-harmonic. Experi-
mental conditions as in Table 1.
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Fig. 2. Alternating-current anodic stripping voltamperograms of an indium and cadmium mixture:
Cin =349 x 10°"M; ccq = 3.05 x 10-7M. Curve A: second-harmonic. Curve B: first-harmonic. Experi-
mental conditions as in Table 1.

in Fig. 1. In the second-harmonic voltamperogram
(curve A), the peaks due to the two electroactive
species were well separated, whereas only an increase
in the half-peak width was observed (70 mV) in the
first harmonic voltamperogram (curve B). The simul-
taneous determination of tin and lead in mixtures by
second-harmonic ACASYV is possible only in the
range of concentration ratios 1:2 < cp,ics, <1:20
under the experimental conditions given in Table 1.
If the concentration ratio is unfavourable, the deter-
mination can be made possible by adjusting the
concentration ratio to within the stated range by
addition of a suitable amount of the appropriate
standard metal solution.

The regression functions calculated on the basis of
the respective peak current values for mixtures of tin

and lead are shown in Table 4. The univariate
analysis neglects the presence of the second element,
whereas the bivariate analysis takes it into account.
For either element the slopes of the univariate and
bivariate regression equations and of the individual
calibration curves are practically identical, showing
that there is negligible mutual interference in the
range of concentration ratios considered. The pre-
cision expressed as the relative standard deviation, s,,
is 2-3% and the relative error, e, is 1-2%. The
detection limits are very low, but the concentration
range is narrow.

Indium (IITy and cadmium (IT)

Calibration graphs. Table 1 gives the experimental
conditions for the determination of indium and cad-

Table 6. Simultaneous determination of indium and cadmium in mixtures by second-harmonic ACASV*

Determination of In(11I) in
the presence of Cd(II)

Determination of Cd(Il) in
the presence of In(III)

Univariate analysis (1.474 £ 0.004) x 10%

L

D.L.

4 x 107*M

Bivariate analysis
+ (7.3 £2.3) x 10%,

r=0.9999; 5. =1.7%; e = +0.6%

DL =14x10"'M

0.9999; 5. =1.4%; e = +0.6%
1

i, = —0.0004 + (1.474 +0.003) x 10%,

i, = (1.502 £ 0.005) x 10°
r=0.9999; 5, =14%;e = +12%
=1.2x107*M

i, = 0.0002 + (1.507 + 0.003) x 10%c,
+2.1£3.7) x 10%,,
r=09999; 5, = 1.8%; e = +1.5%
D.L. = 1.2 x 107*M

*D.L., Units and errors are defined in the footnotes to Table 2.
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mium by first and second-harmonic ACASV, and
Table 5 the calibration data.

For the second-harmonic method the cathodic
peak current of cadmium and the anodic peak current
of indium were used. The wave parameters are shown
in Table 3 together with the theoretical values (in
brackets).

Simultaneous determinations. Indium(III) and cad-
mium(II) were simultaneously determined in the con-
centration ranges covered by the individual cali-
bration curves. Examples of the first and
second-harmonic a.c. anodic stripping voltam-
perograms are shown in Fig. 2. Only the second-
harmonic method (curve A), gives separation of the
two peaks. Indium and cadmium can be determined
by second-harmonic ACASYV in the range of concen-
tration ratios 15:1 < ¢y, :¢cq < 1:15 under the experi-
mental conditions listed in Table 1. If the concen-
tration ratio is unfavourable, again it can be adjusted
to within the required range by addition of the
appropriate standard solution. The regression func-
tions relating to indium and cadium mixtures are
summarized in Table 6. The mutual interferences are
again negligible.

The relative standard deviation and relative error
are both 2-3%.

Conclusion

It can be concluded that the combination of
second-harmonic a.c. voltammetry and the anodic
stripping technique gives very high sensitivity in the
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trace level determination of metals which have very
similar half-wave potentials.
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COMPARISON OF FOUR DIGESTION METHODS FOR THE
DETERMINATION OF SELENIUM IN BOVINE LIVER BY
HYDRIDE GENERATION AND ATOMIC-ABSORPTION
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Summary—A flow system for hydride generation and atomic-absorption spectrometry is described, and
the results from the optimization of the equipment for selenium determination are reported. For a sample
volume of 0.6 ml the limit of detection for selenium was 0.1 ug/l. and the imprecision less than 1% RSD
at the 10-ug/l. level. Four digestion procedures for selenium in bovine liver have been tested. All
procedures gave concordant resuits, provided that the standard-additions method was used. The
accuracies of the overall analytical procedures were estimated by comparison with results from
neutron-activation analysis and analysis of NBS Bovine Liver, No. 1577. These comparisons proved that
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the accuracies of the procedures described in this paper are good.

Soils and crops in Scandinavia are low in selenium
(about 0.2 ug/g in soil and 0.02 ug/g in crops). Cattle
may therefore suffer from selenium deficiency, which
can cause a number of diseases such as muscle
dystrophia.! In some countries (including Sweden)
selenium is added to fodder in order to balance the
natural deficiency of the element. On the other hand,
high selenium levels are poisonous.’ The span be-
tween beneficial and detrimental concentrations is
small, so accurate analytical procedures are required
for monitoring the selenium status. For cattle and
wild animals analysis of liver specimens may be
adequate for this purpose.®*

The hydride-generation technique combined with
atomic-absorption spectrometry (HG-AAS) is a sen-
sitive and convenient method for the determination
of selenium. Use of a flow system for sample handling
and hydride generation further simplifies the pro-
cedure, increases sample throughput and reduces the
indeterminate error.

The assay of selenium in biological materials by
HG-AAS requires destruction of the organic matter.
This is often done with strong acids at elevated
temperatures and can lead to losses of volatile sele-
nium compounds such as SeCl, and SeO, if not
properly conducted.”” The choice of digestion
method is highly dependent on sample type. A pro-
cedure suitable for water samples® may, for instance,
prove inadequate for body fluids® or marine biologi-
cal samples.' Thus each sample type requires the
destruction step to be checked and optimized before
use.

We describe four digestion procedures suitable for
the determination of selenium in bovine liver by
HG-AAS. An apparatus utilizing a flow system for
HG-AAS is also presented. The limit of deter-
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mination (10% RSD) for selenium was 0.25 ug/l. The
quality of the analytical procedures was evaluated by
comparison of the results with those from neutron-
activation analysis (NAA) and analysis of NBS SRM
1577, Bovine Liver.

EXPERIMENTAL

Apparatus

The HG-AAS apparatus is outlined in Fig. 1. A Varian
AAS atomic-absorption spectrophotometer equipped with
an EDL (Westinghouse) operated at 7.5 W was used to-
gether with a commercial flow-injection system (FIA-05,
BIFOK, Sweden) and a peristaltic pump (FIA-08). All
tubing in the manifold was made of Teflon, with an inner
diameter of 0.7 mm. The sample was injected into the carrier
stream by a valve (Rheodyne) with a 0.6-ml loop. As
purging and carrier gas a stream of nitrogen was used at a
flow-rate of 250 ml/min. The gas-liquid mixture was parted
in a gas-liquid separator. The gases were passed on to a
heated quartz tube (length 180 mm, inner diameter 12 mm),
where the hydrogen selenide was atomized at 850°. The
quartz tube was electrically heated and the temperature
regulated by control of the voltage applied. To prevent the
hydrogen produced from igniting at the tube ends, which
leads to noisy signals, the ends were left unheated and
uninsulated. The absorbance signals, measured at 196.0 nm
with a slit-width of | mm, were recorded on an x—t recorder
(W + W 1100, W+ W Electronic Inc., Switzerland) and
peak heights evaluated from the recorder tracings. A total
time constant of about 2 sec was used for the AAS and
recorder.

The digestion vessels were heated in temperature-
programmed aluminium blocks, either commercially avail-
able (Tecator, Sweden) or laboratory-built. The laboratory-
built unit consisted of an aluminium block, one for each
type of digestion vessel, placed on a hot-plate. The tem-
perature programme was controlled by a calculator (HP
41-CV) interfaced with a temperature regulator (MDV, Ero
Electronics, Italy).

Chemicals
All chemicals used were of analytical grade.
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Fig. 1. Flow system used for selenium HG-AAS.

A standard solution of selenium(IV), 1 g/l., was prepared
from an ampoule of selenium dioxide in dilute nitric acid
(Merck). Its concentration was checked by amperometric
titration with thiosulphate after addition of a large excess of
iodide and found to be 1.008 g/l. (T. A. Bengtsson, un-
published method). Further standards were prepared from
this solution by dilution.

Distilled and Milli-Q-filtered water was used in preparing
solutions and in the final washings of the acid-cleaned
utensils.

Sample pretreatment

Liver from two calves, one of which had been given
selenium-enriched fodder, was analysed.

The liver specimen was freed from visible fat and sinews,
homogenized in a Turmix mill and subsequently frozen. The
material was then freeze-dried (Hetosicc, CD 52, Heto,
Denmark) and again homogenized in the Turmix mill. The
freeze-dricd specimen was stored in acid-washed plastic
boxes at room temperature. The water content of the livers
was about 70%.

Digestion procedures

Four different digestion procedures were applied to sam-
ples of the dried material weighing 0.1-0.2 g. After digestion
any selenate present was reduced to selenite by boiling the
digest for 30 min in the presence of 6M hydrochloric acid. >
The HG-AAS finish was performed within two days after
the reduction step.

A. Nitric acid-bomb digestion. The pressure vessel de-
scribed by Uhrberg is used.?

To the quartz tube add the sample and 3 ml of concen-
trated nitric acid. Place the tube in the pressure vessel and
cover it with the Teflon lid acting as a seal. Close the
pressure vessel and put it into an aluminium block. Raise the
temperature steadily and keep it at 125° for 20 min and at
175 for 90 min. Cool to room temperature and transfer to
a Kjeldahl flask with the aid of 9 ml of 6M hydrochloric
acid. Boil under reflux for 30 min. Cool, and finally transfer
to a 50-ml standard flask and dilute to volume with water.

B. Nitric—perchloric—sulphuric acid digestion. The di-
gestions are done with the concentrated acids in the propor-
tions nitric:perchloric:sulphuric 20:5:2 v/v."?

Transfer the sample to a 50-ml Kjeldaht flask and add
20 m] of the mixture of acids. Boil in a heating stand until
the sulphuric acid starts to distil. Cool, add 3 m! of water
and 6 ml of concentrated hydrochloric acid. Boil the digest
for 30 min, transfer it to a 50-ml standard flask and dilute
to volume with water.

C. Nitric acid-magnesium nitrate digestion. The digestion
agent contains 0.5 g of magnesium nitrate hexahydrate per
ml of 100% nitric acid.'

Put the sample and 5 ml of the digestion agent into a
graduated 50-ml glass tube (150 x 14 mm). Insert the tube
into an aluminium block and apply the following tem-
perature programme; 85° for | hr, 175° for 2 hr and 225"
until the tube contents are dry and have stopped climbing
up the tube wall. Place the tube in a muffle furnace and
dry-ash at 520° for 4 hr. After cooling, add 6 ml of 6M
hydrochloric acid and 3 ml of concentrated hydrochioric
acid. Boil the digest for 30 min, cool and dilute to the mark
with water.

D. Nitric—perchloric acid digestion. The digestion pro-
cedure developed by Frank'® utilizes a mixture of concen-
trated nitric and perchloric acids (7:3 v/v).

Place the sample and 10 ml of the mixture of acids in a
glass tube (24 mm bore). Raise the temperature to 225°
according to the nine-step programme described by Frank.!
Reduce the volume of perchloric acid to about | ml by
gently blowing filtered air into the tube. Add 3 ml of water
and 6 m! of concentrated hydrochloric acid and boil the
digest for 30 min. Cool, transfer to a 50-mi standard flask
and dilute to volume with water.

RESULTS AND DISCUSSION

Hydride generation

Several types of equipment have been described for
the generation of hydrides in a flow system and the
subsequent determination of the hydride-forming ele-
ments by AAS after thermal atomization of the
hydrides.'®?! The equipment used here is adapted
from that of Astrém® and modified to suit the
requirements for the determination of selenium. A
supporting hydrochloric acid stream has been added
to ensure complete acidification of neutral and
slightly basic samples (see Fig. 1).

The absorbance registered by the spectrophoto-
meter will depend on the design and operating con-
ditions of the hydride-generating unit in a manner
that is not well understood. Empirical optimization
of the various parameters involved is therefore neces-
sary. These include (i) flow-rate and concentration of
the hydrochloric acid in the carrier and support
streams, (ii) flow-rate and concentration of the so-
dium tetrahydroborate solution used as reducing
agent, (iii ) flow-rate of the nitrogen carrier gas, and
(iv) atomization temperature.
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Figure 2 shows the peak height of the selenium
signal as a function of the concentration of tetra-
hydroborate at different constant concentrations of
hydrochloric acid. Under standard conditions the
flow system was run with solutions of 1M hydro-
chloric acid and 0.2% sodium tetrahydroborate in
0.2% sodium hydroxide. The flow-rate of the reduc-
ing agent is not critical and a broad maximum is
observed between 2.5 and 5.5 ml/min. As expected,
the selenium signal increases with the flow-rate of the
hydrochloric acid until back-pressure causes leak-
ages. The flow-rates chosen for trouble-free per-
formance are given in Fig. 1. The influence of the
flow-rate of the stream of nitrogen gas used for
purging and transport of the selenium hydride is
shown in Fig. 3. A working flow-rate of 250 ml/min
was used. The selenium signal as a function of the

10 X
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Fig. 3. The relative signal from 10 ug/l. selenium as a
function of the flow-rate of nitrogen.
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Fig. 4. The relative signal from 10 pg/l. selenium as a
function of the temperature of the quartz tube.

temperature in the quartz tube is depicted in Fig. 4.
The optimum at around 850° has also been reported
by others.!"?

The lengths of the coils and tubings were found to
have only a minor influence on sensitivity. On the
other hand, the condition of the tubings may affect
the signals significantly. For instance, after repeated
injection of solutions containing considerable
amounts of copper (~1 ug/ml), memory effects
occur in the form of decreased signals.

The shape of the absorption peak as registered by
a transient-recorder is shown in Fig. 5. The peak area
is linearly dependent on sample volume up to at least
2ml. For speed and convenience a sample volume of
0.6 ml was chosen, leading to a cycle time of about
45 sec. Peak height was used as the measure of the
analytical signal. The detection limit (3¢) for sel-
enium with the equipment was 0.1 ug/l. and the
calibration graph was linear up to about 15 ug/l.
under standard working conditions. The character-
istic concentration of selenium (for 1% absorption)

002A

20sec

‘Slurt

Fig. 5. Absorbance vs. time for 10 ug/l. selenium, as
registered by a transient-recorder.
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Table 1. Results from the test of the evaluation methods; duplicate digests were
prepared for each destruction method and each digest was subjected to all three
evaluation methods

Se concentration, ug/g

(dry weight)

Pure standards

Matched standards  Standard-additions

Digestion method | 2 [ 2 1 2
A 1.03 1.02 1.22 1.21 1.45 1.43
B 0.86 0.79 1.32 1.21 1.47 1.43
C 1.32 1.35 [.28 [.31 1.43 1.46
D 1.10 [.10 1.12 1.12 1.39 1.48
Mean (n = 8) 1.07 1.22 1.44
RSD. % (n =8) 18.3 3 2.0

was 0.39 pg/l. The imprecision was less than 1% RSD
at the 10-ug/l. selenium level. Figure 6 shows some
recorder tracings for different concentration levels of
selenium.

Evaluation methods

Three methods were tested for the evaluation of the
selenium concentration from the absorbance signal,
viz. selenite standards in hydrochloric acid, matched
selenite standards, and standard-addition. The
matched standards, in addition to hydrochloric acid,
contained the estimated amounts of the digestion
agents remaining after the decomposition step. In the
standard-addition method three aliquots were taken
from the digest. Standard additions were made to two
of them and all samples were made up to the same
volume with water to ensure that the concentrations
of non-selenium components were equal. The tests

(a)
0.001 A

(b)

0.002A

were performed on the specimen from the calf that
had been given selenite as an additive. The results are
presented in Table 1.

The discrepancies between the results obtained by
these evaluation methods (Table 1) are due to inter-
ferences. When pure standards are used for cali-
bration, interferences from both the matrix and the
acids used in the digestion step will show up. From
experiments with selenite solutions, nitrate, sulphate
and perchlorate were all found to suppress the sel-
enium signal when present in large concentrations.
This effect is not present in digestion method C, since
nitrate is removed. The perchlorate interference is
virtually absent in method D when the perchlorate
concentration in the final solution is below 0.3M.
Hence an evaporation step was included in this
digestion method. The acids used in procedure B
have been used in different proportions by various

(c)

002 A

U

L

Fig. 6. Recorder traces of selenium signals at different concentration levels; (a) 0.05 ug/l., () 0.25 ug/l.,
() 10 ug/l.
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Table 2. Selenium concentration (dry weight) in bovine livers
Liver from calf, given Se
Liver from calf, normally fed as additive NBS Bovine Liver 1577
Digestion Mean, CI*, Mean, CI*, Mean, CI*,
method  ug/g RSD, % uglg n pg/lg RSD, % uglg n pg/g RSD, % uglg n
A 1.13 0.5 111 1.14 3 145 2.2 1.41-148 6 [.12 2.8 1.07-1.17 4
B 1.12 1.8 1.10 1.15 5 1.44 2.1 1.40-148 6 1.1l 1.5 1.08-1.14 4
C 1.08 3.0 1.03-1.13 4 142 3.0 1.37-148 S 1.12 2.9 1.07-1.17 4
D 1.02 5.5 0.93-1.11 4 139 3.7 1.33-144 6 1.04 34 0.98-1.10 4
All 1.09% S.t 1.05-1.12 16 1.42§ 3.1 1.40-145 23 1.10% 39 1.07-1.12 16

*Confidence interval (95%).

+NAA (Studsvik) 7*Se:1.088 + 0.137 ug/g: *'Se:1.044 + 0.124 ng/g; NAA (Isotopcentralen): 1.071 (+ <10%) pg/g.
§NAA (Studsvik) "*Se:1.557 £ 0.122 ng/g: *Se:1.363 £ 0.110 ug/g: NAA (Isotopcentralen): 1.451 (£ <10%) pg/g.

tCertified value 1.1 £ 0.1 ng/g.

workers. A method with little sulphuric acid has been
chosen here to minimize the interference from
sulphate.

The difference between the results obtained by use
of matched standards and by the standard-additions
method is most certainly caused by interference from
copper.’ In the samples injected the concentration of
copper was about 0.5 mg/l. (as determined by AAS).
Figure 7 shows the variation of the analytical signal
caused by copper at 0-10 mg/l. levels with different
concentrations of hydrochloric acid in the carrier and
support flows. Although a somewhat smaller dis-
turbance from copper is experienced with increasing
concentration of hydrochloric acid, this advantage is
partly offset by a general decrease of the analytical
signal with increasing concentration of acid and by
corrosion problems. Hence, 1M hydrochloric acid,
which is optimal for interference-free work, was
adhered to as carrier medium.

The results from the evaluation with standard
additions are concordant and indicate that this eval-
uation method must be used to obtain reliable results.

Accuracy and precision

The precision and accuracy of the procedures were
determined from replicate determinations on the two
specimens of calf liver and on NBS Bovine Liver (No.
1577). The results obtained by the standard-addition
method are given in Table 2. The imprecision of
procedures A-C is 3% RSD or less and no significant
difference appears between the results from these
digestion methods. Procedure D tends to yield a
somewhat larger RSD and a lower result than the
other methods. The lower value might be due to
losses of SeO, in the evaporation step.”® This step is
probably unnecessary when the standard-additions
method is used for evaluation, but this point has not
been tested.

The accuracy is very satisfactory as can be inferred
from the results obtained with the NBS reference
material. The calf livers were also analysed by NAA
(Studsvik Energiteknik AB, Studsvik, Sweden and
Isotopcentralen, Copenhagen, Denmark).

As shown in Table 2, the NAA results agree, within
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Fig. 7. The relative signal from 10 pg/l. selenium as a

function of copper concentration. The concentrations of

hydrochloric acid in the flow system were: x 1M, O 2M, @
4M.

the limits of error reported, with the HG-AAS
results.

Conclusions

In conjunction with HG-AAS the digestion pro-
cedures will allow an accurate determination of sel-
enium in liver provided the result is evaluated by the
standard-additions method, but it would be desir-
able to find a means of eliminating copper during
the sample preparation. It might then be possible to
use matched standards for evaluation and to avoid
fouling of the tubings. The fouling can only be partly
overcome by rinsing, so the tubings have to be
replaced occasionally.

Acknowledgement—Thanks are due to Dr. A. Frank for
preparing and putting the liver samples at our disposal, and
for doing the nitric—perchloric acid digestions.
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Summary—The present state of knowledge of the mechanisms of dye—surfactant interactions for “normal”
aqueous micelles is surveyed. The nature of the forces which lead to the binding of dye molecules in
micelles, the influence of the cationic, anionic or non-ionic character of a surfactant on the absorption
and/or fluorescence behaviour (below and above the critical micelle concentration), ion-association
processes and the influence of additives on these processes are discussed. Some discussion along these lines
on related systems (reverse micelles, vesicles, polyelectrolytes) is included.

In analytical chemistry the main use of surfactants is
in spectrophotometry and fluorimetry, particularly in
the development of new methods of metal-ion deter-
mination.' ® The addition of cationic surfactants to a
negatively-charged coloured binary complex may re-
sult in the formation of new analytical systems (sen-
sitized reactions). In such sensitized systems, the
addition of a surfactant may lead to lowering of the
pH at which the complex is formed, red-shifts in
absorption bands, and increases in molar absorptivity
or fluorescence intensity. Usually, the metal-chelate
complexes formed in the micellar systems are more
stable than those formed in the absence of micelles.®
Micelles are responsible for many of the practical
applications of detergents such as: (i) enhancement of
the solubility of organic compounds in water,’*!
owing to their incorporation in the micelle, where
they experience an altered micro-environment; (i)
catalysis of many reactions,'? usually explained in
terms of a “‘concentration effect” in the micellar
pseudophase; (iif) alteration of reaction pathways,
rates and equilibria.”® '* Additionally, micelle systems
are convenient to use because they are optically
transparent, stable and relatively non-toxic.!®!’
These beneficial effects show the advantage of such
surfactant systems in the development of new
spectrophotometric and fluorimetric methods for
determining micro amounts of metal ions, anions,
biological compounds, drugs and pesticides.
Typical chromophoric reagents which have been
used to determine metal ions by use of surfactants as
a third component include derivatives of the tri-
phenylmethane series,! azo-compounds,’®* anthra-
quinone dyes,”! phenoxazone,? and oxine deriva-
tives.**2> Although considerable attention has been
paid to the analytical applications, the nature and
mechanism of these types of reaction are still not
clearly understood. The electrostatic interactions be-
tween oppositely-charged surfactants and dyes are
well understood (Hartley rules),®® but do not in

*Author for correspondence.

thermselves explain the spectral changes observed. It
seems probable’®? that once the electrostatic forces
have brought together the oppositely-charged mole-
cules, hydrophobic interactions take place, dra-
matically changing the micro-environment experi-
enced by the chromophore”® or lumophore.”
Knowledge of dye-surfactant interaction should be
of great value in understanding the chemical equi-
libria, mechanisms and Kkinetics of surfactant-
sensitized colour and/or fluorescence reactions. In
this review, data scattered throughout the literature
on dye—surfactant interactions are discussed in the
light of our own experience.

NORMAL MICELLE FORMATION

A surfactant (surface active agent) is a molecule or
ion that possesses both potar (or ionic) and non-polar
moieties, ie., it is amphiphilic. Large variations in
structure are possible; the polar group can have
varied charge and nature (e.g., alkylsulphate, alkyl-
phosphate or alkylammonium) and be attached to
alkyl groups of varying lengths (8-18 carbon atoms)
or to other hydrophobic moieties (Table 1).

In very dilute solutions, surfactants dissolve and
exist as monomers, but when their concentration
exceeds a certain minimum, the so-called critical
micelle concentration (c.m.c.), they associate sponta-
neously to form aggregates. The term ‘“‘micelle” is
used for an entity of colloidal dimensions, in dynamic
equilibrium with the monomer from which it is
formed. As the surfactant concentration increases
above the c.m.c., the addition of fresh monomer
results in the formation of new micelles, so the
monomer concentration remains essentially constant
and approximately equal to the c.m.c. Micelle for-
mation is a result of the dual nature of the surfactant
molecule, the hydrophobic part trying to escape from
the bulk water, and the hydrophilic part interacting
strongly with the water. Water has an open structure
because of three-dimensional hydrogen-bonding,
which permits the existence of clusters of water
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Table 1. Micelle-forming amphiphilic molecules

Cationic surfactants
CH,—(CH),—R—(CH)), X°

CH,—(CH,),— *N Xe
W/,

CH,—(CH.),—NH, X&

X®=F-, CI-, Br-,
1-, NO;

]

Anionic surfactants

CH,—(CH,),—0802 M®

M® = Li*, Na*, K*,

CH,—(CH,),—OPO}~ M®
i Ca’t, Mgt

CH;—(CH,),—SO0¢ M®

Non-ionic surfactants

CH,—(CH,),— @ —0—(CH,—~CH,—0),—H
Moo
CH,—(CH,),—N N—R
L/ O\ J° W

Zwitterionic surfactants

CH,

|
CH—(CH,),—®N—CH,—S0?

H,

molecules containing cavities of specific sizes, which
can accommodate non-polar chains.® The “flickering
cluster” model of water structure® postulates that the
formation of hydrogen bonds is predominantly a
co-operative phenomenon; formation of a hydrogen
bond between any two given atoms results in the
binding of each atom by hydrogen bonds to
neighbouring molecules. In this way, cavities of
different volumes (Fig. 1), surrounded by hydrogen-
bonded water molecules, are formed.”

For a given surfactant, at a given temperature, only
a certain amount of monomer can be accommodated
in the cavities and any further addition of surfactant
will result in the formation of micelles. In other
words, the further addition of surfactant provides a
driving force to minimize contact of the monomer
hydrocarbon chains with water. Therefore, according
to Langmuir’s principle of differential solubility, the
hydrocarbon chains cluster to form a core (micellar
core), while the polar groups interact with the water.¥

Molecular conformation of micelles

Each micelle consists of a certain number of mono-
mer molecules (aggregation number, N), which deter-
mines its general size and shape. The exact size and
shape of micelles is still uncertain but it is assumed
that an ionic micelle in dilute aqueous solution is
roughly spherical (Fig. 2). The charged (or polar)

. ionic micelle. x:
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Clusters

Fig. 1. Schematic representation of hydrogen-bonded water
molecules in liquid water.

hydrophilic groups are directed towards the aqueous
phase (Stern layer), while the hydrocarbon chains are
directed away from the water (forming the hydro-
phobic central core). The region adjacent to the Stern
layer contains a high density of counter-ions of the
polar heads (Gouy—Chapman double layer) and sep-
arates the hydrophobic interior from the bulk aque-
ous phase.'® This model visualizes a micelle as *‘an oil
drop with an ionic or polar coat”.’! On the macro-
scopic scale, a micellar medium could be described as
a mixed aqueous—organic solvent.*

It is interesting to note that although it is usually
assumed that there is a fairly well-defined water layer
around the micellar surface, there is no agreement on
the composition of the micellar core, i.e., whether it
consists of pure hydrocarbon or of hydrocarbon
chains mixed with water. Water penetration of the
micellar core is still a matter of controversy. Experi-
mental evidence has been produced supporting the
view that water cannot rigorously be excluded from

Gouy-Chapman
X layer
X

Xoox
x X
X X
O X Aqueous
X bulk phase
X X
X
x | X
X
X X

RS
il

Micellar core

—
Stern
layer

Fig. 2. Two dimensional representation of a model spherical
counter-ions, (O: ionic head-groups,
~n: hydrocarbon tails.
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the micellar core. This conclusion is supported not
only by early NMR studies’>* but also from the
more recent “C-NMR investigations.** Many
spectroscopic studies indicate that there is signi-
ficant penetration of water into micelles.” Recent
fluorescence studies on the hydrogen-bonding in
micellar aggregates®*’ indicate that the distinction
between polar and non-polar sites in the micelles is
inaccurate; in fact, it has been proposed that micelles
are loose and porous structures in which water and
hydrophobic regions are constantly in contact.®¥

Current thought on this controversial “water ex-
posure of micelles” is founded mainly on low-angle
neutron-scattering experiments which allow the study
of unperturbed micelles.* This modern concept dis-
cusses the main characteristics of the molecular con-
formation in micelles in terms of the predictions of
the “interphase model”.*! Interphase theory predic-
tions are in agreement with experimental data and are
particularly consistent with some principal features of
micellar structure:*

(1) the micellar core is virtually devoid of water,
according to Langmuir’s original principle of
differential solubility;

(2) micellar chains are randomly distributed and
steric forces determine the final structure;

(3) contact of the hydrophobic sections of the
micelle with water results from a disordered structure
in which the terminal groups or chain ends are near
the micellar surface and thus exposed to bulk water.

Although the “water penetration’ concept of the
hydrophobic sections of micelles is now less accept-
able than the “water exposure” concept, this contro-
versial topic is still under debate.*>%

Surfactant -induced spectral changes

In aqueous solution, micelle formation is usually
detected by some change in the physical properties of
the solution, such as surface tension, conductivity,
viscosity, and emf,* “ or some optical or spec-
troscopic property of the solution (e.g., light-
scattering behaviour or spectral changes accom-
panying solubilization of dyes in surfactant
micelles).’*° Since this latter spectral method is
based on dye-surfactant interactions, it deserves fur-
ther elaboration.

Hartley®® first noticed that the colour of sul-
phonaphthalein indicators changed on the addition
of detergents, and this effect occurred only when the
charge on the detergent aggregate was opposite in
sign to that on the dissociated indicator molecule.
This behaviour proved to be quite general, as azo,
triphenylmethane® * and merocyanine dyes™ all ex-
hibited the same effect.

At concentrations below the ¢.m.c., addition of a
surfactant to a dye solution may bring about the
formation of colloidal dye-surfactant submicellar
aggregates (mixed micelles) or insoluble dye—
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surfactant salts. The actual species formed depends
mainly on the nature of the dye: Bromophenol Blue
and Bromocresol Green solutions at low
concentrations of 1-carbethoxypentadecyltrimethyl-
ammonium bromide, in acid and alkaline solution,
show turbidity;** Bromopyrogallol Red in solution at
cetylpyridinium bromide concentrations below the
c.m.c. and at pH 2-3 precipitates as a dye—surfactant
salt.”® Formation of an insoluble salt between ionic
dyes and oppositely-charged detergents is most com-
mon, but is not a completely general phenomenon.
In fact, some dyes, such as Phenol Red* or
8-hydroxyquinoline-5-sulphonic acid produce neither
turbidity nor precipitation®® along with the spectral
change induced by addition of the cationic
surfactant.

The nature of the dyes and their own tendency to
aggregate’ ® have to be considered to explain such
phenomena. Dyes are also amphiphiles, in the sense
that bulky non-ionic moieties are attached to the
ionic or analytical groups, but as they lack long-chain
alkyl groups they have weak surface activity and do
not form micelles in water. Depending on the balance
between the hydrophobic and hydrophilic tendencies
of any particular dye, increases in dye concentration
can lead to stepwise aggregation, i.e., the formation
of dimers, trimers, polymers and finally colloids:*

dye (monomer)=dimer="---=n-mer

If a surfactant is added to such a dye solution at
submicellar concentrations, both the surfactant
monomer and the dye aggregates can interact to form
a special kind of micelle (mixed micelle)®' at concen-
trations far below the normal c.m.c. characteristic of
the surfactant. This dye—surfactant interaction ac-
counts for the often observed fact that the so-called
“spectral change dye method™* does not provide a
true c.m.c. value. In fact, in such cases, the change in
absorbance or fluorescence intensity of a dye solution
in the presence of increasing surfactant concen-
trations may not reflect the formation of micelles of
the surfactant (homomicelles) but that of mixed
micelles or dye-surfactant salts. A comparison of
some c.m.c. values of cetylpyridinium bromide, as
determined in our laboratory by different methods
under different conditions, is presented in Table 2 and
clearly illustrates this point. As can be seen, not only
the nature and concentration of the dye, but also the
reaction medium can markedly influence the surfac-
tant c.m.c. values.

Once the surfactant concentration has reached a
value close to or above the c.m.c. neither turbidity
nor precipitation is observed. Solubilization of the
dye-surfactant *‘salt-like” ion-pairs in the micellar
phase and/or the final incorportion of the dye into the
micelles (homomicelles) is taking place.

Many of the featurcs observed in the spectral
behaviour of dye-surfactant systems carrying op-
posite charge can often be extended to general sensi-
tized reactions in micellar media.
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Table 2. Comparison of critical micelle concentrations of cetylpyridinium bromide, obtained by different

methods
Method Additive cmec., 107'M pH Reference
Conductivity none 6.39 5 25
( none 6.86 5 50
KCl, 0.01M 3.76 5 56
Surface tension < HCl, 1M 4.96 _ 36
Buffer HAc/NaAc 0.2M 2.58 4.5 50
8-Hydroxyquinoline-5-sulphonic acid 3.76 6 25
| Dimethylformamide 2.39 0 (HCl, 1M) 57
(Eosin 0.04 6 58
Pyrogallol Red 2.80 2.8 59
g Bromopyrogallol Red 0.99 0 (HCI, M) 56
Spectral dye-change 4 Bromopyrogallol Red ppte. 2 50
Thorin ppte. 9 56
| Eriochrome Black T depends on 9 60
dye concn.

Mukerjee and Mysels,*® using spectrophotometric
and electrical conductivity measurements of the
pynacyanol-sodium dodecylsulphate system identi-
fied the presence of two types of dye-surfactant
aggregates: (i) below the c.m.c. a dye—surfactant salt
which formed a coarse (visible suspension) stable
slurry in the presence of more than a stoichiometric
amount of surfactant, and (if) dye-rich micelles, at
below and around the c.m.c., which solubilized the
water-insoluble dye—detergent salt. Malik et al."¢
reported that spectral changes for several dyes are
due to electrostatic forces involving interactions be-
tween the anionic (or cationic) surfactant and the
basic (or acidic) dye. They claimed, however, that
chemical interaction giving a stoichiometric
dye-surfactant complex was very improbable. Guha
et al” attributed the changes in the absorption
spectra and the decrease in fluorescence intensity of
thionine to the formation of a dye-surfactant com-
plex at sodium dodecylsulphate concentrations below
the c.m.c.; at concentrations above the c.m.c. the
appearance of the dye absorption spectrum, with a
small red-shift and increased extinction coefficient,
was interpreted as due to the incorporation of the dye
into the micelles.

Nature of the dye—surfactant interaction

The existence of true ion-association complexes
formed at below the c.m.c. between ionic surfactants
and dyes with opposite charge is supported by most
of the published data.*” ™ These complexes are
electrically neutral, and often poorly soluble in water
but readily extractable by low-polarity solvents. They
have stoichiometric surfactant/dye ratios. At surfac-
tant concentrations at the c.m.c. value and above, the
solubilizing effect of the micelles begins to be im-
portant and the ion-association complexes are incor-
porated into the micelles.

Electrostatic interaction of anionic dyes with the
surface of cationic surfactant micelles takes place
through the negatively charged groups of the dye

(—S0;, —COO~). However, this kind of electro-
static interaction could not explain by itself the
spectral changes observed during the interaction. In
fact, bulky non-micelle forming species such as the
diphenylguanidinium or tetracthylammonium ion,
have no effect per se. Moreover, simple ion-pairing
between a negative group such as —SO; or —COO~
of the dye and a quaternary ammonium ion does not
perturb the chromophore.” In the presence of cat-
ionic surfactants, aromatic compounds with
sulphonic™ or carboxylic acid groups” do not act
simply as counter-ions, but are incorporated into the
water-rich Stern layer of the micelle in a sandwich
arrangement. This permits not only the hydration of
the hydrophilic —SO; (or —COO™) group, but also
the solvation of the aromatic ring of the dye by the
—N(CH,), group and the participation of van der
Waals interactions between adjacent surfactant
chains and the dye organic moiety (hydrophobic
forces). In this situation, the micro-environment of
the chromophore has clearly changed, from that
existing in the bulk aqueous phase, and this change
is the cause of the spectral shifts observed. Since dyes
based on aromatic rings are widely used in spec-
trophotometry and fluorimetry, this picture can be
considered general (and is probably operative in most
analytical dye-surfactant systems at concentrations
above the c.m.c.). In this context, it is worth men-
tioning the importance of the presence of an —SO;
group in the dye. The electronic parameters for
aromatic substituents” indicate that an —SO; group
gives less resonance interaction with the aromatic
system than does a—COO ™ group. In the latter case,
the negative charge is delocalized and distributed
over the terminal —COO™~ group and the aromatic
ring; thus the cationic end of the surfactant will tend
to interact electrostatically less with the —COO~
group than with an —SOj; group, on which the
charge is localized. The —COO~ group will therefore
be buried deeper in the micelle Stern layer than will
the —SO; group, leading to diminished electrostatic
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interaction between the —COO~ groups and the
charged head-groups of the surfactant.

It has been reported™ that the ionic association of
charged micelles with an aromatic dye through the
—S0; group promotes electron-withdrawal from the
aromatic rings along the conjugated n-system, so
leading to the ionization of easily dissociated groups
in the dye (—OH groups). The resulting ionized
group may further associate with another surfactant
molecule. The spectral shifts then observed may be
due to the deprotonation of an —OH group on the
dye, with the incorporation of the chromophore into
a single conjugation plane.” In this case, maximum
delocalization of the m-electronic system of the dye
can occur.

Russian authors claim®'#® that the sulphonic acid
group in the triphenylmethane dye series is isolated
and that its electrons are not able to interact with the
aromatic n-electron system. However, it has been
demonstrated® that the electrons on the sulphonic
acid group may participate in the n-system through
the empty d-orbitals of the sulphur atom. Association
of the —SOj group with the surfactant reduces the
fraction of total charge on it, so promoting electron-
withdrawal from the entire n-electron system of the
dye and causing energetic dissymmetry, with con-
sequent dissociation of ionizable hydroxyl! groups. In
this way, micelles affect not only the electronic struc-
ture of the dyes but also their basicity and hence the
pK, of indicators.' Micelles can either stabilize or
destabilize charged dye species, depending on the sign
of their surface charge, as shown in Table 3.

The proton-release occurring during the reaction
between an anionic dye and a cationic surfactant
produces a change in the spectrum which is similar to
that observed on increasing the pH of the dye solution.
Such pK, shifts for solubilized indicators have been
attributed to the influence of the surface potential of
micelles.* ¥ The pK, changes also appear to be
related to the reduction of the difference in free
energy between the acidic form of the dye and its
anion in the micelle.”# * Extensive incorporation of
an anionic dye into a cationic micelle implies that the
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free energy of the anionic form decreases more than
that of the un-ionized form, as the anion is more
polarizable and firmly attached to the positive end-
groups of neighbouring surfactant molecules.”

There is multiple binding in these associated mi-
cellar species: evidence has been produced indicating
that hydrophobic interaction, not charge compen-
sation, plays the main role in binding between dyes
and surfactants. The exact nature of this interaction,
however, has not yet been satisfactorily explained.
Chiang and Lukton®? report that their results on
the interaction between 2-p-toluidinylnaphthalene-6-
sulphonate and sodium dodecylsulphate (NaDDS)
micelles suggest that the binding force is hydro-
phobic. Analogously, Birdi et al® claim that the
interaction of NaDDS micelles with 1-anilinonaph-
thalene-8-sulphonate is hydrophobic in nature. The
interaction between some mono-azo dyes with a
series of non-ionic surfactants has been shown® to be
hydrophobic in nature and occurs between dyes and
the ethylene oxide chains of the non-ionic surfactant.
Minch® showed, from spectral changes of mero-
cyanine dyes in cationic and anionic micelles, that in
all cases the spectra were red-shifted when the dye
was incorporated into micelles and that the mag-
nitude of the shift increased with more hydrophobic
dyes. Biedermann and Datyner™ also suggested that
the interactions of some azo dyestuffs with NaDDS
micelles increased with increasing lipophilicity of the
dyes.

According to current thought,® the inclusion of a
dye molecule within a micelle is not strictly akin to
placing it in a hydrophobic region in the micellar
core, but is more like placing it in a hydrophobic
environment where it is exposed to water. A consid-
eration of hydrocarbon chains in micelles as disor-
dered structures could explain why the nature of the
dye may determine its binding site within the micelle
assembly.* In other instances, the factors responsible
for the spectral changes have been ascribed to the
deaggregation of the dye molecules by association
with micelles,” to the joint effect of deaggregation
and the change in the molecular environment,”**" or to

Table 3. pK, shifts of various species, as a function of surfactant charge-type

Cationic ~ Anionic  Non-ionic

Species Alone surfactant surfactant surfactant Reference
Phenol Red, pK,, 7.68 7.66* 54
Bromophenol Blue, pkK,, 3.89 3.02* 54
Bromocresol Green, pK,, 4.58 4.08* 54
8-Quinolinol, pK,, 5.02 4.26% 5.72§ 5.02% 83, 84

pK.. 9.67 9.35¢ 10.29§ 9.76% 83, 84
Quinine, pK, 4.13 4.20% 5.358 83

pK,, 8.52 7.57t 9.79§

Umbelliferone, pkK,, 7.75 6.75| 8.258 85
Methyl Red, pK,, 495 3.67| 6.63§ 5.20% 85
4-Nitrophenol, pK,, 7.15 7.11% 84

*Carbethoxypentadecyltrimethylammonium bromide.

tDodecyltrimethylammonium chloride.
{Triton X-100

§Sodium dodecylsulphate.
[IDodecyltrimethylammonium bromide.
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the localization of the chromophore within the hydro-
phobic micellar interior.”®

INFLUENCE OF ADDITIVES

Strong electrolytes

Micelles are sensitive to small changes in the ionic
strength of the aqueous solution. The change in the
c.m.c. of cetylpyridinium bromide in aqueous solu-
tion with electrolyte concentration® reveals two
trends, one occurring at low and the other at high
concentrations of the added salt (see Table 4). Addi-
tion of salts to ionic micelle solutions reduces the
mutual electrostatic repulsions of charged head-
groups:”

Thus, addition of a salt anion, X, to cationic micelle
solutions results in an increase of counter-ion dis-
sociation (). The degree of displacement of the Y~
counter-ion will depend on the nature of the X~
anion, and usually follows the order in the lyotropic
series.!®

On the other hand, electrolyte addition leads to an
increased aggregation number and micellar
diameter® %! because if the electrical surface potential
is reduced, more polar heads, and hence more mono-
mers, can constitute a given micelle (increase in N and
size).

Regarding the usual decrease observed in the c.m.c.
values after salt addition (Table 4) some authors
speculate that it is related to the ability of the salt to
“melt” Frank--Evans “icebergs”; micelle formation is
an entropy-directed process and is influenced by
changes in the water structure surrounding surfactant
ions.'%1% If structure-breaking ions are present in
solution, the water icebergs® will “thaw” to a more
random state. Destruction of icebergs around the
monomeric surfactant ions would result in easier

Table 4. Effect of added electrolytes on
the c.m.c. of cetylpyridinium bromide®

Added electrolyte cm.c., 1074M*

Aqueous solution 6.86
KCl, 0.01M 3.76
KCl, 0.1M 4.20
KCl, 1M 7.14
HCI, 0.2M 3.50
HCL M 4.96
NaCl, 0.1M 3.40
NaCl, IM 4.96
NaCl, 1.5M 4.56

*Surface tension measurements at 20 C.

M. E. Diaz Garcia and A. SANZ-MEDEL

micelle formation at a lower surfactant level.'™ How-
ever, Schick'® claims from the iceberg picture that a
structure-breaking ion should reduce micelle for-
mation. Whatever the theoretical approach to this
effect, it has to be borne in mind that c.m.c. decreases
with electrolyte addition and that the c.m.c. is a
measure of the ease of micelle formation: the lower
the value of the c.m.c. the higher the tendency to
micelle formation.

If the strong electrolyte concentration becomes
sufficiently high, not only the size of the micelle
changes but also its shape, e.g., spherical sodium
dodecylsulphate micelles become rod-like at high salt
(NaCl) concentrations'® and cetylpyridinium bro-
mide micelles grow steadily to form elongated semi-
flexible rods, with increasing sodium bromide con-
centration.'® In the case of non-ionic surfactants, the
cm.c. is only slightly dependent on salt concen-
tration.!””

As the magnitude of the ionic strength has a
negligible effect on the spectral behaviour of dyes
alone, 1% the main role in the spectral changes
observed when the salt concentration is increased in
a dye-surfactant solution should be played by the
surfactant—electrolyte interactions. The absorption
spectrum of Bromopyrogallol Red at pH 4 and ionic
strength 0.2 M (fixed by the acetate buffer used) shows
a maximum at 580 nm when cetylpyridinium bromide
micelles are present.®? The addition of sodium chlo-
ride releases the dye from the micelles and the
absorption spectrum changes to resemble that of
Bromopyrogallol Red in the absence of cetyl-
pyridinium micelles. The band at 580 nm decreases
in intensity with sodium chloride concentrations
ranging from 0.2 to 0.6 M. At the higher salt concen-
trations the absorbance decrease is much less pro-
nounced and a break-point is observed (at
[NaCl] ~ 0.48M), which may correspond to the
change in shape and size of the micelles.

The fact that the absorption spectrum of the free
Bromopyrogallol Red reappears on addition of so-
dium chloride suggests that electrostatic forces play a
fundamental role in dye—micelle binding, maintaining
the dye in or near to the micelle.

The saturation of the micelle surface (Stern layer)
by strong electrolytes should dissociate the
dye—micelle associate, restoring the properties of the
aqueous dye. This would also account for the ob-
served increases in pK, of the dye—surfactant associ-
ation complex when the electrolyte concentration is
increased.”®' 1t has to be stressed, however, that
other authors have indicated that addition of strong
electrolytes may cause, conversely, an acceleration of
the rate of dye penctration into micelles'” or even a
more effective inclusion of the dye into the micelle.™
This is another example of how the studies and basic
knowledge on micellar interactions available so far
may be contradictory and insufficient to permit a
clear choice between different possible interpretations
of micellar reactions.
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Hydrophobic additives

Tonic micelles contain binding sites for both hydro-
phobic and hydrophilic solutes. For instance, addi-
tion of alcohols to aqueous solutions of surfactant
aggregates is known to influence the properties of
micelles. Alcohols penetrate the interior of the micelle
without appreciably changing its volume, forming
mixed micelles.!!" The alcohol hydroxyl group is
hydrogen-bonded to the surfactant head-groups, in-
creasing the distance and hence decreasing the re-
pulsion between them.!!" The effect of added alcohols
on the c.m.c. of surfactant solutions is dependent on
the nature of the alcohol, e.g., !-propanol (or
2-propanol) decreases the c.m.c. of n-dodecyl-
trimethylammonium bromide and sodium dodecyl-
sulphate more effectively than does ethanol''? owing
to some stabilization of the mixed micelles through
direct hydrophobic interactions. 1-Propanol is more
soluble than ethanol in the micellar phase, thereby
promoting micelle formation.

In general, organic molecules (or ions) tend to
reduce the c.m.c. of surfactants, the reduction in-
creasing with the size of the alkyl group. The ¢.m.c.
for n-dodecyltrimethylammonium bromide micelles
is decreased by a factor of 40 as n changes from 0 to
5 in the series CH,—(CH,);—COO".!"* The alkyl
chain length of the additive also has an appreciable
effect on the total number of monomers which form
a micelle; it has been shown that if a longer hydro-
carbon chain is used, in order to enhance the hydro-
phobic interaction with micelles, the aggregation
number'!* of the micelles is reduced.

The effect of some hydrophobic solutes has been
considered in a number of studies''>''* but very little
attention has been directed''*!'® towards the mea-
surement of the effect of added hydrophobic mole-
cules on the properties of solutes already incorpo-
rated in micelles.

THE NATURE OF THE SURFACTANT

The spectral changes observed for different anionic
dyes in the presence of surfactant micelles show that
cationic surfactants affect the spectral characteristics
of such dyes more strongly and over wider acidity
ranges than other types of surfactant do. This means
that charge-type effects are operative.

Changes in the nature of the cationic head-group
of the surfactant, however, apparently play only a
minor role, and it is the length of the hydrocarbon tail
which is the predominant factor in determining the
appearance of new peaks and/or band-shifts in the
spectra.” Solubilization of a dye in micellar solutions
can be attributed to hydrophobic interactions and it
seems clear that the same kind of interactions are
responsible for the dye spectral changes observed in
micelles. In the light of solubilization experiments
Lianos et al.'” concluded that there is a limiting chain
length (more than 10 carbon atoms) for the solu-
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bilization of arenes and that such solubilization does
not seem to be sensitive to probe size, as pyrene and
naphthalene showed similar behaviour."” In a similar
way, the spectral changes are first observed when the
hydrocarbon chain length of the surfactant rises to 11
or 12 carbon atoms, which coincides with the appear-
ance of surface-active properties in the molecule.” In
other words, the length of the hydrocarbon chain in
the surfactant is primarily responsible for the hydro-
phobic properties and could represent its degree of
hydrophobicity. If the chains of the surfactants are
very short, the corresponding micelles are extremely
labile, with very short lifetimes. This would explain
why such “small” micelles are unable to solubilize the
arenes.!"®

Owing to electrostatic repulsion, the interaction
between anionic dye ions and the head-groups of
anionic surfactants should produce neither new spec-
tral bands nor changes in absorbance or fluorescence
intensity. However, as mentioned earlier, lipophilicity
may often be the driving force for interaction, rather
than the electrostatic interaction®****>** and some
spectral changes can be explained in this way. A
similar explanation can also be given for non-ionic
surfactant effects on the spectral behaviour of dyes:
Coomassie Brilliant Blue G-250 does not show any
spectral shift with anionic detergents such as sodium
dodecylsulphate or sodium deoxycholate, but does
with non-ionic surfactants, probably owing to trans-
fer of the dye from a hydrophilic to a hydrophobic
micellar environment.!'

If a charge-type effect can combine with the classi-
cal hydrophobic interactions then both kinds of
interactions, electrostatic and hydrophobic, seem to
act concurrently, bringing about the largest spectral
changes, as shown for anionic dye—cationic surfac-
tant complexes by Savvin er al.”® or for metal
chelate—cationic surfactant species by Sanz-Medel et
a1'25,27

In any case, it seems clear that the surfactant
character has the decisive role in determining the
observed spectral changes, since bulky ions, which
are non-micelle-forming (e.g., tetraecthylammonium)
do not give rise to effects similar to those observed in
the presence of micelle-forming agents.’®”

SOME RELATED SYSTEMS

The implications of a model for the interactions in
micelles are significant not only for micelles in water
but also for related assemblies, since the principles of
organization are thought to be quite general.®® For
this reason the following related assemblies are re-
viewed.

Reverse micelles

The surfactant interactions in non-aqueous media
have been investigated less' than those in aqueous
surfactant systems. The surfactant aggregates in or-
ganic solvents are described as having a ‘“‘reverse
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micellar structure”, in which the hydrocarbon tails
are in contact with the solvent and the polar head-
groups form the micellar core.

The aggregation number in such reverse micelles is
relatively small, e.g., less than 10 for alkylammonium
carboxylates, compared with up to 100 for aqueous
micelles,' but it is supposed that these systems would
exhibit an experimentally determinable c.m.c. Al-
though many of the common methods for c.m.c.
determination in aqueous solution are not applicable
to reverse micellar systems, because of the low degree
of aggregation and because ionic surfactants do not
ionize in organic media, the “spectral change
method” has been proposed for determination
of the cmc. of Aerosol-OT [sodium di-(2-
ethylhexyl)sulphosuccinate]'?' with the dye 7,7,8,8-
tetracyanoquinodimethane. Breaks in the plots of
absorbance against surfactant concentration were
interpreted as corresponding to the surfactant c.m.c.
However, the concept of c.m.c. as explained for
normal micelles is no longer applicable in these
systems and is still subject to controversy. Reverse
micelles alter the micro-environment of solubilized
reactants and thus affect their stereochemistry, dis-
sociation constants, redox potentials and reac-
tivities.'”

In analytical chemistry scant use has been made of
reverse micelles. Many organic reactions have been
studied in reverse micelle systems but few studies
have been made on inorganic reactions.'*'* In view
of this situation, the study of analytical systems in
reverse micelles is an unexploited research field.

Synthetic bilayer membranes (vesicles and lamellae)

Vesicles are the simplest membrane-mimetic col-
loidal systems and their use as membrane models
has been recently reviewed.'?!?” Although they are
usually made of biomaterials such as lecithin,
vesicles have recently been made from synthetic
surfactants.'® The main difference between vesicles
and micelles is geometric: single-chain surfactants,
e.g., cetyltrimethylammonium bromide, form mi-
celles, while double-chain surfactants, such as diocta-
decyltrimethylammonium bromide, form vesicles. A

(a) ( ﬂ ) sonication
n
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typical diagram of a vesicle and a bilayer membrane
is shown in Fig. 3. The hydrophobic sections are in
contact and separated from the inner and outer water
phases by the polar head-groups.

Single-compartment vesicles (and bilayer mem-
branes) are able to encapsulate and retain a number
of substrates: 8-azaguanine is successfully incorpo-
rated (34% entrapment) in positively charged di-
octadecyldimethylammonium chloride vesicles, while
in cationic single-compartment liposomes (phos-
pholipid membranes) the uptake of this molecule is
only 1.8%.'%

Some cyanine and merocyanine dyes show unusual
spectral behaviour when bound to synthetic mem-
branes;'*® the spectral variation is highly specific to
the chemical structure of the membrane-forming
amphiphile. The fluorescence of a probe molecule is
drastically increased when the probe is added to a
suspension of bilayer aggregates. This enhancement is
caused by the entrance of probe molecules into the
bilayer. The lower polarity of the environment and
the restriction of the twisting of the excited probe
molecule result in a pronounced increase in the
quantum yield.!3"** These phenomena provide a way
to achieve control of the spectra of dye molecules in
the bilayer membranes, useful not only in model
studies of biological chromophores (membrane-
bound chlorophyll)”l134 but also from an analytical
point of view.

As with micelles, 1t is difficult to define the nature
of the spectral changes after the addition of a probe
to a bilayer membrane solution and even to deter-
mine clearly whether it is hydrophobic or hydrophilic
in character.

Polyelectrolytes

The phenomenon called “metachromasia™ results
from the interaction between a cationic dye and a
polyelectrolyte in aqueous solution. Metachromatic
changes of colour have been studied for a number of
dyes such as Crystal Violet,'*** Triplafavine'" and
Methylene Blue'*!% with simple polyelectrolytes (so-
dium polyphosphate, polymethacrylic acid).

Single-compartment
vesicle

Double-tailed
surfactant
v (1) =3 =g/ =l
n
Spherical Rod-shaped Bilayer
micelle micelle

Fig. 3. Schematic representation of: («) single-compartment vesicle, (b) conversion of detergents into
spherical micelles, rod-like micelles and bilayers.
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The exact nature of these changes is again not
known, but it has been shown'® that hydrophobic
attractive forces between a dye and a poly-ion may in
some instances predominate over electrostatic forces.
The binding of Eosin-Y to poly-L-lysine has been
found to be purely electrostatic in nature, in contrast
to its binding to poly(p-xylylviologen), which has
both an electrostatic and a hydrophobic com-
ponent.'*! Changes in apparent acidity constants of
indicators in polyelectrolyte solutions have been at-
tributed mainly to the large charge density of poly-
ions and also to non-electrostatic interactions.'*

The optical behaviour of a metachromatic dye
bound to polyelectrolytes depends on the chemical
structure of the dye, on the nature of the poly-
electrolyte and on the binding equilibrium."*!* Jt can
be related, in some aspects, to the behaviour of
micellar systems.
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Summary—Methods are presented for determination of molybdenum in plant tissue by flame and
graphite-furnace atomic-absorption spectrometry and direct-current argon-plasma emission spectrometry.
The samples are digested in HNO,-H,S0,-HCIO, mixture, and Mo is separated and concentrated by
chelation and extraction. Three organic solvents (methyl isobutyl ketone, di-isobutyl ketone and isoamyl
alcohol) and two ligands (8-hydroxyquinoline and toluene-3,4-dithiol) were studied. The procedure were

tested on pine needle and birch leaf samples.

The determination of molybdenum in botanical ma-
terial and natural water has received considerable
attention.'* There are several papers on the use of
spectrometric methods. The most commonly used
colorimetric method for molybdenum at trace level is
based on formation of the coloured thiocyanato
complex, MoO(SCN)?~, and its extraction into an
organic phase.>'2 The detection limit (about 0.5 mg/l.
in aqueous solutions) attained by flame atomic-
absorption spectrometry is not low enough for deter-
mination of molybdenum in plant materials (less than
1-10 ug/g), and several elements interfere.’ By means
of liquid-liquid extraction molybdenum can be si-
multaneously concentrated and separated from most
interfering cations. Atomic-absorption spectrometric
methods based on the separation and precon-
centration of molybdenum by extraction of its
thiocyanate, 8-hydroxyquinolinate, diethyldithio-
carbamate, pyrrolidinedithiocarbamate and a-benz-
oinoximate complexes into methyl isobutyl ketone
(MIBK) have been reported.'*'® Usually, methods
involving stripping of the molybdenum into an
aqueous phase were preferred. Many authors have
reported on various aspects of the use of graphite-
furnace atomic-absorption spectrometry for molyb-
denum determination. The method is often used in
conjunction with a separation, although molyb-
denum can be determined directly in very complex
matrices without separation or even background
correction.!” The use of argon-plasma emission
spectrometry for determination of molybdenum in
mixed fertilizer has also been reported.?

The aim of the present study was to make a
comprehensive investigation of different liquid—liquid

*Author for correspondence.
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extraction procedures, followed by flame atomic-
absorption, graphite-furnace atomic-absorption and
direct-current plasma atomic-emission spectrometric
determination of molybdenum. The methods were
applied to determination of molybdenum in birch
leaves and conifer needles after solvent extraction.

EXPERIMENTAL

Reagents

All reagents and solvents were analytical-reagent grade,
and distilled demineralized water was used.

A standard molybdenum solution (1000 mg/l.) was pre-
pared by dissolving 1.500 g of MoO; in the minimum of
0.1M sodium hydroxide, adding some water, making
slightly acidic (pH 3-4) with 0.1M hydrochloric acid and
diluting to 1.0 litre with water. Working solutions were
prepared from this stock solution by appropriate dilution.

8-Hydroxyquinoline solutions, 1%, in MIBK, di-isobutyl
ketone (DIBK) and isoamyl alcohol were used.

Toluene-3,4-dithiol solution was prepared by adding 2 ml
of ethanol to 0.3 g of zinc—dithiol complex followed by 4 ml
of water and 2 g of sodium hydroxide. The solution was
mixed well and diluted to 100 ml with water.

Instrumentation

A Pye Unicam SP-9 800 atomic-absorption spectrometer
equipped with an SP 9 computer, an SP 9 graphite furnace
(normal graphite tubes were wused), a nitrous
oxide—acetylene 6-cm single-slot burner head (N, O flow-rate
6 1./min, C,H, flow-rate 4 1./min), a molybdenum hollow-
cathode lamp, and a deuterium lamp for background cor-
rection, were used. The line 313.3 nm was used, with
0.5nm spectral band-pass. The absorbances due to reagent
blanks (carried through all steps) were subtracted from
absorbances of standards and samples to yield net
absorbances.

For determining Mo as its toluene-3,4-dithiol chelate in
MIBK, the following instrumental settings for the graphite-
furnace atomic-absorption measurements are recommen-
ded: wavelength 313.3 nm, band-pass 0.5 nm, sample vol-
ume 15 ul, drying temperature/time 140°/30 sec, ashing
temperature/time 700°/30 sec, atomization temperature/
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time  2500°/3.0 sec,
2700°/2.5 sec.

A Spectra Span B single-channel direct-current argon-
plasma emission spectrometer equipped with an HP 85
computer was used for the plasma measurements. The
instrumental settings were the following: wavelength
281.615 nm, entrance slit 100 x 300 pm, exit slit
100 x 300 pum, and plasma position “0”, which is the
middle one of the three available measurement points in the
excitation region of the d.c. plasma.

and cleaning

Extraction procedures

Three organic solvents, MIBK, DIBK and isoamyl alco-
hol, and two ligands, 8-hydroxyquinoline (oxine) and
toluene-3,4-dithiol, were examined. For each extraction
system, the optimum pH for extraction, linear range of
calibration, sensitivity, characteristic concentration, pre-
cision, optimum ligand/metal ratio, aqueous phase/organic
phase ratio, and optimum shaking time were examined. For
these experiments known amounts of Mo stock solution
were taken, adjusted to the desired pH values with sodium
hydroxide and hydrochloric acid, and diluted to 25 m] with
water. Then 5ml of 1% oxine solution dissolved in MIBK
or DIBK, or 5 ml of aqueous dithiol solution, were added,
and the mixtures were shaken with 0-20 ml of one of the
organic solvents for 15 min. The layers were separated and
the organic phase was introduced into the flame atomic-
absorption spectrometer for measurement of the Mo signal.

Sample preparation by wet digestion
A 2-4 g sample of needles or leaves (dried at 70° for 24 hr

temperature/time
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and then ground) was weighed into a 300-ml Kjeldahl flask
and 1040 ml of a mixture of concentrated nitric, sulphuric
and perchloric acids (3:1:1 v/v) were added. The mixture
was left overnight and then heated at 105° for 2 hr, 160° for
3 hr and 205° for about 1 hr (after which the mixture was
clear). After cooling, the contents of the flasks were trans-
ferred quantitatively into 100-m! standard flasks and diluted
to volume with water; then 25-ml portions were transferred
to 100-ml separatory funnels. For the flame and graphite-
furnace AAS measurements Mo was extracted as its dithiol
complex into MIBK, and for the DCP-AES measurements
it was extracted as its dithiol complex into isoamyl alcohol
as described above. The tubing for sample-introduction in
the DCP-AES apparatus was not resistant to MIBK or
DIBK, which was why only the isoamyl alcohol system was
used.

Sample preparation by dry ashing

A dried (24 hr at 70°) and ground sample (2—4 g) was
weighed into a ceramic crucible and heated at 500° for 24 hr.
The ash was then dissolved in 3 ml of concentrated hydro-
chloric acid, by heating on a hot-plate until the solution was
clear. The sample was then transferred into a 25-ml standard
flask and diluted to volume with water. A corresponding
amount of hydrochloric acid was added to each standard
solution. Then 2 ml of dithiol solution were added to the 25
ml of sample solution and the molybdenum complex was
extracted with 5 ml of organic solvent (giving approximately
fivefold concentration).
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Fig. 1. Extraction of molybdenum as a function of pH. (a) the Mo—oxine equilibrium system; (b) the
Mo-dithiol system: O MIBK; [0 DIBK; A isoamyl alcohol.
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RESULTS AND DISCUSSION

Flame atomic-absorption spectrometry

Figure 1 shows the effect of pH on the various
extraction systems studied. For both ligands (oxine
and dithiol) the most useful solvent is MIBK, and the
least useful is isoamyl alcohol. The oxine-MIBK
extraction can be done at either pH 1.5 or 4-10. For
the dithiol-MIBK system the extraction should be
done in the pH range 0+ 0.1, or 0.6-0.8.

On the basis of the calibration curves presented in
Fig. 2 the relative sensitivities and linear dynamic
ranges can be evaluated. The sensitivity is greatest
with MIBK as solvent and least with isoamyl alcohol.
The upper limits of the linear dynamic ranges are 30,
30 and 25 mg/l. for the oxine system with MIBK,
DIBK, and isoamyl alcohol as solvents, respectively,

(a)
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and 30, 25 and 25 mg/l. for the corresponding dithiol
systems. The oxine-isoamyl alcohol system is not
recommended, because of the maximum in the cali-
bration graph.

Table 1 gives the characteristic concentrations (Mo
concentration for 1% absorption), detection limits
(background + three times its standard deviation),
and relative standard deviations (five replicates for
15-mg/l. Mo). The lowest values ‘are again obtained
with the MIBK systems. The precision (RSD) for the
DIBK systems is significantly poorer than that for the
MIBK and isoamyl alcohol systems.

Figure 3 records the absorbances for various
ligand/metal molar ratios. According to these plots,
the minimum C,:Cy, ratios required to give an
almost constant degree of extraction of molybdenum
into the different organic solvents are 7, 25 and 8 for

Cyo (mg/1)
(b) —0
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/
/
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Fig. 2. Calibration curves. {a) the Mo—oxine equilibrium system; (b) the Mo—dithiol system: O MIBK;
O DIBK; A isoamyl alcohol.
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Table 1. Characteristic concentrations, instrumental detection limits

(DL) and relative standard deviations (RSD) for five replicates in the

ideal concentration region for various Mo extraction systems in
determination of Mo by flame AAS

Characteristic

concentration, DL,
Ligand Solvent mg/l. mg/l. RSD, %
Oxine MIBK 0.14 0.053 0.7
DIBK 0.27 0.073 7.0
Isoamyl alcohol 0.35 0.14 1.8
Dithiol MIBK 0.13 0.045 0.8
DIBK 0.21 0.074 39
Isoamyl alcohol 0.37 0.15 0.7

MIBK, DIBK and isoamyl alcohol, respectively, for
the oxine system, and 8, 10 and 7 for MIBK, DIBK
and isoamyl alcohol for the dithiol system.

In the next step the effect of the volume ratio of the
aqueous and organic phases was studied (Fig. 4). For
these experiments the volume of the organic phase
(Vog) was kept constant and the volume of the
aqueous phase (V,,) was varied. The amount of
molybdenum present was the same in each case, and
after extraction the molybdenum concentration in the
organic phase should have been 10 mg/l. In the

(a)

5 10 15 20 25 30
CL :CMo

(b)
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x 04

0.3

CL : CMo

Fig. 3. The dependence of the degree of the extraction on

the ligand/molybdenum molar ratio for each extraction

system. (a) Mo—-oxine system; (b) Mo—dithiol system: O
MIBK; O DIBK; A isoamyl alcohol.

absorbance vs. V,,/ V., plots, maxima were obtained
for the three dithiol systems, whereas for the oxine
systems the absorbance either increased or remained
constant with increasing V,,/V,,, ratio. Because the
aqueous phase and organic solvents were not mutu-
ally saturated before use, the phenomena presented in
Fig. 4 can be interpreted in terms of the change of
volume and dielectric constant in the organic phase.
The solubilities of water in MIBK, DIBK and iso-
amyl alcohol are 2.4, 0.75 and 9.7 g/100 g, re-
spectively, and the solubilities (g/100 g) of these sol-
vents in water are 2.04 (MIBK), 0.04 (DIBK) and
2.85 (isoamyl alcohol). The dielectric constants de-
crease in the following order: MIBK > isoamyl
alcohol » DIBK. When the water content in the
organic phase increases, the reciprocal value of the
permittivity also increases and raises the solubility of
polar compounds. According to the differences of the
electronegativities between molybdenum and oxygen,
nitrogen or sulphur (O 3.5, N 3.0, S 2.5), the
metal-ligand bonds in the Mo—oxine complex
(Mo—O and Mo—N bonds) can be assumed to be
more polar than those in the Mo-dithiol complex
(Mo—S bond). Thus, the solubility of Mo—oxinate
should be higher than that of the Mo—dithiol complex
in solvents with high dielectric constant. In the case
of DIBK there would be practically no volume
change as the aq/org ratio increases from 1 to 20, but

04—

03

5 10 15 20

VHZO /Vors

Fig. 4. The effect of the volume ratio of the aqueous and

organic phases on the extraction. Open symbols, Mo—oxine

system; filled symbols, Mo-dithiol system; O/@ MIBK;
J/m DIBK; A/A isoamyl alcohol.
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Fig. 5. The effect of shaking time on the extraction. Sym-
bols are the same as in Fig. 4.

for both MIBK and isoamyl alcohol there would be
an appreciable decrease in volume of the organic
phase (about 50% for the isoamyl alcohol and 40%
for the MIBK). In the case of the Mo—oxine system
the increase of the absorbance with increasing
Vaq! Vorg ratio with MIBK and isoamyl alcohol can be
attributed mainly to the volume change in the organic
phase. For the Mo—dithiol system, however, the
dielectric constant change with high V. /V,, ratios
must be more important than the volume change in
the organic phase.

The effect of the shaking time on the absorbance
measurements is shown in Fig. 5. The volumes of the
aqueous and organic phases were both 5ml in each
experiment, the molybdenum concentration of the
aqueous phase before the extraction was 20 mg/l.,
and shaking times between 15 sec and 15 min were
applied. The extraction is at its maximum and the
absorbances are constant with increasing shaking
time for all the dithiol systems after about 2 min. For
the oxine-MIBK system the degree of extraction is
the same between 15 sec and 15 min, whereas for the
other two oxine systems the absorbance decreases

020

m“"MoO3

] I }
400 800 1200

L L
1600 2000 2400 2800

T{K)

Fig. 6. The ashing/atomization plot for the Mo—dithiol-

MIBK system: O the ashing temperature is varied and the

atomization temperature kept constant {(2600°); [J the

atomization temperature is varied and the ashing tem-
perature kept constant (700°).
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Table 2. Determination of molybdenum (ug/g) in pine
needles and birch leaves by different sample preparation
(A = wet digestion, B =dry ashing) and detection methods

Flame AAS  Graphite = DCP-AES
------------ furnace AAS —————
Sample A B B A B
Pine needles <0.2 <0.2 0.16 022 0.18
Birch leaves <02 <02 0.22 — 023

with increasing shaking time, especially for the
oxine-DIBK system.

Graphite-furnace atomization

According to the results of the extraction experi-
ments described above, the most suitable extraction
system for the determination of molybdenum is the
dithiol-MIBK system, which was therefore selected
for further study by graphite-furnace atomic-
absorption. Figure 6 shows the ashing/atomization
plots for the molybdenum-dithiol-MIBK system,
and the optimum ashing and atomization tem-
peratures are seen to be 700° and 2600°, respectively.
The calibration graph is linear up to about 0.25 mg/1.
The precision obtained by peak-area measurement
was found to be better than that by peak-height
measurement, the RSD varying between 1.1 and
3.7%, and 3.7 and 7.3%, respectively.

DCP emission spectrometry

Because the usual aspiration tubing cannot with-
stand MIBK and DIBK solutions, the organic phase
selected for the plasma experiments was isoamyl
alcohol. The emission lines 202.030, 281.615 and
379.825 nm can be used for the determination of
molybdenum in aqueous solutions. Owing to the large
background noise caused by isoamyl alcohol, the
lines at about 202 and 380 nm are not suitable for the
determination of molybdenum in isoamyl alcohol.
Thus, the line at 281 nm used in the plasma mea-
surements. The calibration graphs were linear up to
20 and 15 mg/l. and the detection limits were 0.15 and
0.5 mg/l. for the oxine and dithiol systems, re-
spectively. The slope of the dithiol calibration graph
was about 1.3 times that of the oxine graph.

Testing the methods

The results obtained by the various methods are
collected in Table 2. Owing to the low molybdenum
content in plant samples, it is not possible to deter-
mine it by flame atomic-absorption spectrometry.
However, the results obtained by the graphite furnace
and DCP-AES methods are in fair agreement with
each other, but the concentrations in the samples
tested were near the detection limit of the plasma
method.
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SHORT COMMUNICATIONS

SIMPLE SAMPLE-CELL POSITIONER FOR REDUCING
THE IMPRECISION DUE TO PLACEMENT OF
TEST-TUBE TYPE SAMPLE CELLS
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Department of Chemistry, Oregon State University, Corvallis, Oregon 97331, U.S.A.
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Summary—The construction and evaluation of a sample-cell positioner for test-tube type cells in simple
single-beam spectrophotometers are described. Use of the sample-cell positioner reduces the uncertainty
due to cell-positioning, by about an order of magnitude.

Noise, read-out resolution, and sample-cell posi-
tioning can affect the measurement precision of solu-
tion spectrophotometric measurements, as shown in
recent studies.'* These studies provide a more funda-
mental understanding of the measurement process
and a framework for optimization of experimental
conditions, pinpointing the dominant sources of im-
precision in absorbance measurements, and indi-
cating the ways in which instrumental improvements
can be made. The impertance of reproducibility in
sample-cell positioning is not always fully appre-
ciated, and the effect of sample-cell position on
precision is not even mentioned in many recent
textbooks. The usual specification of spec-
trophotometer baseline noise is based on repeated
measurement with the cell left in position and
therefore does not account for random errors due
to changes in sample-cell positioning in analytical
practice.

This imprecision can be characterized by a sample-
cell positioning flicker-factor £,,>* which is the con-
tribution of sample-cell positioning to the overall
relative standard deviation (RSD) of the reference
(100% transmission signal). It is calculated as the
square root of the difference between the square of
the RSD of the reference signal when the sample-cell
is moved between each meeasurement and the square
of the RSD of the reference signal obtained by
repetitive measurements with the cell left in position.
A value of 0.1% for &, is equivalent to a standard
deviation (o, ) of 4.3 x 10* for absorbances near zero
(e.g., at the detection limit).

Cell-transmission flicker noise is caused by spatial
inhomogeneities in the transmission characteristics of
the sample cell. Every time the sample cell is re-
positioned in the cell holder, the beam of light may
pass through a slightly different part of the cell.
Spatial differences in the refractive index, absorp-
tivity, thickness, and surface flatness of the cell walls,
or microscopic bubbles, can cause scattering, absorp-
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tion or reflective losses and hence the cell trans-
mission can vary according to the position where the
light-beam strikes the cell walls. These spatial in-
homogeneities in the optical properties of the cell wall
can also cause the image of the light-beam on the
photocathode of the detector to be changed or dis-
placed by slight differences in sample-cell position.
This can cause variation in the measured signal
because the radiance-response or quantum efficiency
of the cathode varies spatially across its surface. The
condition of the cell wall surfaces is also critical,
because scratches, dust particles, or lint from cleaning
can result in the transmission varying with cell
position.

Clearly £, depends upon the type, age, and quality
of the sample cell, the type of sample holder, and
the spectrophotometer, the position and width of
the incident beam, the type and characteristics of the
reference solution (e.g., its refractive index) and the
technique of the operator. Imprecision due to cell
positioning is automatically practically eliminated by
use of dual-wavelength spectrophotometers.’

Two basic types of sample cell are used for most
spectrophotometric measurements; they are rectan-
gular and circular in cross-section. Generally &, is
lower for rectangular cells because a higher quality of
glass or quartz is used, the cell walls are flat instead
of curved, and positioning is less subject to variation
because rotation is strongly restricted by the cell-
carrier, in contrast to the case for cells with circular
cross-section. With square cells, &, has been found to
be 0.04% with a Cary 118C* and 0.7% with a
McPherson EU-701A spectrophotometer.” With
circular-type sample cells, &, was found to be 0.3%
with a Turner 330 and 0.7% with a Spectronic 20
instrument.*

This paper is concerned with the construction and
evaluation of a simple sample-cell positioner for
test-tube shaped sample cells used in simple single-
beam spectrophotometers. It was previously shown
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Fig. 1. Photograph of sample-cell positioner. A, Section A.
B, Section B. C, Allen screws. D, Rubber pads. E, Align-
ment pins.

that the measurement precision of this type of spec-
trophotometer could be greatly improved merely by
adding a high-resolution digital read-out so that
measurements were limited by noise and not by
read-out resolution.* With high-resolution read-out,
cell-transmission flicker noise limits the precision
at low absorbances. The sample-cell positioner
significantly reduces the magnitude of cell-
transmission flicker noise, simplifies cell positioning,
and reduces the operator skill required.

EXPERIMENTAL

A Turner 330 spectrophotometer (G. K. Turner Associ-
ates, Palo Alto, CA) was used for all measurements. A
Heath Model EU-805 Universal Digital Instrument (Heath
Co., Benton Harbor, MI) in the digital voltmeter (QVM)
mode was connected to the 1-V output terminals df the
spectrophotometer to form the high-resolution ref{d-out
system. The DVM was used on the 1-V range with q: I-sec
integration time (10 ¢V resolution). All measurements were
made at 420 nm with the room lights out to minimize stray
light problems.

The sample-cell positioner is shown in Figs. | and 2. It
consists of two sections (A and B in Fig. 1), made out of
3/16-in. thick natural Delrin. The sample cell is inserted in
the hole (0.52-in. diameter) formed by sections A and B, and
then B is secured to A with two 2-56 Allen screws (Fig. 2).
Four 3/32-in. diameter rubber pads (made from buna-N
O-ring rope) (Fig. 1) are inserted into holes around the
inside circumference of the positioner (two in each section)
to extend about 0.02 in. beyond the Delrin surface. These
pads prevent breakage of the cell when the securing screws
are tightened. Two 1/8-in. brass pins (Fig. 1) are inserted
through holes drilled in section A. Two holes are drilled in
the plastic sample-cell holder of the spectrometer to accept
these pins (Fig. 2) and to provide reptoducible positioning.
The sample-cell positioner is secured so that its top surface
is about 3 mm below the top of the cell, to ensure thht- the
vertical position of the cell is determined by the cell ‘pgsi-
tioner and not by the metal strip at the bottom of the cell
holder.

RESULTS AND DISCUSSION

The precision of measurements made with use of
the sample-cell positioner was compared with the
precision obtained without it. The sample cell was
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filled with distilled water for all measurements and
carefully wiped with lens tissue. The reference voltage
varies by typically +5% on rotation or vertical
movement of the sample cell, which indicates the
importance of cell positioning. First, 6 sets of 6
measurements were made without use of the cell
positioner, the sample cell being totally removed
from the cell holder and then replaced between each
measurement. About 5 sec were spent in lining up the
vertical white line on the cell with the raised plastic
mark on the cell holder in the conventional manner.
Next, 6 sets of 6 measurements were made with the
same cell secured in the sample-cell positioner and the
cell positioner assembly totally removed between
measurements. When the assembly was inserted into
the cell holder, two fingers were used on section B of
the positioner to push the positioner firmly down and
back. The average RSD values of the 6 sets of
measurements with and without use of the sample-
cell positioner were calculated.

The average value of &, or the RSD of the reference
voltage was 0.5% without use of the cell positioner
and 0.03% with it. The value of &, depends upon the
particular spectrophotometer, cell holder, and sample
cell. The experiment'was repeated with a different but
equivalent combination of spectrophotometer, sam-
ple cell, cell holder, and cell positioner and ¢, was
found to be 0.2% and 0.03% without and with the

Fig. 2. Photograph of sample-cell positioner secured to
sample cell and placed in sample-cell holder.
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positioner, respectively. Thus the cell positioner im-
proves the measurement precision by a factor of 7-17
by ensuring that the cell is more reproducibly posi-
tioned from run to run. The RSD of the reference
signal when the the cell is not moved at all is
<0.01%, so cell-transmission flicker noise limits the
precision even when the positioner is used.

The cell positioner provides other advantages. It is
faster to use and requires less effort by the operator
in cell-positioning and hence reduces operator error.
If several sample cells are to be used in an analysis
scheme, a sample-cell positioner for each would allow
the cells to be calibrated against each other and for
the cell corrections to remain essentially constant.
For simple inexpensive spectrophotometers with ana-
logue meter readout, the addition of the cell posi-
tioner, plus a 3% digit voltmeter (available for less
than $100), would allow measurements at low ab-
sorbances to be made with an RSD of 0.1% provided

other sources of random error were not the limiting
factor.
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DEVELOPMENT AND APPLICATION OF ORGANIC
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EXTRACTION AND FLUORIMETRIC DETERMINATION
OF PERCHLORATE IONS WITH
2,6-DI-p-TOLYL-4-PHENYLPYRYLIUM CHLORIDE
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Summary—An extraction-fluorimetric method for the determination of micro quantities of perchlorate
ions, based on their extraction into chlorobenzene with 2,6-di-p-tolyl-4-phenylpyrylium chloride
(DTPP*—CI1~) has been developed. DTPP*—C1-, a newly synthesized reagent, reacts with perchlorate ions
to form 1:1 ion-pairs, which can be extracted into chlorobenzene. The ion-pair (DTPP*-ClO;") has very
strong yellowish-green fluorescence in chlorobenzene, with an emission maximum at 376 nm. The
relationship between perchlorate ion concentration and relative fluorescence intensity is linear over the
range 0.01-1.0 ppm. Several inorganic perchlorates have been determined satisfactorily by the method.

Several methods based on ion-pair extraction with
dyes have been reported for the spectrophotometric
determination of perchlorate ions.'”* Recently, we
have developed the ethyne analogues of triphenyl-
methane dyes and demonstrated that the intro-
duction of an acetylene bond into a triphenylmethane

fluorogenic reagent, 2,6-di-p-tolyl-4-phenylpyrylium
chloride (DTPP*—C17), which was developed from
a study of the synthesis of pyrylium salts from
substituted 1,4-pentadiyn-3-ols with perchloric acid
(Scheme 1),® and on an extraction—fluorimetric deter-
mination of perchlorate ion with this reagent.

Me

Me

pTPP —C1”

dye system causes a large red shift in the longest
wavelength absorption maximum.® One of these
compounds, derived from Malachite Green, viz.
1,1-bis( p-dimethylaminophenyl)-3-phenyl-2-propyn-
ylium chloride, has been successfully used for the
determination of micro amounts of perchlorate ion.”
In this paper, we wish to report on a very sensitive

*Part V1: S. Akiyama, H. Akimoto, S. Nakatsuji and K.
Nakashima, Bull. Chem. Soc. Japan, 1985, 58, 2192.

RESULTS AND DISCUSSION

Fluorescence spectra and solvents for extraction

The extraction of the ion-pair (DTPP perchlorate)
into chloroform, chlorobenzene, dichloromethane,
dichloroethane, benzene and toluene was examined.
Dichloromethane and dichloroethane were found not
to be suitable solvents because DTPP*—Cl~ was also
extracted. Figure 1 shows the fluorescence spectra of
DTPP perchlorate in chlorobenzene, which is the
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Fig. 1. Excitation and emission spectra of DTPP*-CIO; in
chlorobenzene: a, excitation spectra; b, emission spectra; a,
and b;: DTPP*-CIO; ; a, and b,: reagent blank.

preferred solvent because it gives a smaller reagent
blank than chloroform does. The excitation maxima
of the ion-pair are at 310, 376 and 455 nm, and the
emission maximum is at 495 nm. The best wavelength
to use for excitation is 376 nm.

Effect of pH on extraction

The relative fluorescence intensity (RFI) is con-
stant for extraction of a fixed amount of perchlorate
in the pH range 0.2-1.8, into chlorobenzene (Fig. 2),
and pH 1.0 is chosen as optimum.

Effect of reagent concentration, reaction time, mixing
time and stability of the ion-pair

It was found that at least a tenfold molar excess of

gofet ety .

pH

Fig. 2. Effect of pH on the extraction of the ion-pair
into chlorobenzene. —@—: 5 x 107°M NaClO,; —A—:
reagent blank.

2175

Table 1. Tolerance limits (< +5% error) of diverse ions in
the determination of 5 x 107%M perchlorate

Tolerance limit,
M Ton added

1x 103 NOs, NOj, BO;

5x 107 Br-, CH,CO;, C,0%", PO}
2.5x 1074 BrO;, I0;, CrO}-

5x 1073 Cl-, ClO5

I x10°% SCN-
<5x 1078 1", 10;, MnO;

the reagent is necessary for complete association with
the perchlorate ion. The reaction is complete within
3 min at room temperature. Thus, a reaction time of
5 min was selected as the optimum. The minimum
vortex-mixing time for complete extraction of the
ion-pair with chlorobenzene was found to be 10 sec
at room temperature. The RFI at 495 nm was
constant for 24 hr when the solution was kept in the
dark, but for only ca. 20 min if it was kept in room
lighting.

Composition of the ion-pair

The composition of the ion-pair was studied by the
continuous variations method and found to be 1:1
(DTPP*—ClOy; ). The excitation and emission spectra
of the ion-pair were in accord with those of DTPP
perchlorate prepared by the reaction of [,5-bis-
p-tolyl-3-phenyl-1.4-pentadiyn-3-ol with perchloric
acid.?

Calibration graph

The calibration graph obtained by the procedure
showed good linearity over the perchlorate concen-
tration range 0.01-1 ppm in the final solution. Re-
producibility experiments level showed coeflicients of
variation of 2.3 and 1.6% for 10 results at the 0.05
and 0.5 ppm perchlorate levels, respectively.

Effect of diverse ions

For the determination of 0.5 ppm (5 x 10~°M)
perchlorate by the method, various anions can be
tolerated at the levels given in Table 1, the tolerance
limit being taken as the amount required to cause an
error of less than +5% in the relative fluorescence
intensity. A small amount of permanganate gives a
fairly large negative error, presumably because of its
oxidizing action. Otherwise only iodide and thio-
cyanate interfere. There is no interference from

Table 2. Determination of perchlorates*

Coefficient of

Sample Content,t % variation, %
HCIO, (60%) 90.4 3.1
NacClO, 100.5 2.3
LiClO, 99.6 2.2
NH,CIO, 102.2 3.1

*By the standard addition method with KClO, as standard.
tExpressed as the ratio of perchlorate found to perchlorate
expected to be present, mean of five results.
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cations in molar ratios to perchlorate up to 500 or
more.

Analysis of inorganic perchlorates

As an example of the applicability of the method
proposed, representative inorganic perchlorates were
analysed. Table 2 shows the results obtained from the
standard addition graphs, which all had parallel
slopes. These results are considered to be satisfactory.

This method is quite simple, rapid and more
sensitive than the conventional methods,'”*’

EXPERIMENTAL

Apparatus

Fluorescence spectra and intensities were measured with
a Hitachi Model 650-10S spectrofluorimeter and 10 x 10
mm quartz cells. A Toa HM 5A pH-meter was used for pH
measurements.

Reagents

2,6-Di-p-tolyl-4-phenylpyrylium chloride. The reagent
was prepared as follows. To a solution of
1,5-bis-p-tolyl-3-phenyl-1,4-pentadiyn-3-ol* (0.845 g, 2.51
mmoles) in 10 ml of dioxan, 0.5 ml of concentrated hydro-
chloric acid was added with stirring. After 1 hr, the crystals
deposited were collected, washed with diethyl ether, and
recrystallized from acetone-diethyl ether (1:1, v/v) to afford
hygroscopic orange crystals of DTPP*-C1~ (0.636 g, 64%)
m.p. ca. 190°%; found C, 75.1%; H, 6.0%; C;;H, OCl-3H,0
requires C, 74.95%; H, 5.71%. The molar absorptivity was
2.77 x 10* I.mole~'.cm~! at 365 nm (ethanol solution).

DTPP+*-CI~ solution. A 3.0x107*M solution of
DTPP+-Cl- in 0.1M sulphuric acid was prepared.

Standard  perchlorate solution. A stock solution
(1.0 x 102M) was prepared by dissolving 0.1386 g of
potassium perchlorate (analytical reagent grade, dried at
105°) in 100 mi of demineralized and redistilled water.
The working solution was prepared by diluting the stock
solution as required.

SHORT COMMUNICATIONS

Adjustment of pH. Sulphuric acid (0.1M) and 0.1M citric
acid-0.2M disodium hydrogen phosphate were used for
adjustment of pH in the ranges 0.2-1.8 and 2.2-8.0
respectively.

Analytical-reagent grade chemicals were used whenever
possible, without further purification.

Procedure

Transfer | ml of the sample solution containing up to 5.0
ug of perchlorate into a 25-ml glass-stoppered test-tube.
Add 3 ml! of dilute sulphuric acid (pH 1) and 1 ml of
DTPP+*-Cl~ solution. Mix for 10 sec with a vortex mixer
and let stand for 5 min. Add 5 ml of chlorobenzene and mix
for 10 sec with the vortex mixer. Discard the aqueous layer
and centrifuge the organic layer for 5 min at 3000 rpm.
Measure the relative fluorescence intensity at 495 nm with
excitation at 376 nm.

Acknowledgement-—The authors wish to express their
gratitude to the Ministry of Education, Science and Cuiture
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REFERENCES

1. S. Uchikawa, Bull. Chem. Soc. Japan, 1967, 40, 798.

2. S. Motomizu, S. Fujiwara and K. Téei, 4nal. Chim.
Acta, 1981, 128, 185.

3. 1. Iwasaki, S. Utsumi and C. Kang, Bull. Chem. Soc.
Japan, 1963, 36, 325.

4. S. Yamasaki, H. Ohura, K. Yano and I. Nakamori,

Bunseki Kagaku, 1979, 28, 566.
. M. Tsubouchi and Y. Yamamoto, ibid., 1970, 19, 966.
. S. Akiyama, K. Yoshida, M. Hayashida, K.
Nakashima, S. Nakatsuji and M. Iyoda, Chem. Lett.,
1981, 311.

7. S. Akiyama, K. Nakashima, S. Nakatsuji, M. Hamada
and Y. Izaki, Bull. Chem. Soc. Japan, 1983, 56,
947.

8. 8. Nakatsuji, K. Nakashima, K. Yamamura and S.
Akiyama, Tetrahedron Lertt., 1984, 25, 5143,

[= %]



Talanta, Vol. 33, No. 3, pp. 277-278, 1986
Printed in Great Britain. All rights reserved

0039-9140/86 $3.00 + 0.00
Copyright © 1986 Pergamon Press Lid

DETERMINATION OF TUNGSTEN IN ROCKS AND
MINERALS BY CHELATE EXTRACTION AND
ATOMIC-ABSORPTION SPECTROMETRY
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Summary—An atomic-absorption method for determination of tungsten in rocks and minerals is
proposed. The method involves sample decomposition by acid digestion or by pyrosulphate fusion,
followed by chelate extraction of tungsten by N-benzoylphenylhydroxylamine in toluene. Atomic-
absorption measurements are made on the organic phase aspirated into a nitrous oxide-acetylene flame.
Quantitative extraction with efficient separation from other elements is achieved in a single extraction from
strong acid media. The method is rapid and reliable in terms of precision and accuracy and is applicable
to rocks and minerals containing tungsten in the range from 100 ppm to 15%.

Flame atomic-absorption methods for determin-
ation of tungsten find only limited application in
geochemical analysis because of the poor atomic-
absorption sensitivity for tungsten' and the sus-
ceptibility to interference from other elements.2 Musil
and Dolezal® have proposed an atomic-absorption
method for determination of tungsten in ferrous
alloys, employing double extraction from fairly con-
centrated hydrochloric acid media with thiocyanate
and methyl isobuty! ketone.

The superiority of N-benzoylphenylhydroxylamine
(BPHA) as an extracting agent for metal ions is wetl
established* and there are reports of quantitative
extraction of tungsten by this reagent under suitable
conditions. The purpose of the present work was to
develop an atomic-absorption method for deter-
mination of low levels of tungsten in rocks and
minerals by employing BPHA-toluene extraction and
flame AAS measurements on the organic phase.

EXPERIMENTAL

Apparatus

A Perkin—Elmer 303 instrument fitted with a 50-mm
nitrous oxide—acetylene burner head was wvsed for atomic-
absorption measurements at 400.9 nm, with a Fisher tung-
sten hollow-cathode lamp as source. The more sensitive
lines (255.1 and 294.7 nm) were not used, because of an
unfavourable signal-to-noise ratio.

Reagents and standards

Standard tungsten solution (1000 pg/ml) was prepared by
dissolving the calculated amount of tungstic acid in dilute
sodium hydroxide solution and diluting with water to the
necessary volume. Further dilutions were made as necessary
before use.

*Present address: Geological Survey of India, Chemical
Laboratory, Shillong 793003, India.
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N-Benzoylphenylhydroxylamine (BPHA) solution (0.2%)
was prepared in toluene.
All chemicals used were of analytical-reagent quality.

Preliminary studies

Preliminary studies indicated that tungsten is quantitat-
ively extracted by BPHA in toluene from 8-10N sulphuric
or hydrochloric acid medium. It was also found that the
extraction of iron can be suppressed if sulphuric acid is used
instead of hydrochloric acid. No other elements except Ti,
Sn, Mo, Nb and Ta are likely to be extracted under these
conditions, but their presence up to certain limits does not
cause any interference in the AAS determination of tung-
sten. The extraction is also not affected by the presence of
anions such as citrate, tartrate or borate. Results of deter-
mination of tungsten in some synthetic mixtures are shown
in Table 1.

Recommended procedures

Sample decomposition (acid digestion method). The pow-
dered sample (0.5 g) is mixed with concentrated hydrofluoric
acid (10 ml) and perchloric acid (5 ml) in a Teflon beaker
and the mixture is slowly heated to dryness. The residue is
warmed with hydrofluoric acid (2 ml) for a few minutes and
then treated with a saturated solution of boric acid (5 ml)

Table 1. Determination of tungsten in synthetic mixtures
containing metal ions .extracted under the experimental
conditions; W taken 500 ug

Tungsten
Interferent absorbance* RSD, %
Ti(IV), 50 mgt 0.215 7.5
Mo(VI), 100 mg 0.218 6.8
Sn{1V), 100 mg 0.217 6.2
Nb(V), 50 mg 0.219 6.3
Ta(V), 50 mg 0.218 6.7
V(V), 50 mg 0.216 6.1
None 0.216 5.5

*Average of five determinations.
tWith higher amounts there is precipitation of titanium and
difficulty in phase separation.
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and water (10 ml). The solution is stirred well and filtered
into a 50-ml standard flask and diluted to volume.

Sample decomposition (pyrosulphate fusion). The pow-
dered sample (0.5 g) is mixed with approximately 4 g of
potassium pyrosulphate in a hard-glass test-tube. The mix-
ture is fused with a Bunsen burner flame and kept molten
for about 10 min. The fused mass, afier cooling, is heated
with 0.1 M tartaric acid solution (10 ml) on a hot water-bath
for about 30 min. The mass is stirred occasionally in order
to disintegrate the lumps. The solution is filtered into a
50-ml standard flask and diluted to volume.

Extraction of tungsten. An aliquot of sample solution
containing 100-500 ug of tungsten is transferred to a
separatory funnel, 30 ml of sulphuric acid (1 + 1) are added
and the mixture is diluted to about 60 ml with water. The
mixture is then shaken vigorously with BPHA-toluene
reagent (5 ml) and for 1 min. The layers are allowed to
separate and the aqueous phase is rejected. The organic
phase is collected in a dry test-tube containing about 1 g
of anhydrous sodium sulphate and allowed to stand for
10 min. The clear supernatant liquid is aspirated into the
flame for AAS measurement.

Calibration. For calibration, 0, 1, 2, 4, 6, 8 and 10 ml
volumes of standard tungsten solution (100 ug/ml) are
taken in a series of separatory funnels, and the tungsten
is extracted and its atomic absorption measured as just
described.

RESULTS AND DISCUSSION

The proposed method has been applied to analysis
of a number of tungsten-bearing rocks and minerals
and the results are shown in Table 2. They agree well
with those obtained by the X-ray fluorescence
method. Two CANMET reference materials (MP-1a
and MP-2) and one IGS sample (IGS-26) have also
been analysed by this method and the results com-
pared with the recommended values. The relative
standard deviation (RSD) for MP-2 was found to be
5.6%.

The method is practically free from interfer-
ences and is very easy to apply. Both decomposition
methods are equally efficient for silicate rocks, schee-
lite and wolframite samples, but for tungsten-bearing

Table 2. Determination of tungsten in rocks and minerals

W found, %

Sample Present method Other values
Granite 0.22 0.25*
Scheelite-bearing rock 1.05 1.10*
Scheelite-bearing rock 1.20 1.18*
Scheelite-bearing rock 2.24 2.30*
CANMET MP-2 0.67 0.651
CANMET MP-1a 0.04 0.04+
1GS-26 13.37 13.58§
*XRF values.

tRecommended values from CANMET report.
§Recommended value from IGS report.

cassiterite samples the acid digestion method gives
low values, probably because of incomplete decom-
position of the cassiterite. There is no difficulty,
however, in the pyrosulphate decomposition method.
Both decomposition methods are applicable for
samples containing tungsten from 100 ppm up to
15%.

The aspiration rate and burning characteristics of
toluene in the nitrous oxide—acetylene flame are also
quite favourable and as good as those for MIBK.
AAS measurement of the toluene phase also has the
benefit of sensitivity enhancement by a factor of 3.8
(compared to that for aqueous solutions).
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ANALYTICAL APPLICATION OF EMULSIONS

DETERMINATION OF LEAD IN GASOLINE BY
ATOMIC-ABSORPTION SPECTROPHOTOMETRY
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Summary—A simple rapid method of determining lead in gasoline by AAS with use of stable emulsions
has been developed. The emulsions were stabilized with propan-2-ol or a mixture of ethanol and a
surface-active agent. The results obtained showed good reproducibility and accuracy and the method is

suitable for routine analysis.

Determination of lead in gasoline by AAS with use
of water—gasoline emulsions stabilized by surfactants
is rapid and precise but suitable experimental condi-
tions must be chosen. The amount of organic phase
must be kept below 2% or the emulsion become too
viscous to be easily aspirated.'? In addition, a surfac-
tant with a suitable HLB (hydrophilic-lipophilic bal-
ance) for stabilizing the emulsion must be selected.'?
The need for such a method arises because of the
comparative slowness of the titrimetric deter-
minations.>* Some AAS methods have already been
developed, in which the gasoline sample is diluted
with a suitable solvent. Robinson® used iso-octane,
and Sebor and Lang proposed xylene because of its
ability to dissolve polycyclic hydrocarbons.® A fur-
ther problem is the variation in response of alkyl-lead
compounds with a change in the size of the alkyl
group, necessitating a separate calibration curve for
each compound.” To overcome this problem, iodine
has been added to the samples.”® This also gives an
increase in instrumental response because iodine
combines with the lead to produce less
flame-refractory compounds.®® In the present work
we determine lead in gasoline by using mixtures
emulsified by addition of a surfactant, and/or a
water-miscible organic solvent such as ethanol and
propan-2-ol. The resulting method is rapid, easy to
use and gives increased sensitivity.

EXPERIMENTAL
Procedures

For each solvent tested five emulsions were prepared with
the following volume composition: 1% gasoline, 2% surfac-
tant (for emulsions containing ethanol), 10-50% alcohol,
remainder distilled water. Each sample was emulsified for
4min by application of an ultrasonic probe and then
aspirated directly into the flame of the spectrophotometer.
The absorbance was measured at a wavelength of 217.0 nm.
For analysis of gasoline the propan-2-ol method is recom-
mended: [ ml of gasoline and 50 ml of propan-2-ol are
mixed and diluted accurately to 100 ml with water; the
mixture is emulsified and aspirated into the flame, and the
lead signal at 217.0 nm is measured. Calibration is done by
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making standard solutions with a lead-free gasoline and lead
nitrate or organolead standards (Conostan or cyclohexyl-
lead butyrate dissolved in xylene), or by the standard-
addition method.

RESULTS AND DISCUSSION

Both kinds of emulsion were stable for 40 min, as
shown by constancy of the absorbance signal and
confirmed by turbidimetric measurements. When eth-
anol was incorporated it was also necessary to add a
surfactant to stabilize the emulsion. Both surfactants
tested gave practically identical results. The best
results were obtained with 50% ethanol, the absorb-
ance being 0.300 and relative standard deviation (rsd)
2.7% for the comparative test. Much better results
were obtained with propan-2-ol, which gave a stable
emulsion without addition of a surfactant. The 50%
propan-2-ol system gave an absorbance of 0.360 (rsd
2.5%) for the comparative test, and a linear cali-
bration graph for emulsions prepared with 1% v/v
gasoline and known amounts of a standard lead
nitrate solution. The parameters of the graph were
practically the same as those for a graph prepared by
use of similar emulsions made with 1% gasoline and
various volumes of organolead standards (Conostan
and cyclohexyl-lead butyrate, diluted with xylene)
(see Table 1).

The limit of detection for lead was 0.07 mg/l. in the
emulsion. The absorbance at 217.0 nm was measured
because at this wavelength it was possible to analyse
emulsions containing only 1% of gasoline, which
increased the stability of the emulsions. The use of

Table 1. Parameters of calibration curves for determination

of lead
Slope, Correlation
Standard Limg coefficient
Lead nitrate 0.063 0.997
Cyclohexyl-lead butyrate 0.065 0.996
Conostan 0.061 0.997
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Table 2. Results for gas-

oline samples

Lead found, mg/l.,

SHORT COMMUNICATIONS

CONCLUSIONS

A rapid accurate routine method for the deter-
mination of lead in gasoline has been developed,
based on use of water—gasoline emulsions supported
by ethanol or propan-2-ol. An emulsion with 50%
propan-2-ol gives a sensitivity greater than that

Standard Emulsion
method method
485 478
463 450
496 501
430 440
468 475
476 463
490 499

large amounts of organic solvents confers two main
benefits. The polar character of the solvent increases
the stability of the emulsions, slowing down sepa-
ration into two phases,!! and there is an increase in
sensitivity, due to a more rapid nebulization and
evaporation of the solution.’? The latter benefit is
demonstrated by the limit of detection (about
0.07 mg/l.) which is better than that obtained (at the
same wavelength) for aqueous solutions of lead.!’ For
high concentrations of lead a smaller gasoline volume
can be used, or the measurement can be made at the
less sensitive 283.3 nm line. Table 2 shows there is
good agreement between the results obtained by the
emulsion method and a standard method.

achieved by using ethanol and a surfactant.

1.

[ 9]
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Yun KAwaABATA, TOTARO IMASAKA and NOBUHIKO ISHIBASHI*
Faculty of Engineering, Kyushu University, Hakozaki, Fukuoka 812, Japan

(Received 2 September 1985. Accepted 30 September 1985)

Summary—A small flow-cell, consisting of a fused silica capillary (200 pm diameter), was constructed for
use in fluorimetry. A near-infrared semiconductor laser was used as an excitation source, and an optical
fibre (core diameter 50 um) inserted into the capillary tube was used as a waveguide for light introduction
or fluorescence collection. The volume of the flow-cell was 3-60 nl. A polymethine dye could be detected
in the range 12-90 fg, and the absolute amount of the sample in the detection volume was 140-370 ag.

In high-pressure liquid chromatography (HPLC), a
small detector is essential to maintain good sepa-
ration resolution. A laser is an excellent light-source
for such a highly sensitive HPLC detector because of
its good beam coherence and large photon flux.
However, background emission is a serious problem
for ultratrace analysis in laser fluorimetry. Various
types of flow-cells have been designed to reject back-
ground emission from the cell windows.'"

Sepaniak and Yeung have proposed the use of an
optical fibre for fluorescence collection.* The high
transmittance and well-defined acceptance angle for
light collection associated with the optical fibre prom-
ise efficient rejection of unwanted emission from the
cell walls. In addition, Todoriki and Hirakawa have
used the optical fibre as a waveguide for light intro-
duction.’ These prototypes were applied for the deter-
mination of biochemical samples. However, their
flow-cells had volumes of 17-20 ul and are not
suitable for the recently developed micro HPLC. At
present, no study has been carried out concerning a
nanoliter flow-cell using a capillary combined with an
optical fibre for laser fluorescence detection. In this
study, we constructed such an ultramicro flow-cell for
fluorimetry, using a semiconductor laser as an ex-
citation source and an optical fibre as a waveguide for
light introduction or fluorescence collection. The
sensitivity and detection power of the system are
discussed.

EXPERIMENTAL

Apparatus

The apparatus is shown in Fig. 1. Solvent was pumped by
a microfeeder (Azuma, MF-2) at a flow-rate of 2 ul/min.
The sample was injected into the stream by a micro-loop
injector (Jasco, ML422), the capacity of which had been
modified to 60 nl. The excitation source of the semicon-
ductor laser (Hitachi, HL7801E, A = 780 nm, 3 mW) was
modulated to square waves (duty cycle 50%) at 100 Hz by
a pulse generator (Hewlett Packard, 8013B). Fluorescence
from the sample, after passing through an interference filter
(Ditric, transmission maximum 850 nm), was detected by a

*Author to whom correspondence should be addressed.
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photomultiplier (Hamamatsu, R636). The output signal was
fed through a lock-in amplifier (NF Circuit Design Block,
LI-570) to a chart-recorder (Rikadenki, R-50).

A flow-cell was constructed from a fused silica capillary
(Shimadzu, bore 200 xm), into which a quartz optical fibre
(Fujikura, G50/125.3005, core diameter 50 um, cladding
diameter 125 ym) was inserted. Two optical arrangements
were considered: (1) the semiconductor laser was focused
onto the side surface of the optical fibre by a ball lens
(Moritex, diameter 3 mm) and the sample was irradiated
from the end of the fibre, fluorescence being detected
through the capillary wall [Fig. 1(1)]; (2) the semiconductor
laser was focused into the fused silica capillary perpendic-
ularly and fluorescence was measured through the optical
fibre [Fig. 1(2)].

Reagents

A near-infrared fluorophor, 3,3’-diethyl-2,2’-(4,5,4",5'-
dibenzo)thiatricarbocyanine iodide (NK427), was pur-
chased from Nippon Kanko-Shikiso Kenkyusho. The
organic solvent, 2-butanol, was obtained from Kishida
Chemical Co. and was used after ultrasonic agitation
(Yamato, Bransonic 12) to remove dissolved air. All chem-
icals were used without further purification.

RESULTS AND DISCUSSION

Sensitivity

The signal intensities and the detection limits for
the two optical arrangements are listed in Table 1.
For sample excitation through the optical fibre
[method (1)], the peak height of the fluorescence
signal was 14 4V when a 1 x 10~*M sample solution
was injected, so the sensitivity was 1400 V.1.mole~'.
For fluorescence detection through the optical fibre
[method (2)] the flucrescence signal was 3.3 uV when
a7 x 107*M solution was injected and the sensitivity
was 50 V.l.mole~'. The difference in sensitivity (a
factor of 28) for the two optical arrangements may be
attributed to the difference in cell volume (a factor of
20).

Detectability

It was shown previously that a polymethine dye
can be detected down to 5 x 10~ '2M by semicon-
ductor laser fluorimetry.® The detection limits for
NK427 were 12 and 90 fg for methods (1) and (2),
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Fig. 1. Schematic diagram of experimental apparatus; (1) sample excited through the optical fibre, (2)
fluorescence detected through the optical fibre.

respectively. In method (1) the background signal
was due to scattering from the cell wall, and the noise
level was 0.6 uV. The background signal was negli-
gibly small in method (2), since scattering from the
cell wall was rejected by use of the optical fibre. The
noise level decreased to 0.2 uV, which was solely due
to the dark current drift of the photomultiplier. The
detection limit in method (1) was 7.5 times better than
that in method (2), which is consistent with the ratio
of the sensitivities and noise levels (9.3). The optical
fibre has a numerical aperture of 0.2 which corre-
sponds to an f-number of 2.4 for a fluorescence
collection lens in method (2). Thus the collection
efficiency of the optical fibre is comparable to that
obtained by using an ordinary condensing lens. It is
emphasized that the absolute amount of the sample

in the detection volume was 140 ag in method (2),
since the detection region was severely restricted by
the focused laser beam and the optical fibre.

A further improvement of the detection limit may
be possible. A semiconductor laser with an output
power of 100 mW is already commercially available,
and a laser with an output of 2.6 W has been
reported.” Although a laser with an increased output
power will give a larger fluorescence signal, the
background noise will also increase for method (1). In
this case, stabilization of the laser output power is
essential to permit cancellation of the background
signal. It is claimed that feedback control of the
output power with a specially designed integrated
circuit (Sharp Co.) can reduce variation in the output
power to less than 0.002%. On the other hand the

Table 1. Comparison of the optical-fibre fluorescence-detectors

Excitation through Detection through

the optical fibre
[method (1)}

Item

the optical fibre
[method (2)]

Cell volume, nl
Background signal, u¥
Noise level, u¥
Detection limit

for NK427, fg

60 3

8.5 negligible
0.6 0.2
12 90
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background signal is negligible in method (2), and
therefore the sensitivity is readily improved by in-
creasing the output power of the exciting source.
Cooling of the photomultiplier reduces the noise
from the dark current, and gives an improvement in
detection sensitivity by more than an order of mag-
nitude.

The emission wavelengths of semiconductor lasers
have been significantly shortened over the past few
years. A continuous laser at 671 nm® and a pulsed
laser at 579 nm® have been reported. The application
of semiconductor laser fluorimetry is limited to poly-
methine dyes at present, but will be widely used in
many practical applications using various fluorescent
reagents in the near future.
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COPPER((II) COMPLEXES OF CYCLIC
TETRA-AZATETRA-ACETIC ACIDS—UNUSUAL FEATURES
AND POSSIBLE ANALYTICAL APPLICATIONS

RitA DELGADO, J. J. R. FRAUSTO DA SiLva and M. CANDIDA T. A. Vaz
Centro de Quimica Estrutural-Complexo 1, Instituto Superior Técnico, Lisbon, Portugal

(Received 6 September 1985. Accepted 8 November 1985)

Summary—An examination of the copper(II) complexes of some cyclic tetra-azatetra-acetic acids has
shown that the 1,4,7,10-tetra-azacyclotridecane-N,N’,N",N "-tetra-acetic acid complex has an unusually
high molar absorptivity and other favourable characteristics which make this ligand a convenient reagent
for the fast and easy spectrophotometric determination of moderately small quantities of copper.

In previous works'? we reported the synthesis and the
results of a study of the complexation properties in
aqueous solution of a family of cyclic tetra-azatetra-
acetic acids with 12-15-membered rings (I). Stability
constants of the alkaline-earth and first-series
transition-metal jon complexes were determined,’
and also the thermodynamic parameters of the
corresponding formation reactions.’

\/
r N
", W)

HOOCCHZ/ \—Q——/ \CH COOH

Scheme 1.

HOOCCH, (CH;), CH, COOH

1
General formula of the cyclic tetra-azatetra-acetic acids
am=n=p=2
1,4,7,10-tetra-azacyclododecane-N,N', N, N ”-tetra-acetic
acid; cDOTA
bm=3n=p=2
1,4,7,10-tetra-azacyclotridecane-N,N’,N”,N ”-tetra-acetic
acid; cTRITA
cm=p=3;n=2 :
1,4,8,11-tetra-azacyclotetradecane-N,N’,N”,N"-tetra-acetic
acid; cTETA
dm=n=p=3
1,4,8,12-tetra~azacyclopentadecane-N,N',N" N "-tetra-acetic
acid; cPENTA

This note summarizes the results of a study of the
electronic spectra in the visible region and of an EPR
study of the copper(II) complexes of these ligands. In
one case there are some curious features that might
lead to analytical applications. A more detailed anal-
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ysis of the electronic spectra of the nickel and cobalt
complexes will be reported elsewhere.’

In Fig. 1, the visible-region electronic spectra of the
copper(I) complexes of cDOTA, cTRITA, cTETA,
cPENTA and EDDA are presented and Table 1
summarizes the results in terms of absorption
maxima and molar absorptivities, and also gives the
corresponding EPR data.

The most striking observation is the high energy
of the absorption band of the Cu—TRITA complex
and the abnormally high molar absorptivity of this
complex, due to a d—d transition.

The EPR spectra of the aqueous solution of the
complexes at 77 K are typical of elongated tetragonal
copper species, with g,>g, >2.04 and (g, —2)/
(¢, —2) = 4 and hyperfine splitting in the g, region.
The g, values vary between 2.2 and 2.3—Table 1.

The stability constants of the complexes of the four
ligands with this metal ion are similar' and analysis
of the thermodynamic parameters suggests that only
2 or 3 nitrogen atoms and 2 or 3 carboxylate groups
are involved in the co-ordination.?

However, the results obtained in the present work
point to a predominant nitrogen-donor environment
for copper in the ¢TRITA complexes and to a
predominant oxygen-donor environment in the
c¢DOTA complex; the cTETA complex and, particu-
larly, the cPENTA complex have an intermediate
character, i.e., a 20 + 2N environment. Cu—cDOTA
has properties close to those of Cu—<EDTA, and
Cu—PENTA is very similar to Cu-EDDA, Table 1,
but the values of g, and A, for Cu—cTRITA approach
those of the copper—amine complexes."® The struc-
ture of Cu—DOTA has been determined in the solid
state;* two nitrogen atoms and two carboxylate
groups are co-ordinated in the equatorial plane and
the two further nitrogen atoms are almost axial
(the N-Cu-N angle is 152.6°); however, the EPR
spectrum of a solution at pH 9 is more in agreement
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Fig. 1. Visible spectra of the copper(II) complexes of cDOTA (—-—), ¢cTRITA (—-—-— , cTETA

(~—), ¢cPENTA (—@ @ @), EDDA (—0O O O—).

with a set of IN + 30 donor atoms at closer distances
to the copper(Il) ion.* The same can be said for the
EDTA—copper complex, which in aqueous solution
(pH > 3) gives a curious EPR spectrum that indicates
an equilibrium between two forms.” The g and 4
values quoted were calculated by assuming that the
complex has tetragonal symmetry, and for one of the
forms are close to those reported for single crystals of
CuH,EDTAS® which does indeed have 1N + 30 donor
atoms at closer distances.

The similarity of Cu—<TETA and specially
Cu—<PENTA to the copper complex of ethyl-

enediamine-N,N’-diacetic acid (EDDA) is not sur-
prising, given the higher degree of flexibility and
lesser stereochemical constraints in the two larger
macrocyclic ligands. Accordingly, two nitrogen
atoms and two carboxylate groups must be the
closest donors in the co-ordination sphere of copper,
as occurs in the EDDA complex.

The structure of Cu—cTRITA cannot be predicted
from these observations. It is clear that the intro-
duction of just one methylene group in one of the
ethane chains of ¢cDOTA leads to significant changes
in the conformation of the ligand and in the orien-

Table 1. Characteristics of the visible-region electronic spectra, and EPR parameters
of some copper cyclic tetra-azatetra-acetate and other polyaminocarboxylate com-
plexes in aqueous solution

Electronic spectrat

EPR spectra§

Ligand V,om™t e, moledom™! £, g A0 em™!
cDOTA 13620 100 2.062 2.300 150.3
cTRITA 16390 370 2.047 2.202 190.6
¢TETA 15480 70 2.050 2.249 168.0
c¢PENTA 14300 70 2.050 2.249 178.0
EDDA* 14900 118 2.049 2.237 187.0
EDTA* 13600 99 2.071 2.343 1559
(two forms) 2.071 2,295 166.0
NH; (various) ~205 ~220 —

*Values calculated for tetragonal symmetry.
+Experimental conditions: 7 = 25.0°C; ligand to metal ratio 1:1; Cy, =4 x 107°M;

pH ~9.

§Experimental conditions: 7 = 77 K; microwave power 2 mW; modulation ampli-
tude | mT; microwave frequency 9.280 GHz; scan-time 200 sec; ligand to metal

ratio 25:1; pH 9.
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tation of its donor groups. Hence a complex of
low symmetry is obtained; this accounts for its high
molar absorptivity in the visible region (cf. the results
obtained by other authors for some deliberately
designed non-symmetrical copper complexes in which
transitions other than d—d are not expected®).

The absorption band is also shifted to higher
energies and the value of g, close to that found for
various amine complexes of this metal, suggests that
at least three nitrogen atoms are closer in the co-
ordination sphere of the complex, but this is all that
can be inferred from the spectra. On the other hand,
the thermodynamic data suggest that two carboxylate
groups are also co-ordinated, probably at greater
distances.

The molar absorptivities of the complexes of
c¢TRITA with Ni, Co and other metals commonly
present in metal alloys are substantially lower than
that of the Cu complex in the wavelength range of its
maximum absorption. This fact, the high molar
absorptivity of the complex, the stability of the colour
and the wide range of pH at which complex-
formation is complete, make cTRITA a convenient
reagent for the fast and easy spectrophotometric
determination of moderately small quantities of
copper in metal alloys, down to a level lower
than that possible with ethylenediamine-N,N’-di-o-
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propionic acid, which we have previously proposed
for the purpose.!'®
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STUDIES ON EXTRACTION OF MANGANESE(IT) WITH
1I-PHENYL-3-METHYL-4-ACYL-5-PYRAZOLONE
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Department of Chemistry, Meisei University, Hodokubo, Hino, Tokyo 191, Japan
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Summary—The extraction of Mn(II) with 1-phenyl-3-methyl-4-acyl-5-pyrazolone (HA) in MIBK has been
studied. Mn(II) is extracted as MnA,. The extraction constant for each 4-acyl compound was calculated.
The effect of temperature on the extraction of Mn(If) has also been investigated.

Since the introduction of the synthesis of 1-phenyl-3-
methyl-4-acyl-S-pyrazolone derivatives by Jensen,'
numerous studies on metal extraction with these
reagents have been reported. Of the various reagents
in this series, 1-phenyl-3-methyl-4-benzoyl-5-
pyrazolone (HPMBP) is the most popular. It is easily
prepared by benzoylation of l-phenyi-3-methyl-5-
pyrazolone, and is characterized by good chemical
stability and its ability to extract metal ions at
relatively low pH. HPMBP has been extensively
employed for the efficient extraction of actinides,?’
lanthanides," and other ions.>® Recently, we
have systematically synthesized 1-phenyl-3-methyl-
4-acyl-5-pyrazolone derivatives of the type
(C,iHyN,0)(C, H,, , ,CO)(n =2~11) and studied the
extraction of Cu(II) with these reagents.” These 4-acyl
derivatives have pK, values lower than those of other
B-diketones, such as thenoyltrifluoroacetone and
acetylacetone. Therefore, it was hoped that these
derivatives might prove to be more attractive as
ligands for the extraction of metals.

As part of this study on the properties of the 4-acyl
derivatives in the extraction of metal ions, attention
has been paid to the extraction of Mn(I). The
extraction constants have been calculated, and the
relative effectiveness of the 4-acyl derivatives as
extractants compared. The effect of temperature on
the extraction of Mn(II) has also been investigated.

EXPERIMENTAL

Reagents

The manganese stock solution was prepared by dissolving
the pure metal in perchloric acid, and diluted to I ppm
Mn(11) concentration for the extraction studies. The 4-acyl
derivatives were synthesized as previously described' and
used in MIBK solution. They were purified by several
recrystallizations from methanol, and the analytical data are
given in Table |. The reagents are denoted by C,, in which
N is the number of carbon atoms in the acyl chain. All other
reagents were of analytical grade.

Extraction and analytical procedure

Equal volumes (8 ml) of the aqueous (I ppm Mn) and
organic (0.01M reagent in MIBK) phases were shaken
together mechanically for 30 min in a 50-ml glass-stoppered
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centrifuge tube at 25°. After centrifugation the two phases
were separated and the pH of the aqueous phase was
measured. The concentration of Mn(II) in the aqueous
phase was determined by atomic-absorption spectro-
photometry. The amount of Mn(II) extracted into the
organic phase was obtained by difference. Except for
the interference studies all experiments were done with the
aqueous phase adjusted to ionic strength 0.1 with sodium
perchlorate. The pH of the aqueous phase was adjusted with
0.1M acetic acid—sodium acetate buffer solution.

RESULTS AND DISCUSSION

The liquid-liquid extraction was done in the
conventional manner with the reagent dissolved in
the organic phase and the metal ion in the aqueous
phase. The extraction of Mn(II) with 0.01M 4-acyl
derivative solutions in benzene is negligible over the
pH range studied (3.5-5.5). However, when MIBK is
used as the organic solvent the extraction is consid-
erably enhanced, as shown in Fig. 1. We consider that
the enhancement must be related to a synergistic
effect by MIBK, as indicated by Fig. 2. Plots of log
D vs. pH for extraction of Mn(II) with HPMBP or
the 4-acyl derivatives into MIBK all had a slope of
2, indicating the release of two protons per metal ion
extracted. Log-log plots of D wvs. ligand concen-
tration also gave straight lines of slope 2, for
HPMBP, C;, C; and Cj,, indicating a 2:1
ligand-Mn(II) ratio in the extracted species. Thus,
the extraction can be represented by

(h/lnz+ )aq + 2(HA)org:(MnA2 )org + 2(H+ )aq
Kex = [MnAZ]org [H * iq /[Mn2+ ]aq [HAlgrg

where HA represents the ligand and A its anion, K,
is the extraction constant for the manganese complex,
and org and aq denote the organic and aqueous
p