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Summary—The following methods of determining lanthanides in geological samples are reviewed
together with the separation techniques necessarily associated with them: neutron-activation analysis
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atomic-absorption and flame-emission spectrometry, plasma-source emission spectrometry, mass spec-
trometry, X-ray fluorescence spectrometry, and spectrophotometry.

The determination of lanthanides in geological sam-
ples is one of the most difficult and complicated
analytical tasks, especially at trace levels, because of
the similarity of their chemical behaviour. The ele-
ments which are frequently encountered in rock
analysis are classified geochemically in Fig. 1. Those
primarily associated with oxygen are termed litho-
philes and the lanthanides fall into this group. Litho-
philic ions have rare-gas electronic structures and
consequently are not readily polarized. Secondary
differentiation is influenced by the relative size of the
cations, the bonding tendencies of the elements,
fractional crystallization from the magma, and the
densities of the compounds formed. The f-series
metals in their usual oxidation states are bonded
mainly to highly electronegative elements, usually
oxygen or fluorine.

Knowledge of the fundamental laws governing the
distribution and redistribution of elements during
metamorphic processes, efc., enables geochemists to
predict the probability of the occurrence of eco-
nomically interesting minerals in a particular geolog-
ical environment. Particular interest is attached to the
mineralization processes occurring during alteration
of the rock by hydrothermal action.

In the study of ore deposits, as well as in petrology,
the distribution of trace elements casts light on the
genesis of ore bodies. The rare-earth elements (REE),
because of their similarities, serve as a particularly
suitable group of indicator elements. The deter-
mination of REE in other materials is also of interest.
The presence of trace quantities of REE in high-
purity metals, semiconductors and glasses has an
important influence on the electrical, magnetic, me-
chanical, nuclear and optical properties. The mech-
anism of lanthanide leaching and migration is well
established in the geochemical literature.!* The light

lanthanide ions are materially larger than those of the
heavy lanthanides and tend to be excluded from
common rock-forming minerals during the processes
of crystallization. It follows that the hydrothermal
alteration of a rock may result in a change in the ratio
of lighter to heavier lanthanides.

The equilibria between the solid and fluid phases
will be affected by the presence of complexing species
such as C1~, F~, CO}~ and PO}~ ions, for example.
The movement of the fluid phase within the geologi-
cal structure will cause a displacement, not only of
the REE but of all dissolved species, many of which
may be metallic elements of commercial significance,
e.g., Cu, Pb, Au, Mo. Rational strategies of pros-
pecting for micas, molybdenite, zircon, niobium-
tantalum and lithium minerals, beryl, spinels and
tourmalines, to name but a few species of interest,
may depend in future on the techniques of analysis
for REE.

The foundations of the classical analytical scheme
for the determination of all the major elements were
laid in the 19th century. By 1920, two notable
textbooks on rock analysis had been published.®” The
methods described are now regarded as too time-
consuming, and since about 1950 various “rapid”
analytical schemes have been proposed as alterna-
tives.*'* Interest in the minor components of silicate
rocks has continued almost uninterrupted to the
present day, with current work emphasizing deter-
mination of elements at below the ug/g (ppm) level.

To meet current geochemical requirements, multi-
element analytical tools are required. The intro-
duction of optical emission spectroscopy by Gold-
schmidt was followed by X-ray fluorescence and
neutron-activation methods. The newest devel-
opment is the use of an induced or directly coupled
plasma for optical emission spectrometry and mass
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Fig. 1. Geochemical classification of the elements. Some elements display more than one type of
behaviour. *Ln = lanthanides. (Reproduced, by permission, from J. F. Ferguson, Inorganic Chemistry and
the Earth, p. 20. Pergamon Press, Oxford, 1982.)

spectrometry. In general, these methods permit the
detection of elements at below the ppm level. Classi-
cal spectrophotometers and atomic-absorption in-
struments have been much used for single-element
determinations. Unfortunately, these instrumental
methods suffer more or less from matrix or inter
element interference effects, which restricts their ap-
plicability in some cases, and requires use of sepa-
ration techniques. The need for and importance of
separation techniques will be made evident in the next
section where the matrix effects involved in neutron
activation, emission spectrometry, X-ray fluorescence
and spectrophotometric methods will be briefly dis-
cussed.

NEUTRON ACTIVATION ANALYSIS (NAA)

Neutron activation is among the most sensitive
techniques for determination of the REE. The sample
is irradiated with a flux of thermal neutrons, generally
in a nuclear reactor. The constituent elements absorb
neutrons, forming artificial radionuclides, the radio-
activity spectrum of which is measured and inter-
preted in terms of the amounts of the various ele-
ments present. An advantage of this technique is that
the detection limits can be fixed by the analyst
through choice of neutron flux and irradiation time.
Furthermore, multieclement determinations can be
performed on a single aliquot of sample without
chemical separations. This is termed non-destructive
instrumental neutron-activation analysis (INAA).
For multiclement 7y-ray measurements, a high-
resolution detector of the Ge(Li) type is used -in
combination with a multichannel analyser.

Geochemists have applied NAA to REE deter-
mination.'*'® De Soete et al.'® have provided a de-
tailed discussion of all aspects of neutron activation.

The multicomparator method is used for precise
work. In this method, standards containing known
amounts of the element of interest are irradiated
along with the samples and the induced activity is
measured under the same conditions. If the matrix

elements have high absorption cross-sections, errors
may arise from self-shielding effects. This type of
error can be avoided by irradiating a sufficiently
dilute sample or by prior separation of the elements
having high absorption cross-sections. Gadolinium,
for example, has the largest neutron absorption
cross-section (4.9 x 10* barns), which results in an
average neutron attenuation of 1% in a sphere of
Gd,0, with a radius of 0.12 um and a mass of only
5 x 1074 g. Massart and Hoste determined Lu in a
50-mg sample of gadolinite by dissolving the sample
and irradiating an aliquot of chemically separated
REE solution. Turkstra and Van Droogenbroeck?'
reduced the effect of self-shielding in lanthanide-rich
carbonatites by diluting the powdered sample with
pure quartz.

The sample usually becomes highly radioactive
upon irradiation and in such cases the post-
irradiation treatment has to be performed with great
care behind proper shielding. The y-ray spectra of
irradiated rock samples may be dominated by iso-
topes of Mn, Na, Sc, Fe, Co etc. from the matrix
material, which swamp the y-ray spectra of the
REE.? The nuclide of interest may be formed by
competing nuclear reactions such as (n, p), (n, ) and
(n,f). For a given nuclide, of course, the y-ray
spectrometer cannot distinguish between the nuclei
produced from the analyte of interest and those
produced from interfering elements by the competing
reactions, 2>

Some of the important interferences in instrumen-
tal neutron activation analysis are given in Table 1.
Boynton® and Bereznai®® have discussed other types
of interference. Among the light REE group, the
nuclides that are suitable for INAA may also be
formed as uranium fission products, and may be
detected even when La, Ce, Nd and Sm are totally
absent from the original sample. The presence of
uranium in a sample enhances the values of La, Ce,
Nd and Sm determined by INAA if appropriate
corrections are not made for the interference. Re-
cently, Ila et al.”” reported that in a S-hr irradiation,
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Table 1. Interferences in the NAA determination of lanthanides

Analytical Interferences to be considered
Parent isotope Product isotope Half-life y-ray, keV for various reasons, (y-ray, keV)
“Sc %S¢ 838 d 889.26 190TH(879.4); ''*"Ag(884.7)
1921r(884.5); “Ti(n, p)*Sc
9912 40 5 40.22 hr 328.8; 1596.4 B5U(n, f); *Na; PNp(334.3)
4Ce e 324d 145.4 B5U(n, f); ¥Fe(142.4); 1°Yb(144.8)
133Pa(145.4); '%2Ta(152.4)
4SNd “INd 1098 d 91.03; 531.4 B5U(n, £); '®YD(93.6); '¥Ba(537.2)
152Sm 1538m 46.44 hr 103.2 B3U(n, f); Np(99.6, 103.8)
153Gd(103.2); '**Ta(100.1)
BSlEy S2Ey 132y 121.78 1Y b(118.2, 130,53); '**Ba(123.7)
1408.02 134Cs(1400.4)
74Yb 5Yb 101 hr 396.32 23Pa(398.5); 'Tb(392.5);
Y1Ba(404.3)
1761 u 7Ly 6.71 d 208.4 Np(209.8); '*'Ba(216)

1 mg of uranium was found to be equivalent to 0.28
mg of Ce and 0.23 mg of Nd. Uranium, therefore,
must be separated when REE are determined in
uranium-rich minerals or ores.

Another type of interfering nuclear reaction is the
second order interference, for example of the type

B-
ax(n’ ,Y)a+lx - a+lY(n, ,Y)a+2Y

Interferences of this kind have been examined by
Op de Beeck.? In cases where the nuclide “X has a
large activation cross-section, appreciable difficulties
are encountered if trace amounts of the element Y are
to be determined in a sample of element X by means
of the radioisotope **2Y. If, for example, a dys-
prosium sample is irradiated for 22 hr at a flux of
5x 102 n.cm~%. sec™! for the determination of hol-
mium, the '“Ho produced would interfere in the
determination of the native holmium. Consequently
this type of interference can be serious in cases where
an element is to be determined in a matrix of an
adjacent element.

Mosen et al.” and Haskin et al.*® reported obtain-
ing accurate results for many analyses in which the
individual radionuclides were separated by ion-
exchange. Their procedures are very laborious com-
pared with the purely instrumental method of NAA.
The use of lithium-drifted germanium detectors fur-
ther eliminates many of the interferences.

Melsom* compared rock analyses by INAA with
analyses that incorporated a radiochemical group-
separation and concluded that the two methods gave
essentially the same results. However, improved
methods have subsequently appeared and it is evident
that separation of the REE in one or more groups
leads to better precision and accuracy, with errors
approaching +5% or better.>** Some authors point
out that the chemical yield in precipitating REE
varies widely between the various elements. Time-
consuming re-irradiation of the carriers is required in
order to determine the chemical yields accurately.

The simplicity of the instrumental method is very
attractive but it should be emphasized that its accu-
racy is very dependent on the composition of the

sample. Moreover, the non-destructive technique has
poorer sensitivities. A group-separation, whether
based on classical or modern methods, is very de-
sirable in order to improve the sensitivity, accuracy
and confidence in the results. It may be desirable or
necessary to analyse 510 g of sample. A chemical
concentration process would then be required.

Separation methods

The procedures used for the separation of the REE
as a group from the interfering elements have in most
cases been based on classical hydroxide—fluoride or
hydroxide-oxalate precipitation cycles with carriers.
These procedures can be applied either before or after
irradiation of the sample. A commonly used sepa-
ration procedure for the REE includes the following
steps.

(?) Fusion of an irradiated sample in a nickel or
zirconium crucible with sodium peroxide and hydrox-
ide in the presence of REE carriers.

(ii) Dissolution of the fusion cake with water or
dilute acid.

(iii) Addition of sodium hydroxide or ammonia to
precipitate REE hydroxides.

(iv) Separation of iron by extraction with di-
isopropyl ether from hydrochloric acid medium.

(v) Separation of scandium.

Separation of scandium is an important part of the
scheme, because its isotopes have strong y-ray peaks
which may interfere with REE peaks. Scandium can
be removed either by diethyl ether extraction in the
presence of ammonium thiocyanate or by precip-
itating the REE fluorides, separating the precipitate
by centrifugation, dissolving it in a mixture of boric
acid and nitric acid, and precipitating the lanthanides
as hydroxides with ammonia.” This procedure is
repeated 2 or 3 times, since only about 50-80% of the
scandium is separated each time. The final hydroxide
precipitate is dissolved in dilute hydrochloric acid
and used for y-ray measurement.

Yttrium is usually not determined along with the
separated lanthanides, because it lacks suitable y-ray
peaks. However, Steinnes® reported that it may be
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Fig. 2. Flow diagram of the pre-irradiation separation of REE from a silicate matrix.¥

determined by f-counting of the isolated lanthanides
plus yttrium fraction, but corrections for lanthanide
interferences are required.

Before the advent of Ge(Li) detectors, methods
based on group-separation and subsequent chro-
matographic separations had to be used in order to
obtain reliable data for many REE simultaneously.
Separations based on elution from a cation-exchange
column with a suitable complexing agent have been
the most popular.? Other types of separation such as
anion-exchange in the presence of EDTA?Y and
anion-exchange in mixed solvents®* have also been
used.

Separation of the REE from the matrix before
irradiation is fairly uncommon in activation analysis,
but is gaining popularity with the introduction of
reversed-phase chromatography in inorganic anal-
ysis. In the determination of rare-earth impurities in
metallic uranium, the interference due to bulk ura-
nium has been suppressed by passing the sample
through a cation-exchange column before irra-
diation.® The method developed by Klein* is based
on digestion of the sample with hydrofluoric acid and
perchloric acid, and double precipitation of the REE
as oxalates to separate them from traces of Mg, Mn,
Fe and Co. The REE are then separated from Sc, Th
and the carrier by simple ion-exchange operations.
The scheme is shown in Fig. 2.

In this type of chemical separation before activa-
tion, a blank should always be carried through the

procedure. A blank problem does not occur with
post-irradiation separations. Finally, it should be
mentioned that the neutron-activation technique is
highly sensitive for the REE. It can be successfully
employed for the determination of extremely low
concentrations of REE in various natural samples
when combined with chemical separations that in-
crease the sensitivity and reduce interference.

SPECTROCHEMICAL ANALYSIS
Atomic absorption and flame emission

Optical emission spectrometry is the oldest instru-
mental method known for analysis of terrestrial
matter. In principle, a minute quantity of sample is
vaporized and excited sufficiently for it to emit light.
The intensity of emitted radiation is measured and
related to the elemental concentration. Excitation
may be achieved in several ways. The classical arc and
spark sources as well as glow discharges have been
thoroughly reviewed by Barnes.*”* These methods
have been widely used and will not be further dealt
with here.

A nitrous oxide-acetylene flame with a solution
nebulizer attachment has been used to determine
scandium, yttrium and the lanthanides by emission
spectrometry.*® Spectra obtained with this excitation
system are relatively simple and give much better
selectivity than arc and spark source spectrometry.
Interelement interferences are eliminated in all cases
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by choice of appropriate wavelengths. Greater sensi-
tivity is achieved when the metals are converted into
perchlorates and these are taken up in ethanol instead
of water. Ooghe and Verbeek* have determined all
the lanthanides except Ce and Pm by atomic-
absorption spectrometry (AAS). They obtained good
sensitivity by employing 80% methanol solutions and
adding sodium or potassium chloride to suppress
ionization. The method was applied to bastnasite,
monazite and gadinolite. It is fortunate that the
elements for which AAS is least sensitive, e.g., La and
Nd, are those that are more abundant in most natural
samples. On the whole, however, AAS methods for
the REE are less sensitive than for the majority of
metals.

Van Loon et al¥ have determined Y, Eu and
elements 65-71 in minerals by AAS with aqueous
sample solutions. The lowest values determined were
ca. 0.05%. They pointed out that determination
of Lu, Tb and Dy was not as sensitive as by X-ray
fluorescence. Sen Gupta**® used ethanol sample solu-
tions and determined the more sensitive REE, Y, Nd
and elements 66-70 by AAS, and La, Pr, Sm and Dy
by flame emission. Microsample injection afforded a
sensitivity comparable with that of electrothermal
vaporization. Good results were obtained with seven
standard samples, and in one of these, SY-2, the
concentrations of some REE, e.g., Eu, were less than
10 ug/e.

Electrothermal vaporization from a tantalum-lined
furnace has been recommended.* Both foil and sput-
tered tantalum have been used. The use of such a
furnace improves the sensitivity and lessens mem-
mory effects. By this means, and by incorporating
isolation of the REE by ion-exchange, Sen Gupta®!
achieved 10-40 times better sensitivity than with the
simple graphite furnace applied directly. These sensi-
tivities compared well with those achieved by NAA.
Papp* has used a graphite furnace as a source for
emission spectrometry.

Plasma source emission spectrometry

Electrically generated plasma sources for spec-
trochemical analysis are currently the subject of
vigorous investigation and are being applied to the
analysis of geological materials for a large variety of
trace elements.

A plasma is any luminous volume of gaseous
mixture in which a significant fraction of the atomic
or molecular species is present as ions. There are
three types of inert-gas electrical plasma sources now
available, differing in the number of electrodes which
are necessary to sustain the plasma.

(1) Direct-coupled argon plasma jet (DCP) with 2
or 3 electrodes.”

(2) Microwave-induced plasma (single elec-
trode),>** which is not widely used.

(3) Inductively-coupled torches (ICP) which are
electrodeless.*’

Inductively-coupled plasma atomic-emission spec-
troscopy (ICP-AES) is becoming increasingly popu-
lar. When the plasma is generated in argon, the
method is sometimes designated as ICAP-AES. Mass
spectrometry with a plasma source is referred to as
ICP-MS.

The plasma methods provide some of the most
useful and specific means for the determination of the
REE clements at trace levels. Even though the chem-
ical properties of the various lanthanides are very
similar, the spectra of these elements are just as
unique as those of other elements. Direct excitation
of the sample with ICP or DCP provides good
detectability, precision and accuracy, if the sample is
sufficiently pure. Because the physical properties of
these plasmas offer excellent performance and oper-
ational advantages over arc and spark emission
sources, most geochemical laboratories and many
others appear to favour either ICP or DCP.

In general, environmental and geochemical sam-
ples provide diverse matrices that are exceptionally
complex, both chemically and physically.”> The com-
plexity of such samples raises the possibility that
interelement effects of various types or spectral inter-
ferences may introduce errors in the determination
of REE. Some possible interferences are listed in
Table 2.

An electrical plasma is an efficient excitation
source. As a consequence, all types of plasma atomic
emission can be affected by many interference prob-
lems. The most significant of these are spectral inter-
ferences resulting from stray or scattered light, broad-
band continuum emission, broadened matrix-element
lines and direct spectral overlap. It is possible to
eliminate or minimize these interferences in several
ways. One involves the use of a high-dispersion,
high-resolution monochromator.”®* The echelle
monochromator has more than enough resolution to
provide reliable determinations when there are cases
of suspected interference.® The resolution and dis-
persion available allow a high degree of line-isolation
and the effect of broad-band background radiation is
minimized. However, high resolution alone cannot
alleviate every kind of spectral interference. Broad-
ening of spectral lines in electrical plasmas can occur
to such an extent that some very close pairs of lines
are not inherently resolvable. In some cases, alkali-
metals, alkaline-earth metals, Al, Ti, Si, W, Mn, Fe
and other matrix components can be so abundant
that they cause significant background signals and in
some instances direct spectral overlap (Table 2). In
such a case the operator must select a line different
from the usual one for the element of interest.

Enhancement of spectral lines by matrix constitu-
ents has been reported to occur in DC plasma jets.
This effect is most likely to occur in cases in which
easily ionizable elements are present in large concen-
tration. In such situations, it is advisable to use some
form of matrix-matching or matrix buffering, e.g.,
addition of lithium or strontium to all solutions. The
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Table 2. Interference data for DCP

Sensitive Equivalent analyte concentration given by 100 mg/l. matrix element, mg/!.

Analyte wavelength,*
element nm Al Ca Fe Mg Ti w Th 8] v Nd La
La 408.672 0.008 0.1 001 0005 — — — - -

Ce 418.660 0.06 0.3 0.1 — — 03 — 2 - —

Pr 440.882 0.0t 03 0.06 0.03 — — 4 8 3 2
Nd 430.538 0.04 04 0.05 — - — 1 - = - =
Sm 443.432 0.06 0.9 005 001 - — 1 - - 2 2
Eu 381.967 — 002 001 — — — 002 — 003 3 —
Gd 364.619 0.008 0.02 0.4 0.02 02 04 05 2 - — 02
Tb 367.635 — 0.04 0.1 — 02 o1 3 3 0.9 - =
Dy 353.173 — 0.008 0.01 0.1 — — 03 03 - - —
Ho 404.544 0.03 0.3 1 0.02 — 2 _ = = - =
Er 369.265 0.02 0.03 0.06 0.01 — 04 07 0.1

Tm 313.126 0.01 0.007 0005 0005 03 — — — — — —
Yb 328.937 0001 0002 002 0002 04 — — — 3 - -
Lu 261.542 — —_ 0.07 — — 2 - = = = =

*The following wavelengths, although less sensitive than those listed above, are relatively free

from

interferences: La 398.852; Nd 430.36; Pr 422.29; Sm 442.26; Ho 345.60; Yb 398.80.

most satisfactory method is to isolate the analytes of
interest from the matrix by some kind of effective
separation. A recent examination® of the application
of DCP excitation to a wide selection of geological
standard samples provides a good demonstration of
the power and accuracy of a multielement DCP
facility. Examination of the literature shows that
direct-coupled plasma jets have not been studied as
thoroughly as other types of emission sources. They
are nevertheless being used in many laboratories to
provide reliable atomic-emission analyses for a wide
variety of sample constituents.

Mass spectrometry

Mass spectrometry is based on the separation of
charged particles according to their mass/charge
ratio. During the past few years, it has gained in-
creasing significance for earth scientists, especially
after spark-source mass spectrometry for geological
samples was pioneered by Taylor.®%? Jackson and
Strasheim® have applied the technique to geological
samples.

Since the inductively-coupled argon plasma offers
performance and operational advantages over arc
and spark sources, a new instrument was evolved that
combines ICP with a quadrupole mass spectrometer
(ICP-MS). There are two principal advantages to
ICP-MS; the spectra are simple to interpret and
largely free from interelement interferences, and in-
formation on isotopic abundances is inherent in the
method. The method is extremely useful as most of
the elements in the periodic table can be detected.
Although the limits of determination by ICP-MS
cluster around the chondritic levels for the REE,* a
preconcentration step or separation of REE into at
least two groups is still desirable. The principal
interferences are those due to isotopic mass overlaps,
or isobaric interferences, which, being predictable
from isotopic abundance tables, can easily be cor-
rected for. Mass interferences may also arise from

other species that are present in the plasma or formed
during the ion extraction stage. These include di-
atomic oxides, doubly-charged ions, and hydroxides
or other molecular species, depending on the sample
history.®® The formation of these species appears to
be inherent in the ICP-MS technique. They may not
be eliminated despite control of the operating condi-
tions. In addition, reagent salts dissolved in the
sample solution may cause suppression of signal
intensity. Although it is apparent that the presence of
the easily ionized alkali-metal atoms may suppress
the concentration of positive ions of the elements, a
full understanding of the interferences is lacking.%
Computational procedures for applying corrections
for interelement interferences in spark-source mass
spectrometry have been described by Bacon and
Ure.”

Doherty and Vander Voet® have applied similar
data-processing techniques in the ICP-MS deter-
mination of REE and yttrium in geological materials.
At the Department of Earth Sciences we have re-
cently employed ICP-MS for the determination of
REE.® Although overlaps of isotopes exist in certain
cases, an isotope without overlap can be found for
each element. However, a more serious problem
arises from the light REE forming molecular monox-
ide ions that cause interference in the determination
of the less abundant heavy REE. The interferences
are given in Table 3.

Existing ICP-source mass spectrometers exhibit
problems of stability, and therefore, reproducibility.
They lend themselves well to isotope dilution anal-
ysis, however, for in this technique stability is re-
quired only over a very short time scale. The use of
the isotopic dilution technique has been demon-
strated for geological samples, including USGS stan-
dard rocks.™™ This technique is more time-
consuming, however, because the REE must be
separated into two or more groups to reduce inter-
ferences, and Pr, Tb, Ho and Tm cannot be deter-
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Table 3. Interference in ICP-MS

Nuclide Abundance, % Oxide interference
13Cs 100.00 "Sn0O

7Ba 11.23 121SbO

¥La 99.91 280 'BTeO
190Ce 88.48 24800 '*#*TeO
4ipr 100.00 12TeO

HSNd 8.30

47Sm 15.00

3'Eu 47.8 35Ba0

191Gd 15.65 “PrO

9Tb 100.00 INdO

63Dy 24.9 “ISmO

1$Ho 100.00 SmO

I67Ey 2295 BIEuO

¥Tm 100.00 ISEu0O

BYb 16.12 7G40

L 97.40 TbO

mined, because they each possess only one stable
isotope. In spite of these limitations, it is recommen-
ded as the method of choice when highly accurate
data are required.

Separation
methods

Since the REE are present in certain rock samples
at or below ug/g levels, separation of these elements
as a group should ordinarily be incorporated in the
analysis. This separation not only allows for precon-
centration of the REE so that lower detection limits
are possible, but also simplifies the analytical prob-
lem of interference from matrix elements when geo-
logical samples of widely varying composition are
encountered.

As described in the section on NAA, numerous
types of separation of the REE from a matrix can be
found in the literature. In most cases, ion-exchange,
extraction and precipitation are suggested 727
One of the most common techniques is to concentrate
the REE with the aid of a carrier. Yttrium has been
used by Hettel and Fassel™ as a carrier because its
jonic radius is about the same as that of Dy** and
Ho’*, so in chemical properties yttrium closely re-
sembles the lanthanides. Its emission spectrum is
relatively simple, so the detection limits are not
affected by interfering matrix lines. Furthermore, any
separation scheme devised can easily be monitored by
a radioactive tracer, Y, which is a f-emitter easily
obtained from *Sr. It is essential to obtain a very
pure supply of yttrium so as to maintain low blank
values. Elements other than the lanthanides, such as
calcium and aluminium, have also been used as
carriers,® particularly for precipitation separations.”

Meloni et al.’® compared carrier precipitation of
REE as fluorides with cation-exchange separation.
Although the chemical yields of the precipitations
were inferior to the ion-exchange recoveries, the
reproducibilities were superior. Buchanan and Dale”
reported good results from the use of yttrium, which

techniques applied in plasma source

served also as an internal standard. Denechaud et
al? believe that no single element is a quantitative
carrier for all the REE. It would seem that proven
methods that do not entail precipitations are to be
preferred in general.

A consecutive cation- and anion-exchange sepa-
ration and preconditioning scheme for the analysis of
geological samples has been described by Crock and
Lichte.” The method involves a low-temperature
multi-acid digestion with hydroftuoric, nitric and
perchloric acids. If resistant minerals such as zircon
are present, a lithium metaborate fusion is used. It is
claimed that the procedure minimizes interelement
corrections, if not totally eliminate them. Separation
of scandium from the lanthanides was not discussed,
however. The procedure was applied successfully to
trace analysis of certified standard geological samples
for the lanthanides and yttrium. In the case of
silicaceous samples, silicon can be completely re-
moved from the matrix, permiting the use of some-
what larger samples. A study of the ion-exchange
procedures indicated that the recoveries of the REE
were essentially quantitative and that nitric acid was
a better eluent than hydrochloric acid.” Brenner et al.
omitted the anion-exchange step.” Yoshida and
Haraguchi® employed HPLC to separate individual
REE prior to determination by ICP-AES. Ammo-
nium lactate was used to develop the chromatograms
as it did not cause difficulties with the operation of
the torch. The retention times of copper, zinc, nickel,
sodium, potassium and lead were close to those of
some of the REE. However, interferences were slight
or negligible in the analysis of a standard rock
sample.

The use of a phosphonate-type ion-exchanger is
recommended for separating REE from other ions of
significantly different radius and charge.®' The phos-
phonate binds strongly only to large ions with multi-
ple charges, especially lanthanides and actinides. A
5x1 cm column packed with phenylated Kel-F
powder impregnated with 2-ethylhexylphenyl-
phosphonic acid and conditioned with 0.1M
perchloric acid is used to isolate the REE as a group
from the matrix elements and the REE are then
determined by DC plasma emission spectroscopy.
The flow-sheet for the separation of the REE is
shown in Fig. 3.

In the determination of trace REE, Th, U, Zr, and
Hf in certain geological materials, it is essential that
the samples be completely dissolved, as current meth-
ods involving a plasma source require solution nebu-
lization. This presents no unusual problems if the
material is completely soluble in acids, but if it is
necessary to resort to fusion, as in the case of
tourmalines, zircon, chromite, cassiterite and other
minerals, the added salt should be removed from the
sample after fusion. Large quantities of added salt
cause depression of the analyte signal intensity, clogg-
ing of the nebulizer, deposition on the orifice of the
sampler and drift in the analyte signal. Several
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l ROCK SAMPLE I

FUSION
KOz - KOH

5M HCL

Dehydrate silica

PRECIPITATE FILTER
VOLATILIZATION 1 FILTRATE
HF + HCLO,
lcOmblne
EXTRACTION
Alamine~336
Org-phase

I Aq—phasel

+ .
K, separation
as KCLQq

U, Fe, Mo, V, efc

Final solution
O0.1M HCLO.

Column
HEH@P

REE, Ti, Zr,
erc,

Elution

7.5M HNOs l I

alkali metals,
alkaline—earth metals,

0.1M HCLO,

Sc, AL, efc.

Fig. 3. Flow diagram for the determination of lanthanides in rock samples. HeHOP = 2-ethyl-
hexylphenylphosphonic acid.*!

users®>® have reported that the ICP-MS technique is
more susceptible than ICP-AES to analyte-signal
suppression by concomitant elements in the sample.
These effects are severe with boron-containing fluxes
such as lithium metaborate (LiBQ,), and thus require
separation of boron and lithium from the sample
solution. Although boron can be volatilized as methyl
borate, procedures for removal of lithium are time-
consuming. Kantipuly et al.* therefore, employed
K,B,0; as the fluxing agent in their recent work on
tourmalines. The advantage of this flux is that the.
potassium can be easily and rapidly separated as the
perchlorate, while leaving the analytes Th, U, REE,
Zr and Hf in solution. The precipitate is crystalline
and well-formed and will not co-precipitate the ana-
lytes of interest, which is reported to occur in work
with potassium superoxide as the flux in ore and rock
analysis.

The analysis of inorganic materials by the ICP
technique has a wide range of applications. A review
of trace element determination in steels® discusses the
use of ICP. The literature on emission techniques in
the analysis of geological materials has been reviewed
by Dinnin,¥” Boyko er al®® and Moore.® Kiesl®
reviewed the analysis of terrestrial and extraterrestrial
materials and dealt with the various steps required to
obtain satisfactory results, e.g., sampling and sample
preparation. Emission spectroscopy and mass spec-
trometry are certainly the most useful analytical
methods available for REE and will undoubtedly
continue to be the methods of choice.

X-RAY FLUORESCENCE SPECTROSCOPY (XRFS)

This method is based on the analysis of the charac-
teristic X-rays emitted by the elements of interest.
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Generally, the method is limited to wavelengths
between 0.03 and 0.5 nm. Recent developments in the
field of X-ray fluorescence promise progress in light-
element and routine trace elemental analysis.
MacDonald®*? has reviewed the method extensively.

XRFS is a useful and versatile method for the
determination of REE in a variety of materials.
Typical applications are analyses for REE in rocks,
minerals, ores and process solutions. As with other
instrumental methods, XRFS is subject to spectral
and other modes of interference. Since geological
samples are diverse in their mineralogy composition
and post-sampling history, it is difficult to prepare
standards suitable for determination of low concen-
trations of REE elements unless a chemical sepa-
ration step is included. For the final determination of
analytes by XRFS it is preferable that samples be in
the solid state after the concentration step.

Energy-dispersive counting with Li-doped silicon
detectors has been applied to REE determinations.”
Various modes of exciting the samples have been
employed. The use of a secondary source and the
radiation from ¥Co and *Am have been examined
by LaBrecque er al.,** who claimed that the results
obtained by these methods were similar and in accord
with neutron-activation analysis. Havranek and
Bumbalova® reported a detection limit of about 0.1
ug with a ' Am source. Synchrotron radiation has
also been used.” Gladney and Bower®’ compared
XRF and NAA with the aid of several certified
standard materials. XRF has been compared with
atomic-absorption spectrometry® and ICP-source
emission spectrometry.*

Various workers'® "2 have described methods that
correct for matrix effects and a computer program
that corrects for background interferences and mass-
absorption has been provided.'®> Bower'™ has studied
the precision and accuracy by analyses of ten refer-
ence rocks and reported that a 1-min counting time
is optimal. The same author'® has compared meth-
ods of sample preparation: lithium tetraborate discs
were preferred to powder samples. Rose et al.'®
reported a precision of better than 5% with powder
samples.

Separation methods

Generally, the chemical separation method in-
volves fluoride precipitation or ion-exchange sepa-
ration followed by lithium metaborate fusion to
produce a glass disc that serves as a uniform thin
support that does not interfere.

An anion-exchange procedure for precon-
centration of REE from apatite has been stud-
ied.!9"1% A (.5-g sample was dissolved in 1M nitric
acid. The solution was evaporated to dryness, taken
up in a 1:20 v/v mixture of 7M nitric acid and
methanol and transferred to a screw-capped poly-
ethylene bottle containing 0.5 g of dry anion-
exchange resin in the nitrate form. The batch equi-
libration has the advantage over the column

technique, of homogeneous distribution of the ion of
interest on the resin. Although the agreement be-
tween the results obtained by neutron-activation
analysis and XRFS analysis of two phosphate sam-
ples was reasonably good, the limits of determination
for the elements investigated (La, Ce, Pr, Nd) were
poor. Roelandts claimed that the detection limits
were not definitive and could be lowered by using
longer counting times.

Various separation techniques have been described
for achieving high sensitivity by producing thin sam-
ple films. Ryabukhin ez al.'® collected REE in a film
of yttrium oxalate. Chinese workers''%!!! used ion-
exchange paper or membranes (E105) and reported a
detection limit of 2.5 ug.

SPECTROPHOTOMETRIC ANALYSIS

Spectrophotometric analyses by absorption in the
visible and ultraviolet region can be performed di-
rectly on the aque-complexes of some of the lan-
thanides without the use of a secondary colour-
forming agent. Although the lanthanide absorption
bands are sharp, their molar absorptivities are not as
large as those of the coloured complexes normally
used in spectrophotometric analyses. Therefore, in
the determination of the lanthanides and thorium, the
method normally involves complexing the analyte
with a coloured organic reagent and measuring the
resultant change in its optical properties. Its ease and
simplicity often lead to a spectrophotometric method
being selected for analysis of geological materials. In
fact, colour comparison can be applied in the field
without the aid of instruments.''>!"® The continual
increase in the number of applications has been
documented in excellent review articles by Hargis and
Howell.''*!"* Comprehensive discussions of individ-
ual methods and experimental procedures for dealing
with a variety of materials, including water, ores,
rocks and soils are given in standard texts such as
those of Sandell,''® Snell and Snell,'"” Onishi''® and
Marczenko.!"® The book by Jeffrey and Hutchison"
is a valuable source of procedures dealing with
silicate rock analysis.

The molar absorptivities of most species used in
trace analysis range from approximately 10° to
10°1.mole~!.cm~! at the wavelength of maximal ab-
sorption. This enables many elements to be deter-
mined in geological materials at concentrations above
about 0.1 ug/g provided adequate separation from
the matrix can be achieved. The presence of certain
elements may cause serious interferences, as the col-
our reactions for REE are not specific. Interference
by masking or rendering the desired colour reaction
unstable may also occur. The matrix constituents
may be troublesome because of their high concen-
trations. More extensive discussion of absorp-
tiometric errors can be found in the literature!?!#
and in standard analytical texts.
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Table 4. Important chromogenic reagents used for REE and Th

Reaction
conditions, Molar absorptivity,
Element Reagent pH l.mole='.cm™! Selectivity
Lanthanides Arsenazo 111 14 5.5-6.5 x 10* low
Arsenazo 1 14 1x10* low
Antipyrine S 2-5 1x10° low
Alizarin Red S 1 x 10
Carboxynitrazo (Ce) 24 1.6 x 10° high
Thorium Thoron (I) 0.7-1.2 1.2 x 10 high
Arsenazo III 1-2 1.2 x 10° high

Methods of determining the rare-earth elements with
chromogenic reagents

Most spectrophotometric methods for the deter-
mination of REE involve reaction with a chromo-
genic reagent to form a product with a high molar
absorptivity. The choice of reagent is governed by
many factors, such as simplicity and rapidity of the
chemical procedure, chemical stability of the absorb-
ing species, sensitivity and specificity. Several chro-
mogenic reagents used for the determination of ter-
valent rare-earth ions are shown in Table 4.

None of these reagents is entirely specific for rare
earths, although Arsenazo III is somewhat selec-
tive.'” Cations with a radius of less than 0.7-0.8 A
show no colour reactions with Arsenazo III, and they
include elements commonly found in geological sam-

Sample (20 mL, 44 HCL)

ples, e.g., Al, Be, Ge, Ti and Sn. However, this
reagent also forms complexes with a large number of
other elements, including thorium, uranium and zir-
conium at low pH and iron, yttrium, scandium and
other elements at higher pH. Fluoride and certain
oxyanions such as phosphate and sulphate inhibit the
colour formation.

Goryushina ez al.'* have developed a photometric
procedure to determine the REE, in which these are
first separated from all other elements that react with
Arsenazo 11, by precipitation as the hydroxides with
ammonia, followed by precipitation as the oxalates,
with calcium added as carrier.

Other methods include precipitation of the REE
with sodium hydroxide to remove aluminium and
the alkaline-earth elements, precipitation with

TTA
|
Org Aq
0.2M HF, 0.2M HNO3 TNOA
Ul |
Org Aq
Aq
0.3M HCL pH 1.5
9M HCL
665nm TTA
Zr Aq
pH 1.5-2.0
650 nm
U
Org Aq
pH 4.7
3M HCL TTA
Aq Org
3MHCL 1M HCL
665 nm
Th Ag
pH 3.0-3.5
660 nm
REE

Fig. 4. Separation and determination of Zr, U, Th, and rare earths.'*® TTA = thenoyltrifluoracetone,
TNOA = tri-n-octylamine, Org = organic phase, Aq = aqueous phase.
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hydrofluoric acid to remove iron, titanium, zirconium
and other elements forming soluble fluorides, and
chlorination to remove elements that form volatile
chlorides including iron, titanium, aluminium and
zirconium. Various procedures for determining total
rare earths have been based on combinations of these
separation procedures, but usually incurring a
significant loss of REE amounting to 3-25%.
Aladjem'” has summarized much of the information
prior to 1966 on the spectrophotometric deter-
mination of the REE. Cerium is the only lanthanide
that can be determined selectively in the presence of
the other rare earths. This is possible by oxidation of
Ce(I1I) to Ce(IV), which quantitatively reacts with
many coloured reagents and organic dyes, e.g.,
tris(1,10-phenanthroline)iron(II), (ferroin).

A systematic separation of zirconium, uranium,
thorium and REE, and subsequent photometric de-
termination with Arsenazo III was developed by
Onishi and Sekine.'”® Each metal is back-extracted
from the organic phase before its determination. The
outline of the procedure is shown in Fig. 4.

Although some separations are inevitable, in cer-
tain cases they can be avoided by the use of masking
agents. The use of such agents in spectrophotometry
and other analytical procedures has been well covered
in the book by Perrin.!?’ For example, Savvin ef al.'®
have described a spectrophotometric method for the
determination of La, Ce, Pr and Nd in the presence
of a 650-fold w/w ratio based on the colour reaction
of the REE with Carboxynitrazo. Interference by
Fe(IT) and the heavy REE was suppressed by the
addition of EDTA.

Photometric methods, especially for elements such
as cerium and thorium, continue to be of interest, in
spite of recent developments in use of AAS,
ICP-AES and ICP-MS, which make these methods
superior for the determination of trace amounts of
individual rare earths. New, more sensitive and selec-
tive reagents have been synthesized. In addition,
techniques such as extraction photometric methods
and the use of competing ligands to improve the
selectivity of chemical methods continue to make
spectrophotometric methods both attractive and in-
expensive. Moreover, although strong claims are
made for the specificity and sensitivity of NAA,
ICP-AES and ICP-MS, some of the interferences to
which these methods are subject are poorly under-
stood and continue to cause problems.
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ION-CHROMATOGRAPHIC ANALYSIS OF MIXTURES OF
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Summary-—Determinations of the aqueous iron species Fe(I) and Fe(III) are essential for a fully-informed
understanding of redox processes involving iron. Most previous methods for speciation of iron have been
based on the colorimetric determination of Fe(lI) followed by reduction of Fe(III) and analysis for total
iron. The indirect determination of Fe(III) and the consumption of relatively large sample volumes have
limited the accuracy and utility of such methods. A method based on ion-chromatography has been
developed for simultaneous direct determination of Fe(IT) and Fe(III). Sample pretreatment involves only
conventional filtration and acidification. No interferences with the iron(II) determination were found; in
determination of iron(IIl) the only interference observed was an artifact peak (of unknown origin) that
occurred only when iron(II) was present, and had an area that was a function of the iron(IT) concentration
and could hence be corrected for. Solutions of iron(1I) free from iron(III) can be prepared by treatment
with a mixture of hydrogen and nitrogen in the presence of palladium black as catalyst, to reduce the
iron(III). Photoreduction of iron(IIl) in acidified samples increases the Fe(II)/Fe(III) ratio; no means of
circumventing this effect is known, other than storing the samples in the dark and analysing them as soon
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as possible.

Iron is one of the most common elements in the
Earth’s crust, occurring in nearly all types of rock. Its
redox and physiological properties make it an im-
portant component of the biogeochemical cycles of
elements such as carbon, sulphur and oxygen.! ~? Its
reactivity also drives numerous chemical processes in
natural waters, and it is a significant factor in the
evaluation of water quality.*

There are many shortcomings in our under-
standing of the Fe-H,O system that constrain the
application of equilibrium thermodynamics to the
solution of problems that involve iron species in
water. For example, thermochemical data for aque-
ous Fe(Il) species are especially difficult to obtain,
owing to the difficulty in eliminating oxygen and
Fe(III) from the system.® In principle, the redox
potential (E£) can be used to predict the equilibrium
iron speciation, given the total iron concentration,
but there are many problems associated with making
accurate potential measurements.>® Even if accurate
E values are available, their interpretation is compli-
cated by kinetic and complexation effects that can
cause the observed iron speciation to differ from the
ratio of Fe(II) and Fe(III) activities predicted from
the measured redox potential. The value of E can also
be calculated from the activity ratio of another redox
couple, but that ratio may not be accurately deter-
mined and the couple’s redox chemistry may not be
linked to that of iron. Since predictions based on
equilibria can only be accurate in certain situations,

*Author for correspondence. Present address: Department
of Geological Sciences, Lehigh University, Williams
Hall 31, Bethlehem, PA 18015, U.S.A.
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the most reliable way to acquire information on the
speciation of iron is to make direct determinations
of both Fe(Il) and Fe(III). Unfortunately, however,
finding direct analytical methods for iron species is
among the problems encountered in investigation of
the basic processes in the Fe-H,O system and in
studies involving iron in the environment.

Atomic absorption and emission spectrometry can
only determine the total iron concentration. Though
some methods of electronic or resonance spec-
troscopy can distinguish between Fe(Il) and Fe(llI),
they are better suited to molecules than to ions in
aqueous solution. Most practical methods of ana-
lysing for aqueous iron species involve spec-
trophotometric determination of Fe(I).>'* Fe(III) is
then reduced to Fe(Il) and total iron determined,
yielding the concentration of Fe(III) by difference.
The main drawbacks of this approach are related to
sensitivity, the level of iron to be determined, and
interferences.

This paper reports the development of an ion-
chromatography (IC) method for directly deter-
mining both Fe(Il) and Fe(IIl) in water samples. It
requires <l ml of sample and no sample pre-
treatment other than the wusual filtration and
acidification of the samples. Since its introduction,'*
IC has become a widely-used technique for analysis
of solutions'® (a non-exhaustive bibliography, avail-
able from Dionex Corp., 1228 Titan Way, Sunnyvale,
CA 94086, USA, lists over 500 citations up to 1984).
The separation and conductimetric detection of
alkali-metal and alkaline-earth metal cations are well-
established, but only recently has IC technology been
expanded to include transition and heavy metal de-
termination by spectrophotometric detection. !4’
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Fig. 1. Schematic of IC transition/heavy metal analytical system: IV =sample injection valve;
MR = membrane reactor; dashed lines indicate fluid flow paths and the solid line indicates an electrical
signal.

Principle

In analyses for iron, a small volume (10-500 ul) of
sample is injected into an eluent stream, which carries
the sample into a separator column (Fig. 1). The
eluent contains a chelating agent that forms water-
soluble complexes with metal ions, and the column is
packed with a mixed-bed resin, which separates the
complexes by differential dynamic sorption/
desorption processes.'® Once separated, the metal
complexes are treated with a colorimetric reagent in
a reactor that consists of a hollow uncharged mem-
brane fibre bathed in the reagent. The eluent stream
flows through the lumen of the fibre, where it mixes
radially with reagent permeating through the mem-
brane under pressure. Longitudinal mixing, which
causes broadening of the bands, is reduced by coiling
the fibre, which also enhances the radial mixing. The
intensity of the resulting colour, which is propor-
tional to the amount of metal present, is measured
in a flow-through spectrophotometer cell. Since the
sample volume injected is known, the original metal
concentration is readily determined.

EXPERIMENTAL

Sample ireatment

Samples were filtered through Gelman or Millipore mem-
branes with pore sizes no larger than 0.45 um. Before the
sample was collected, the membrane was leached with about
500 ml of sample or demineralized water. Each filtered
sample was collected in a polyethylene bottle that contained
a volume of redistilled 63 hydrochloric acid (G.F. Smith
Co.) that was 1% of that of the sample; the samples were
stored at 2-5°. Analyses were completed as soon as possible
after collection but always within 2 weeks (the practical
length of storage is discussed below).

Reagents and standards

Fe(II) standards. A 1mM stock solution was prepared
from Fe(NH,),(S0O,),.6H,O (Aldrich) or from Fe wire
(Baker). The solutions were made up with demineralized
water that had been deaerated under reduced pressure.
During storage, the salt was protected from exposure to air
and light. The stock solution made from it (0.3921 g/l.) was
acidified with a 1% v/v addition of redistilled 6M hydro-
chloric acid. For about 48 hr before use, the desired length
(18 cm, ~ 56 mg) of 0.23-mm diameter Fe wire was soaked,
with occasional ultrasonic treatment, in 0.18M ammonium

oxalate to remove surface coatings of hydrous Fe(III} oxide,
then quickly rinsed with demineralized water and acetone,
dried on a tissue, weighed to 0.01 mg, and dissolved in 10
ml of warm redistilled 6M hydrochloric acid. The solution
was diluted to 1 litre.

Approximately 10 mg of palladium black (Aldrich; this
material will be referred to as Pd-b) was added to the stock
iron(II) solutions, which were then purged for 15-20 min
with a mixture of hydrogen (10-30%) and nitrogen, passed
through a dispersion tube at 90~120 L/hr. This procedure
ensured complete reduction of the iron(I1I) to iron{II). The
nitrogen used was passed through a column packed with
“Ascarite” to remove carbon dioxide and then through a
heated glass column packed with copper turnings, to remove
oxygen.

After the reduction a portion of the stock iron{II) solution
was filtered through a prerinsed glass-fibre or Whatman No.
1 filter, and used for preparation of calibration standards by
dilution with 60mM hydrochloric acid. The stock solution
was always reduced before use. Calibration standards were
kept for no longer than 48 hr. It is not possible to use mixed
Fe(II)/Fe(II1) standards (see discussion).

Fe(III) standards. Commercial AAS standards for iron,
made from iron(III) chloride dissolved in hydrochloric acid,
were used as Fe(III) standards not contaminated with
Fe(1I). A 100-mg/l. stock solution was prepared by diluting
the commercial standard with 60mM hydrochloric acid, and
further diluted with this acid to give the calibration stan-
dards.

Eluent. A 6mM PDCA/50mM sodium acetate/SOmM
acetic acid solution was made by dissolving 6.8 g of sodium
acetate trihydrate (Baker) in 500 ml of demineralized water,
adding 1 g of PDCA (2,6-pyridinedicarboxylic acid, Al-
drich), and 3 ml of glacial acetic acid (Baker), and diluting
to 1 litre. The pH of this eluent was 4.5. The eluent was
purged with nitrogen (stripped of CO, and O, as above) for
about 30 min before use.

Post-column reagent. A 0.2mM PAR/3M ammoagia/IM
acetic acid solution was made by dissolving 43 mg of PAR
in 400 ml of 7.5M ammonia solution and adding 600 ml of
1.67M acetic acid. The solution was purged with nitrogen,
and stripped of CO, and O, for about 30 min, to prevent
oxidation of the PAR, which would cause a noisy chro-
matographic baseline.

Sulphite solution, 0.IM. A solution of 12.6 g of anhydrous
sodium sulphite (Baker) in 1 litre of demineralized water.

CAUTION. The inversion temperature of hydrogen is
—80°, so at room temperature hydrogen shows an inverted
Joule-Thompson effect and becomes hot on expansion.'”
The explosive limits for hydrogen are 4-75% v/v in air."”
During the course of our work, a rich mixture of H, in N,
was passed through a small glass jet into an aqueous
solution. When the jet was removed from the solution, a
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Table 1. IC operating conditions

Eluent flow: 1.0 ml/min
Injection volume: 50 ul
PAR delivery
pressure: 3.54.2 bar
flow: 0.6-0.8 ml/min
Detection wavelength: 520 nm
Recorder sensitivity: 0.16 absorbance full-scale
Time constant: | sec

bright orange 3-cm flame appeared at its tip, and was
probably caused by a combination of heating on expansion
and ignition by a static discharge as the gas passed rapidly
through the small nozzle. Although the flame was easily
extinguished, the incident emphasised the need for care in
handling hydrogen. No problems were encountered when a
gas dispersion tube was used. Palladium black is also a
potential fire hazard (it is a finely divided metal, and could
be pyrophoric) and quantities larger than a few mg should
be stored in an inert (air-free) atmosphere. Filters contain-
ing a small amount of Pd-b (<10 mg) can be weited with
water and placed in a glass or metal dish to dry. The Pd-b
will then oxidize too slowly to ignite, and once dry can be
disposed of with other dry wastes.

Potentiometric measurements

A Ross combination pH electrode (Orion 815500) was
used for pH measurements and a combination Pt electrode
(Orion 967800) for redox potential measurements, with a
Corning 135 pH/ion-meter. The redox electrode uses a
proprietary reference electrode which has a potential of
0.246 V vs. the normal hydrogen electrode.” Redox poten-
tial values (E) reported in this paper are referred to the
normal hydrogen electrode.

IC methods

The IC system consisted of an APM-1 analytical pump,
CG-2 precolumn, CS-5 analytical separator column, and
RDM-1 reagent delivery module with membrane reactor, all
from Dionex. The detector was a Knauer 87 variable-
wavelength spectrophotometer with tungsten—halogen
lamp, solid-state detector (photodiode), and 1-cm path-
length cell (12-u1 volume). The detector output was
recorded on a Kipp and Zonen dual-channel strip-chart
recorder and a Hewlett-Packard 3392A integrator. All parts
of the system in contact with fluid were non-metallic except
for the flow passages in the detector cell. From the injection
loop to the detector cell, the 0.3-mm bore PTFE connections
were kept as short as possible to minimize the dead volume.

Figure 1 shows the system configuration and Table 1 the

operating conditions.

Before a run, 0.1M sodium sulphite was pumped through
the columns at 1.0 ml/min for 1-2 hr to remove oxygen from
the system. Then eluent pumping was begun and the column
effluent was directed to the membrane reactor, the reagent
reservoir of which was then pressurized, and from there to
the detector cell. When the baseline absorbance had sta-
bilized (30-60 min after switching to the eluent), the run
could be started. Standards and samples were manually
loaded into the injection loop with a plastic syringe. Acid
blanks (60mM hydrochloric acid prepared with demin-
eralized water) were used to confirm that the syringe, acid
and sample loop were not contaminated, but were not used
in the determination.

Calculations

The peak heights were measured on the strip-chart, or the
peak areas by the integrator. Sample concentrations were
calculated from equations fitted to the calibration curves.
Linear equations were used unless a quadratic model could
be shown (by the F-test) to improve the fit significantly.

The detection limit (DL) was estimated by multiplying the
standard deviation (S} of the low standard by the Student’s
t-value (one-tailed test) for the appropriate number of
degrees of freedom at the 9% significance level (p = 0.01).
This calculation is similar to a more formal procedure?
proposed by the USEPA, which is a practical approach to
quantzizfying the detection limit as defined by IUPAC and the
ACS.

To assess the recovery, standard additions?® were made to
samples that contained only Fe(Il) or Fe(III) or a mixture
of the two. Increments of standard equivalent to 30-50% of
the amount of analyte already present were added to 4-10
ml portions of sample, which were then analysed in tripli-
cate, to give a total of 12 data points. The amount found
(nmoles) was normalized to a sample volume of 10 ml and
plotted against the amount added. The slope indicates the
recovery and the intercepts on the two axes should give the
amount initially present. A difference between the two
intercepts will occur owing to imprecision in making the
additions and in the procedure, and can also arise if the
recovery is not 100%.

RESULTS AND DISCUSSION

Preparation of Fe(Il) standards

The Fe wire was the preferred source of Fe(II)
because ammonium iron(II) sulphate is prone to
aerial oxidation. Although the degree of oxidation
normally encountered is much smaller than the ex-
perimental error in the method developed, it was
considered worthwhile trying to make as pure an
iron(II) solution as possible for future use by us and
others.

Hydroxylamine hydrochloride is widely used for
the reduction of Fe(III) but was considered unsuit-
able because of the possibility of damage to the resin
in the columns or the fibre in the membrane reactor,
and the possibility that it could be retained on the
columns and cause reduction of Fe(IIl) in
subsequently-injected samples or standards.

Hydrogen is used with a catalyst to remove oxygen
from the atmosphere of glove boxes or growth cham-
bers in studies of anaerobic bacteria,” so the possi-
bility of using this procedure was examined. In the
work with anaerobic bacteria, the hydrogen, carried
in nitrogen or a CO,/N, mixture, was passed over
Pd-coated alumina or charcoal pellets, where it reac-
ted with any oxygen present in it, to form water. In
addition, Pd-b was suspended in the bacteriological
media, which were placed in similar atmospheres. By
the catalysed reaction the oxygen concentration in
the atmosphere of a glove box was reduced to
0.001%, and a medium containing Pd-b and buffered
at pH 7 had an E value of —0.29 V.? The first step
in adapting the latter procedure to preparation of
Fe(II)-free solutions of Fe(Ill) was to determine
whether hydrogen in the presence of catalyst would
reduce dissolved oxygen to water in an abiotic
system.

The E value of a 0.1M sodium chloride/60mM
hydrochloric acid solution in equilibrium with air,
measured with a combination Pt electrode, was very
unstable, as expected for a solution with no reactive
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Fig. 2. Chromatogram obtained from 50 ul injection of
4.48uM Fe(I11)/20.0uM Fe(1l).

redox couple, and varied between +0.3 and +0.4 V.
When about 10 mg of Pd-b was suspended in the
solution and this was purged with 20% hydrogen in
nitrogen, the E value rapidly dropped to a steady
value of —0.059 V. An E of —0.068 V would be
predicted for a hydrogen partial pressure of 0.2 atm
in equilibrium with water at pH 1.5. An E value of
—0.059 V would correspond to a hydrogen partial
pressure of 0.1 atm. The E measurements were precise
to +0.002 V, but the accuracy of the mixing control
for the gases was probably very poor. In addition, the
oxidation of hydrogen on a Pt electrode tends to
attain equilibrium only slowly unless the electrode
surface area is very large (which requires a platinized
electrode surface). It was concluded that the H, /Pd-b
reduction procedure was successful for removal of
dissolved oxygen.

The ability of H, to reduce Fe(III) in the presence
of Pd-b was then investigated. A steady E value
of —0.03 V was attained for a solution of 2mM
Fe(II)/0.1M NaCl/60mM HCIl purged for 15 min
with a 20% H,/N, mixture in the presence of Pd-b.
Similar results were obtained with a corresponding
Fe(I11) solution, with purging for 30 min. The com-
puter program WATEQF? was used to calculate the
equilibrium distribution of the iron under these con-
ditions. The activity ratio Fe(II)/Fe(IlI) at pH 1.5
and E —0.03 V was 103, and the concentration ratio
10'>°, These results show that Pd-b is a suitable

catalyst for the reduction of Fe(IIl) by hydrogen.
However, Pd also catalyses the oxidation of

Fe(I1), so it is essential to filter it off from the stock
iron(II) solution before mixing the calibration stan-
dards. Without the catalyst, the hydrogen that re-
mains dissolved in solution is no longer an effective

reducing agent, and can neither damage the IC
columns nor interfere with subsequent iron analyses.
Since the Pd-b catalyst loses effectiveness with time,
it is occasionally necessary to suspend fresh Pd-b in
the solution.

Method performance

A typical chromatogram of a mixture of Fe(Ill)
and Fe(II) is shown in Fig. 2. Table 2 summarizes the
retention times, sensitivities and detection limits for
Fe and several other metals.

Calibrations for Fe(III) were always linear. Peak-
area calibrations were superior to peak-height cali-
brations, especially at the lowest concentrations. The
calibrations for Fe(II) were usually linear but occa-
sional large negative intercepts and curved plots of
residuals indicated that a non-linear calibration
model would improve the fit, especially for low
concentrations, but use of quadratic models for the
calibration curve improved accuracy over most of the
calibration range by only about 1% or less.

The response for both species was linear up to
200uM. Higher concentrations were not examined,
but smaller injection volumes, a higher concentration
of PAR (e.g., 0.4mM) and a less sensitive detector
range, can be used to extend the linear range and, in
some cases, avoid sample dilution. Concentrations
lower than 1uM can be determined by increasing the
injection volume (up to 500 ul) and using a more
sensitive detector range. With fresh PAR, a properly-
maintained membrane reactor, and a good-quality
detector, the noise in the chromatographic baseline is
low enough to permit detection of concentrations at

Table 2. Method performance

Retention
time*, Sensitivityt, DL,

Species min peak area/uM uM

Fe(III) 39 5.60 x 10° 1.22
(1.3%)

Fe(IT) 11.8 4.50 x 10° 1.46
(3.5%)

Cu 6.1 2.86 x 10°

Ni 6.8 7.00 x 10*

Zn 7.5 1.00 x 10°

Co 8.3 4.66 x 10°

Cd 8.9 1.42 x 10*

Mn 10.1 1.08 x 10°

Pb § —

*Characteristic retention time for a 20uM

injection.

tSlope of calibration graph over 2--100uM
range. For non-ferrous metals, sensi-
tivities were estimated from 1 or 2 analyses
and are presented for comparison only.
Number in parentheses is the relative stan-
dard deviation of the slope (7 replicates).
Peak area expressed in integrator counts.

1Detection limit for 50 ul injection volume
and detector cell with 1-cm path-length;
not determined for non-ferrous metals.

§No peak detected in 20 min.
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least as low as 50nM (~ 3 ug/l.). Analyses at this level
were not examined beyond determination of their
feasibility, because they require clean-laboratory con-
ditions and great care in the preparation of reagents
and standards.

The sensitivity of the method is quite high (Table
2). PAR was introduced as a colorimetric reagent
when it was realized that thanks to the chro-
matographic separation high specificity of the reagent
was no longer as important as high sensitivity.” PAR
is useful for determination of cadmium, lead, ura-
nium, and all first-row transition metals except scan-
dium, and is well-suited to the detection of metals in
IC methods, provided the metals can be separated.
Besides the sensitivity, the rapidity of PAR reactions
is an advantage in conjunction with the low-volume,
short path-length detector cells that are desirable for
chromatographic methods.

Separation and interferences

The CS-5 column and PDCA eluent were essential
for the determination of Fe(III). Fe(II) can be deter-
mined with other combinations of column and eluent,
but most other transition/heavy metal IC eluents
contain components (e.g., oxalate, tartrate or citrate)
which can form neutral complexes with Fe(Ill) that
are eluted in the column void volume, whereas PDCA
forms an anionic complex with Fe(III) which thus
undergoes retention in the CS-5 column.

Solutions of several other metals were injected to
identify potential interferences. None of the metals
tested showed any interference with the iron deter-
mination (Table 2), but some modification of this
method may be necessary before all of them can be
simultaneously resolved.

The only significant interference is a peak that
overlaps that for Fe(III). Early in the development of
this method, it was thought that this peak was due to
Fe(III) present in the Fe(II) standards. Efforts were
made to eliminate the peak by adding reductants for
Fe(III), but the peak area could not be reduced below
a constant value for a given Fe(II) concentration and
the peak shape was different from that for pure
Fe(IIT). The size of the peak was the same (within
3%) whether the Fe(II) standards were made from
ammonium iron(II) sulphate, iron wire, a non-
stoichiometric iron(II) sulphate, or a reduced Fe(1IT)
standard, or whether the reducing agent was hydro-
gen (with Pd-b) or hydroxylamine hydrochloride. The
cause of this peak is unknown, but it is evidently not
Fe(I1I).

Attempts to eliminate the interference by sepa-
rating the artifact from the Fe(III) peak by using
eluents with less PDCA, lower pH, or both, were
tried, but the main effects were merely to increase the
retention time of Fe(IIl) slightly and that of Fe(II)
considerably (to > 18 min).

The interference was finally dealt with by applying
an empirical correction based on the observation that
the artifact area was proportional to the square root

Table 3. Analyses of mixtures

A B C
Fe(Il)
expected* 4.00 8.00 20.0
found* 4.72 8.63 19.6
rsdt, % 4.2) (L9 0.2)
recovery, % 118.0 107.9 98.0
Fe(III)
expected 17.9 8.95 4.48
found 16.4 7.96 3.12
rsdt, % 0.9 (1.9 (2.4)
recovery, % 91.6 88.9 69.6
ZFe
expected 219 17.0 24.5
found  21.1 16.6 227
recovery, % 96.4 979 92.7
Fe(II)/Fe(I1I)
expected 0.223 0.894 4.464
found 0.288 1.084 6.28
recovery, % 128.8 121.3 140.7

*All concentrations expressed in uM.
tRelative standard deviations (N = 3).

of the Fe(II) concentration and the assumption that
the areas of the artifact and Fe(III) peaks were
additive. The Fe(II) concentration is determined,
then the peak area of the artifact is calculated and
subtracted from the combined artifact-Fe(III) peak
area, and the concentration of Fe(III) determined
from the remaining area.

Sample preservation and storage

Filtration is an essential step in the collection of
samples. To exclude bacteria and colloidal Fe(IIT)
species, pore sizes of 0.2 um or less should be used.
Certain bacteria, common in environments contain-
ing Fe(ll), can catalyse its oxidation.®* Any col-
loidal material wili partly dissolve when the sample is
acidified and hence give a time-dependent and in-
creasing value for dissolved Fe(III)."! Any colloids
that remain in suspension when the sample is injected
into the IC are more strongly retained on the column
than the dissolved Fe(III), and this may cause sub-
stantial broadening of the Fe(III) peak and even-
tually clogging of the column.

Oxidation of Fe(II) was quenched by acidifying
samples with hydrochloric acid immediately after
collection, since the rate of Fe(Il) oxidation is mini-
mal and is independent of acidity at pH <«<3.%%
Re-analysis of 7 lake-sediment pore-water samples
containing 100-2900uM Fe(II) and no detectable
Fe(III) showed an average loss of 1.6% of the Fe(II)
originally present, after 31 days of storage. Shortage
of sample precluded detailed analysis of the vari-
ability in Fe(II) loss but the variability did not appear
to be correlated with the original Fe(II) concentration
and could not be distinguished from the imprecision
of the technique. The concentration of hydrochloric
acid used in the standards and samples, 60mM, gives
a pH of 1.4-1.5 (on the activity scale, with correction
for ionic strength). This is probably more than neces-
sary to quench Fe(II) oxidation, but gives samples



20 CARL O. MOSES ef al.

Table 4. Standard-additions tests

Recovery®, Initialt, Actualf,
Sample % nmole nmole
Fe(Il) additions (increment = 39.4 nmole)
8.0uM Fe(Il)  93.0 80.0 86.1
(4.8)
Mixture B§ 98.9 80.0 80.9
(4.8)
ZFe in mixture 94.6 153.4 162.2
(2.6)

Fe(III) additions (increment = 17.6 nmole)

4.48uM Fe(1I) 97.7 435 44.6
(0.5)

Mixture B§ 82.1 79.4 96.8
2.9

ZFe in mixture 92.8 157.4 169.6
6.0)

*Slope of the line fitted to the graph of amount found
(») vs. amount added (x), expressed as per cent
of ideal slope (1.0); numbers in parentheses are
relative standard deviations (N = 12).

tInitial amount: intercept on the y-axis, i.e., amount
recovered without addition, normalized to a
10-ml sample.

tActual amount: modulus of the intercept on the
x-axis, i.e., amount present calculated from inter-
cept and recovery factor, and normalized to a
10-ml sample.

§See Table 3.

and standards having the same ionic strength and
major-ion composition, which experience has shown
to improve the analytical accuracy and precision in
IC methods.

Analysis of mixtures

The chief advantage of the method is the simulta-
neous direct determination of Fe(Il) and Fe(III). To
demonstrate its performance, three mixed standards
were made and analysed in triplicate (Table 3). One
of these mixtures was also analysed by the standard-
additions method (Table 4). In addition, a USEPA
quality-control sample and a lake-sediment pore-
water sample,®® both of which were mixtures, were
analysed by this method and the Ferrozine method®
(Fig. 3).

The recoveries of Fe(I) and Fe(III) from the
known mixtures sometimes differed considerably
from 100%, but the absolute differences were all less
than the value of the detection limit. The recovery of
total iron was practically 100%, however, which in
conjunction with the consistently biased value of the
Fe(11)/Fe(I1l) ratios suggests that the distribution in
the mixtures was altered and that the errors in
recovery of the individual species cannot be attrib-
uted solely to the random errors of the method.

However, the standard-additions analyses (Table
4) showed that the over-recovery of Fe(II) only
occurred in mixtures with Fe(III). The high ratios for
the mixtures might be attributed to an under-
recovery of Fe(III) caused by some error in the
procedure for correcting for the artifact peak, but no

such error could be demonstrated and there was some
real over-recovery of Fe(Il), which would have been
unaffected by the artifact. Furthermore, the com-
parison with the Ferrozine method (Fig. 3) showed
that the 1C method had no more tendency to over-
recover Fe(Il) or under-recover Fe(III) than did the
Ferrozine method. In fact, the comparison validated
the artifact correction procedure, without which the
two methods would have grossly disagreed on both
the Fe(III) and ZFe concentrations.

The consistent positive error in the Fe(IT)/Fe(IIl)
ratio appears to be real and not peculiar to the IC
method, but is difficult to explain. The batho-
phenanthroline method uses an extraction procedure
to separate the two species and thus avoids any
alteration of the Fe(I)/Fe(Ill) distribution.!! An
excess of ammonium fluoride has also been used with
1,10-phenanthroline,** presumably to avoid the same
problem by masking the Fe(III).

It has been suggested that Fe(IlI) tends to be
photochemically reduced in acidic systems.'" Photo-
chemical reduction of Fe(III) has been discussed
previously, especially for Fe(III)}-dye complexes in-

Fe (IIT) standard

A I

USEPA quality control sample Oz

8.95

@®

97

() ——\ (13.98) Ferrozine
ret Nz.os y
Fe(IlI)\ \\\\\\\\\\ — 0.9 |
 InNee

N 287 |333
ZFe A\\\\\\\\\\\\\\\\\ 312

Fig. 3. Comparison of the IC method with the Ferrozine
method. Concentrations in uM. Note the use of different
scales. The USEPA quality control sample is Trace Metal
I, sample 2, vial number WP481. USEPA reports the true
value (for ZFe only) as 14.3uM and the mean recovery from
performance evaluation studies as 14.1pM, with
s.d. =0.8uM. The numbers in parentheses are relative
standard deviations (N = 3). The lake-sediment pore-water
sample was collected from Contrary Creek, Louisa County,
Virginia, U.S.A., on 2 May 1986 and was diluted tenfold for
analysis.
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volving nitrogen donor atoms® or the initiation of
polymerization of certain plastics.*** It has also been
observed to affect the Fe(IT)/Fe(II) ratio in samples
of lake water.”” Since acidified Fe(ITI) solutions that
initially contain no Fe(II) can be stored without
detectable reduction, the presence of Fe(II) must be
required for the photochemical reduction of Fe(III).
Furthermore, since the effect has been observed in
essentially pure solutions of iron(III) chloride, the
process does not require agents found in natural
waters, such as organic species. Simple boiling of
acidified natural water samples containing Fe(II) and
Fe(III) has also been shown to result in rapid con-
version of Fe(I1]) into Fe(I1),*® but it is not clear from
the published results whether the reaction involves
species found in natural waters or is the same as the
reaction observed in pure solutions. Radiolysis of
aqueous solutions does produce reducing agents,
chiefly electrons and hydrogen atoms,” but no ex-
perimental results are available from which to predict
the possible effects of these agents on Fe(Il)/Fe(IIl)
rearrangements. The reduction of Fe(IIl) also pro-
ceeds in the dark,” but the effect of hydrochloric acid
on the reaction is controversial, since it is stated (a)
to increase the effect,”” and (b) not to affect it.®

The prevention of rearrangements of Fe(II)/Fe(III)
would improve the reliability of any analytical
method for speciation of iron. It has been shown that
FeOH’* is more susceptible to reduction than
Fe’* %4 but since at pH 0.5 the activity of FeOH?**
is 2 orders of magnitude lower than the activity of
Fe*, this does not seem to be a likely reason for
the problem. Until the rearrangement can be reliably
prevented, the conclusion of this study is the same as
that of an earlier report,”” namely to avoid exposure
of samples to light and to analyse them very quickly
after collection.

CONCLUSIONS

An IC method has been developed for the simulta-
neous direct determination of Fe(II) and Fe(IIl).
Sample treatment involves only filtration and
acidification at the time of collection and storage at
2-5° until analysis. Detection limits for the analytical
conditions considered were 1.5uM Fe(II) and 1.2uM
Fe(III). Increasing the sample injection volume (from
50 ul) and the sensitivity of the spectrophotometric
detector should lower the detection limit.

A means of preparing Fe(IlI)-free solutions of
Fe(ll) has also been developed. Hydrogen is shown
to reduce both dissolved oxygen and aqueous Fe(111)
in the presence of palladium black as catalyst. This
procedure is useful for making accurate Fe(II) stan-
dards free from Fe(III), and should prove useful in
the determination of thermodynamic data for Fe(II)
and kinetic investigations of Fe(II) oxidation initiated
in the absence of Fe(III).

In analysis of Fe(II)/Fe(III) mixtures, an increase
in this ratio was observed and was attributed to

Fe(I1I) being reduced, possibly photochemically. This
effect apparently requires the initial presence of

| g &

Fe(il), since solutions of Fe(III) that contained no
Fe(1I) showed no evidence of reduction. At present,
the only means of avoiding this problem is to protect
samples from light and analyse them as soon as
possible, preferably within a few minutes.
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Summary—A sensitive spectrophotometric method is reported for the determination of tinidazole (TZ),
metronidazole (MZ), benzoyl metronidazole (BMZ) or niclosamide (NS) either in pure form or in
formulations. This method is based on reduction with zinc dust and hydrochloric acid followed by reaction
with metol and potassium dichromate at pH 3.0 £ 0.2 to give a coloured product having maximum
absorbance at 720 nm (for TZ, MZ and BMZ) or 530 nm (for NS).

5-Nitroimidazoles such as tinidazole (TZ), met-
ronidazole (MZ) and benzoyl metronidazole (BMZ),
and the 4’-nitrosalicylanilide derivative niclosamide
(NS) are extensively used as antiamoebic and an-
thelmintic agents (for structures see Table 1). They
have been officially determined by titrimetry with
glacial acetic acid solution of perchloric acid (MZ,'3
BMZ?) or with tetrabutylammonium hydroxide
(NS!?). They have also been determined by ultra-
violet spectrophotometry (TZ,*” MZ,*'? BMZ" and
NS!314), Most of the methods for spectrophotometric
determination of TZ,'*" MZ'®? and NS!® in the
visible region, require initial reduction by treatment
with zinc and hydrochloric acid followed by applica-
tion of a standard procedure to the resulting primary
aromatic amine. In continuation of our investigations
on the spectrophotometric determination of primary
aromatic amines with metol (4-methylaminophenol
sulphate) and chromium(VI),”>! we now describe the
application of this combination to determination of
TZ, MZ, BMZ and NS. This procedure has been ap-
plied to a wide variety of pharmaceutical preparations.

EXPERIMENTAL

Reagents

All solutions were prepared in doubly distilled water. A
freshly prepared 0.2% aqueous solution of metol (BDH)
was always used. Potassium dichromate (Reechem) (0.01M)
solution was prepared. The buffer solution (pH 2.9) was
obtained by diluting a mixture of 250 ml of 0.2M potassium
hydrogen phthalate (Ranbaxy) and 254 ml of 0.1M hydro-
chloric acid (BDH) to | litre with water.

Standard drug solutions. About 20 mg of each drug was
accurately weighed and treated with 10 ml of 1M hydro-
chloric acid and 0.25 g of zinc dust added in portions. After
standing for 20 min (for TZ, MZ and BMZ) or 45 min (for
NS) at room temperature, the solution was filtered through
cotton wool; the residue was washed with three 5-ml
portions of solvent (water for TZ, MZ and BMZ, methanol
for NS) and the filtrate was neutralized with sodium hydrox-
ide and diluted with solvent to volume in a 100-ml standard
flask.
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All chemicals used were of analytical or pharmacopoeial
grade.

Procedures

Bulk samples. A portion of the drug solution (0.3-3.0 ml
for TZ, 0.2-2.0 ml for MZ, 0.3-4.5 ml for BMZ and 0.4-4.0
ml of NS) was accurately measured into a 25-ml standard
flask. After addition of 15 ml of buffer solution, 1 ml of
0.2% metol solution and 1 ml of 0.01M potassium dichro-
mate, the solution was diluted to the mark with water (for
TZ, MZ and BMZ) or methanol (for NS) and the absorb-
ance measured at 720 nm (for TZ, MZ or BMZ) or 530 nm
(for NS) during the next 1-10 min for TZ, MZ or BMZ, or
15 min-3 hr for NS against a reagent blank prepared in a
similar manner. The drug concentration was read from the
appropriate calibration graph prepared under identical con-
ditions.

Pharmaceutical preparations. An amount of powdered
tablet or of syrup equivalent to 20 mg of drug was extracted
with warm acetone (three 5-ml portions), the combined
extracts were evaporated on a steam-bath and the residue
was treated as for preparation of standard drug solution.
This solution was then analysed as above. The results were
compared with those from the Indian Pharmacopeial non-
aqueous titrimetric method using perchloric acid as titrant
and Malachite Green as indicator (for MZ and BMZ),
the potentiometric method using tetrabutylammonium hy-
droxide as titrant (for NS) and the Nagvankar spec-
trophotometric method* at 368 nm (for TZ). The results
obtained are summarized in Table 3.

RESULTS AND DISCUSSION

Absorption spectra

The absorption spectra of the reaction products
from the reduced drugs show characteristic 4,,, val-
ues (Fig. 1 and 2: 720 nm for TZ, MZ and BMZ,
530 nm for NS), whereas the metol-Cr(VI) or
metol-Cr(VI)-unreduced drug combinations have
very low or no absorption in these regions. The
calibration graphs are linear over a concentration
range (ug/ml) of 2.4-24.0 for TZ, 1.6-16.0 for MZ,
2.4-36.0 for BMZ and 3.2-32.0 for NS. The coloured
species are stable for 1-10 min (for reduced TZ, MZ
or BMZ) and 15 min-3 hr (for reduced NS); Fig. 3.
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Fig. 1. Absorption specira of benzoyl metronidazole (A),
metronidazole (B) and tinidazole (C)-metol-Cr(V1) systems
(concentration of benzoyl metronidazole 1.16 x 107*M,
metronidazole 8.76 x 1075M, tinidazole 6.47 x 107°M,
metol 2.32 x 10-*M and potassium dichromate 4.0 x
10-*M): reagent blank vs. distilled water (D).
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Fig. 2. Absorption spectra of niclosamide-meto!-Cr(VI)
system (concentration of niclosamide 9.17 x 10~°M, metol
2.32 % 107*AMf and nntnccnxm dichromate 4.0 x 10~ “M\ re-

agent blank vs. distilled water (B).

The reaction conditions were established by vari-
ation of one parameter at a time. For the reduction,
use of 0.5-2.0M hydrochloric acid and 0.2-1.0 g of
zinc dust was found optimal. The reduction time was
established by increasing it in increments of 5 min,
and it was found that reduction for 15 min for TZ,
MZ, BMZ and 40 min for NS is sufficient to yield

maximum absorbance. For all four drugs use of

0.5-3.0 ml of metol solution and 0.5-2.0 ml of
dichromate solution was considered optimal.

Several oxidants (potassium dichromate, sodium
metaperiodate, chloramine-T, potassium ferri-
cyanide, ferric chloride, ceric ammonium sulphate,
ferric ammonium sulphate and iodine) were tried, but
potassium dichromate was preferred, for the high
sensitivity obtained.
Analytical data

The optical characteristics and figures of merit are
given in Table 2. The values obtained by the pro-
posed and reference methods for pharmaceutical
preparations are compared in Table 3, together with
the results of recovery experiments. Other active
di-
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iodohydroxyquinoline and furazolidone that are gen-
erally present in combined formulations did not
interfere. Commoniy encountered excipients such as
starch, talc, lactose and magnesium stearate also did
not interfere. The present method has advantages
over the pharmacopeial and other reported methods
in terms of simplicity, sensitivity and freedom from

interferences,
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The chemistry of the colour reaction may be
suggested on the basis of a prcviously reported
mechanism,*>* The nitro compound is first reduced
under the proposed conditions to the corresponding
amino derivative. It is probable that the p-N-
methylbenzoquinone monoimine formed ir situ from

the metol-chromium(VI) combination, being a good
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Fig. 3. Rate of colour development and stability of colour
(A = benzoyl metronidazole, B =metronidazole, C=
tinidazole, D = niclosamide).

Table 1. Structures of the drugs

R
l OH Ct
0yN N CH
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R:—CH,CH,S0,CH,CH, Tinidazole Niclosamide

—CH,CH,0H Metronidazole
—CH,CH,00CCH; Benzoyl metronidazole
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Table 2. Optical characteristics, precision and accuracy

Benzoyl
Parameters Tinidazole Metronidazole metronidazole  Niclosamide
Beer’s law limits, ug/ml 24-24.0 1.6-16.0 2.4-36.0 3.2-320
Molar absorptivity, /.mole ~'.cm ! 7.4 x 10° 6.82 x 10° 6.19 x 10° 5.96 x 10°
*Regression equation
Slope (b) 299 x 10-2 397 x 1072 2.23 x 10-? 1.71 x 1072
Intercept (a) 4x10°* 1.6 x 103 34 x107? 1.12x 1072
Correlation coefficient (r) 0.9998 0.9999 0.9999 0.9997
Relative standard deviation, % 1.3 1.1 0.8 0.6
Range of error, % +14 +1.1 +0.9 +0.6
(95% confident limit)
*4 =a + bC, where C is the concentration in ug/ml.
Table 3. Analysis of dosage forms
Found, mg
Nominal Recovery by
amount, Reference* Proposed proposed
Drug mg method method method, 1%
TABLETS
Tinidazole 300 299 295 98.0
Tinidazole + DF 300 299 296 99.0
Metronidazole 200 199 198 98.9
Metronidazole + DF 200 198 197 97.9
Metronidazole + DIHQ 200 198 199 98.9
Niclosamide 500 504 508 101.0
SYRUPS
Benzoyl metronidazole (7.8 ml) 500 496 496 98.6
Tinidazole + FZ 50 48.0 477 97.4
Benzoyl metronidazole + FZ (7.8 ml) 250 245 244 97.0

DIHQ = di-iodohydroxyquinoline 250 mg, DF =diloxanide furoate 250mg or 500 mg;

FZ = furazolidone 30 mg;

*Reported method for TZ,* I.P. method for MZ, BMZ and NS

tFor 100 mg added to each sample.

electron-acceptor, forms a charge-transfer complex
with the amino derivatives as electron-donors. The
variation in 4,,, and stability of the coloured species
formed from the two types of drug may be due to the
difference in the ionization potential of the donor
[the greater basic character of a l-substituted-5-
aminoimidazole (reduced TZ, MZ, or BMZ) relative
to the primary aromatic amine (reduced NS) is due
to the presence of two heterocyclic nitrogen atoms
remote from the substituent].>* The earlier report on
the determination of aspartic acid as its imidazole
derivative by treatment with metol and sodium
hypochlorite® supports this proposition.
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Summary—The mass spectral behaviour of pentachlorophenyl g-carbonylenolate phosphino nickel(II)
square planar complexes has been investigated under electron impact (EI) and field desorption (FD)
conditions. The fragmentation has been interpreted on the basis of the B/E linked scans and mass-analysed
ion kinetic energy (MIKE) techmiques. The acetylacetonate diphenylphosphino complex was found to
undergo a solid state reaction in the probe, which led to the generation in situ of a nickel(III) chloro
complex. Careful control of instrumental conditions and computer-assisted EI measurements made it
possible to characterize the addition products as [NiCl(C;Cl)(AcAc)PPh,Me] and to propose a
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mechanism for its solid state generation.

Mass spectrometry has proved to be a powerful tool
for investigating the structure and reactivity of co-
ordination and organic compounds.'? In this con-
nection, however, the conditio sine qua non for its
successful utilization is the absence of undesirable
chemical transformations of the analyte in the mass
spectrometer, i.e., in (i) the inlet system; (i) the ion
source; (¢ii) the analyser region.

Chemical transformations (generally isomer-
izations and chemical degradations) arise from the
lability of the compound under study with respect to
temperature and/or the ionization method employed.
For these reasons, in the last decade much research
has been devoted to the development of mild sample
evaporation systems® and “soft” ionization meth-
ods.**

In previous papers we have described examples of
potential errors in interpretation connected with
points (i7)” and (iii).? In the former case we demon-
strated the occurrence of a fast isomerization process
in the ionization chamber, in the latter, by com-

*To whom correspondence should be addressed.
+On leave from Istituto di Chimica Farmaceutica e Toss-
icologica dell'Universitd, 190100 Cagliari, Italy.
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parison of electron impact (EI) spectra, with B/E
linked scans® and mass-analysed ion kinetic energy
spectra,'® we were able to describe a “slow” isomer-
ization process, with kinetics such that it occurred
only in the second field-free region of our instrument.

We report here the results obtained in a mass
spectrometric investigation of some novel penta-
chlorophenyl g-carbonylenolate phosphino nickel(II)
complexes'! (compounds 1-9). Electron impact and
field desorption (FD)'? were used as ionization tech-
niques, and fragmentations were investigated by us-
ing B/E linked scans and mass-analysed ion kinetic
energy (MIKE) spectra.

1: PR, =PPh,Me, R = R*=Me
2: PR, = PPh,Me, R!' = Me, R*=Ph
3. PR, = PPh,Me, R!' = R?=t-But
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: PR, = PPh,Me, R!' = t-But, R?=CF,
: PR, = PPh,Me, R! = Me, R2= OEt

: PR, = PPhMe,, R! = R*=Me

: PR, = PPhMe,, R' = Me, R?=Ph

: PR, =PMe,, R'=R?=Me

: PR, = PMe,, R' = Me, R? = NHMe

- I I - WY BN

We describe the unexpected behaviour of compound
1, which undergoes facile Cl' addition in the mass
spectrometer. The mechanism of this reaction has
been studied in detail.

EXPERIMENTAL

Complexes 1-3 were prepared as described previously.!
Mass spectrometric measurements were performed on
Varian MAT 311 and VG ZAB2F" instruments with a
typical ion-source temperature of 200°. The mass values
refer to the ®Ni and *Cl isotopic forms. The majority of the
experiments on 1 were performed with the VG instrument
operating in EI conditions (70 eV, 200 pA), in which the
sample, contained in a glass capillary, was ca. [.2 cm from
the electron beam. The probe which carried the sample was
usually heated to 100°. FD measurements were performed
on the MAT instrument with an extraction potential of 6 kV
and an ion-source temperature of 160°. Differential scan-
ning calorimetric measurements were performed with a
Perkin Elmer DSC-4 apparatus,

RESULTS AND DISCUSSION

The most abundant and significant ionic species
arising from the EI of compounds 1-3 are reported
in Table 1, and the whole spectra of compounds 1-9
are available as supplementary material. All the
compounds displayed easily detected molecular ions
and fragment ions which are simply related to the
structure of the neutral molecules. These results
suggest that no isomerization processes take place on
ElL

Field desorption spectra show, for all the com-

pounds, only the peaks corresponding to M™*" species,
indicating a low proton affinity. Furthermore, the
lack of fragment ions in FD conditions indicates, in
principle, either that the fragmentation processes are
quite slow and hence undetectable in the small time
span of the field desorption experiment, or that the
compounds examined exhibit a high thermal stability
(it is well known that the “fragment ions™ observed
in FD conditions are, in fact, very often the molecular
ions of pyrolysis products generated on the heated
emitter).

The fragmentation pattern found for compound 1
in EI experiments, as confirmed by B/E linked scans
and from the analysis of isotopic clusters, is reported
in Scheme 1. Analogous fragmentation patterns
occur for 2 and 3.

The only two primary decomposition pathways are
due to cleavage 1, leading to the complementary ions
[CsCl,PR, R,R;]*" and [M — C,Cl;PR, R, R,]*", and
the cleavage of the pentachlorophenyl-Ni bond with
H rearrangement, giving rise to the [C4HCI;]*" ion at
m/z 248. Further sequential Cl" losses and fragment
ions related to the phosphine moiety are responsible
for the other icnic species present in the mass spectra
of compounds 1-3 (see Table 1).

When the probe temperature is increased from 100°
to 140° compound 1 shows quite unexpected behav-
iour: an abundant ion at m/z 639, formally corre-
sponding to [M + CI]* ions is now present (Fig. 1).
Hence, the increase in probe temperature does not
seem to lead to degradative pyrolysis processes, but
to a specific addition reaction which gives rise to the
{M + Cl]* species. This addition reaction could arise
from several different mechanisms:

(7) gas-phase, ion-molecule reactions:

(@ M———[M—ClJ* +CI

. 88s phase

M + CI' 2225 M 4 CIf ——(M + CIJ*
(b) M+ + CI'—— [M + CIJ*

Table 1. EI mass spectra of compounds 1-3

m/z (Relative abundance %)

Fragments Compound 1 Compound 2 Compound 3
M** 604(1.6) 542(0.3) 480(5)
M — (Ni(AcAc))* 47(1) 385(1.2) 323(65)
M — (PhPMeCl)]** 446(6) — —
[M — (Ni(AcAc) + CDJ* 412(21) 349(4) —
M — (Ni(AcAc) + HCD}* 411(10) 350(2) 288(57)
M — (PhPMeCl + HCDH]+* 410(14) — —
[M — (Ni(AcAc) + Cl,)}* 377(4) 315(1.8) 253(80)
[C,CL H]** 248(10$) 248(58) —
[CsCLH]* 213(3) 21317 —
M-C,CL}* — — 233(15)
[PPh,Me]** 200(83) — —
[PPh,]* 185(35) — —
[PPh, — H,]* 183(100) — —
[CsClyH)** 178(1) 178(10) —
[M — (C4Cl,PR,)]* 157¢11) 157(2) 157(30)
[PPhMe,]*" — 138(100) —
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“IM —CI]'”,, and a chlorine radical; (i) CI' reacts
instantaneously with the stoichiometric amount of
solid 1, giving a particularly volatile nickel(IIT) com-
plex, 1+ Cl; (iii) the significant presence of 1+ Cl in
the EI spectrum of 1 at lower temperatures is also
explained, the high vacuum conditions of the probe
compartment representing the fundamental force for
driving the consumption of solid 1 along a chemical
route, thus leading to solid 1+ Cl; (iv) the overall
effect of the probe temperature on the relative abun-
dance of m/z 604 and 639 (Table 2) obviously agrees
with the mechanism depicted in Scheme 3.

As a final comment, it is worthwhile noting that a
slight complication in interpreting the spectrum of 1
stems from the fact that m/z 604 is produced not only
from solid 1 but also by electron impact induced
decomposition of the ionic species at m/z 639 (see
Scheme 2).
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Summary—The heterocyclic nucleus in tryptophan is oxidized by nitrous acid at elevated temperature to
produce a phenolic intermediate which further reacts with nitrous acid to form a nitro compound that
has a golden yellow colour in alkaline medium. The maximum absorbance is obtained at 400 nm with
maximum molar absorptivity of 9.44 x 10° 1.mole~!.cm~!. Derivatives of tryptophan such as indole-3-
acetic acid, tryptamine and tryptophanamide, as well as indole, produce the same colour, but some others,
e.g., 5-hydroxytryptamine and 5-hydroxyindole-3-acetic acid do not give the colour reaction. A plausible

mechanism is proposed to explain this behaviour.

Tryptophan contains an indole group. It is a vital
constituent of proteins and indispensable in human
nutrition for establishing and maintaining a positive
nitrogen balance. Although there are several methods
available! for its determination, they are tedious
and the resuits often uncertain. Many of the spec-
trophotometric methods involve condensation with
an aldehyde such as 4-dimethylaminobenzaldehyde
and oxidation of the product. However, it is difficult
to control the oxidation step to give a stable colour
and reproducible results.”® Methods have also
been proposed which are based on oxidation with
nitrous acid and coupling with N-(1-naphthyl)-
ethylenediamine,®!® nitration,'' or reaction with
acetic anhydride'? or anthrone.!* Although trypto-
phan is normally determined after alkaline hydrolysis
of proteins, improvements to prevent oxidative
destruction of its indole group during acid hydrolysis
have also been made.'*!* 2-Hydroxy-5-nitrobenzyl
bromide is thought to react with all tryptophan
residues in intact proteins,’®!” but low and inconsis-
tent results have also been reported.'® Methods based
on the fluorescence and ultraviolet absorption prop-
“erties of tryptophan'®® or their modification by
reagents such as N-bromosuccinimide,? require the
protein sample to be soluble and denatured.?? Re-
cently, a spectrophotometric method was proposed,
based on colour formation when tryptophan is made
to react with brucine and periodate,” but thiols and

some amino-acids, e.g., cystine, glutathione and cys- -

teine, interfere severely. There still exists a need for
a rapid and accurate spectrophotometric method for
determining tryptophan in a variety of soluble and
insoluble proteins.
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EXPERIMENTAL

Reagents

Sodium nitrite, 1% aqueous solution. Sodium hydroxide,
15% solution in water.

Samples

The tryptophan was chromatographically pure and had a
purity of 99.9% as found by the method of Basha and
Roberts.? Indole-3-acetic acid, 5-hydroxytryptamine (sero-
tonin), tryptophanamide, indole, 5-hydroxyindole-3-acetic
acid and all other chemicals were obtained from Sigma
Chemicals Company, U.S.A., and used as received.

Procedure

Preparation of calibration graph. Dissolve about 25 mg of
tryptophan accurately weighed in water in a 250-ml stan-
dard flask and dilute to the mark. Mix 0.5-4 ml portions of
this solution in 20-ml beakers with 1 ml of 6M hydrochloric
acid and 2 ml of 1% sodium nitrite solution, dilute to about
10 ml with water and heat on a boiling water-bath for
30 min. Transfer the cooled reaction mixtures into 25-ml
standard flasks, add 10 ml of 15% sodium -hydroxide
solution, dilute to volume with water and measure the
absorbances at 400 nm against water.

Alkaline hydrolysis of protein samples. Heat a weighed
portion (about 25 mg) of protein with 10 ml of 5M
potassium hydroxide in a sealed glass tube at 120° for 18 hr.
Acidify the cooled hydrolysate with a slight excess of
hydrochloric acid, centrifuge to remove any insoluble mate-
rial (and wash it with water) and dilute the supernatant
solution and washings to volume in a 25-ml standard flask
and analyse a suitable aliquot for tryptophan.

Determination of tryptophan. Treat an aliquot of test
solution containing 50-500 ug of tryptophan as in the

_preparation of calibration graph and measure the absorb-

ance at 400 nm against water.

Identification of the reaction products

A mixture of 5 ml of an aqueous solution (0.5 mg/ml) of
the particular aminobenzoic or hydroxybenzoic acid, 5 ml
of 6M hydrochloric acid and 10 ml of 1% sodium nitrite
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solution was heated under a reflux condenser on a boiling
water-bath for 60 min. After cooling, the reaction mixture
was extracted with 10 and then 5§ ml of diethyl ether, and
the extract was placed in a porcelain dish.

After evaporation of the ether the residue was dissolved
in one drop of ether and applied to the start-line on a
Silufol precoated thin-layer chromatography sheet (Sklarny
Kavalier, Votice, Czechoslovakia) and chromatographed
with 1-propanol-ammonia (2:1) mixture or benzene as
mobile phase. Detection was done by exposing the chro-
matogram to ammonia vapour or spraying with stannous
chloride solution and p-dimethylaminobenzaldehyde.

RESULTS AND DISCUSSION

Treatment with nitrous acid and colour devel-
opment in alkaline medium has been used earlier for
the spectrophotometric determination of phenolic
compounds. The stability of the nitroso chromogen
of paracetamol has been reported to be increased by
the addition of alcohols.”® Other workers have
claimed that a nitro rather than a nitroso derivative
is the reaction product.?

However, the formation of metal chelates with the
reaction product has been taken as evidence in favour
of nitroso derivative formation.? The phenolic com-
pound undergoes reaction with nitrous acid preferen-
tially at the position para to the phenolic group,” or
(if this position is already occupied) at the ortho
position.”

Tryptophan is a non-phenolic compound yet has
been found in the present work to undergo reaction
with nitrous acid and then give colour formation in
alkaline medium. Some of the tryptophan derivatives,
e.g., indole-3-acetic acid, tryptamine and tryp-
tophanamide, as well as indole, behave like tryp-
tophan but some others, e.g., 5-hydroxytryptamine
and 5-hydroxyindole-3-acetic acid do not response to
the colour test (Fig. 1). The heterocyclic nucleus of

1.0~

Absorbance

I I

280 330 380 480

Wavelength/nm
Fig. 1. Absorption spectra of chromogen obtained from (a)
tryptophan, (b) indole-3-acetic acid, (c) S-hydroxy-
tryptamine, (d) 4-aminophenol and (e) hydroquinone.

430

the tryptophan is sensitive to oxidation to kynu-
renine,”®! which contains an aromatic amino group
and undergoes diazotization on further reaction with
nitrous acid. The diazo compound formation has
been confirmed by performing the nitrous acid reac-
tion at lower temperature and coupling the product
with alkaline 2-naphthol or N-(l-naphthyl)ethyl-
enediamine, a dye being formed. At elevated tem-
peratures, the diazonium group is unstable and
replaced by a hydroxyl group in aqueous medium.
The resulting hydroxyl compound from tryptophan
etc., has a free para-position which can undergo
reaction with nitrous acid and thus give colour
formation after dissociation of the aci-form in
alkaline medium. The following are the probable
reactions with tryptophan.

H Nt
N HNO, * mo
/ 0 a
CH,CH (NH,)}CO,H R
OH OH
HNO; NaOH
(¢] o
O;N
R
0
o = ~CHCH (OH)COH
_O_T
0 R

The colour formation mechanism has been eluci-
dated by performing the reaction with nitrous acid
and the subsequent alkalization for 2- and
4-aminobenzoic acids and comparing the absorption
spectra of the products with those obtained from 2-
and 4-hydroxybenzoic acids under the same reaction
conditions, as well as with those of the corresponding
authentic nitrohydroxybenzoic acids in the same final
medium (Figs. 2 and 3). The chromogen was identi-
fied by thin-layer chromatography of the ether ex-
tracts of the reaction products prior to alkalization.

The coloured solution of the salicylic acids showed
four spots on the chromatograms developed with
1-propanol-ammonia (2:1) as mobile phase. The
most intense corresponded to the mixture of 3-nitro-
and S5-nitrosalicylic acids (Rg=0.7 and 0.8 re-
spectively), a faint spot at Rg=045 to
3,5-dinitrosalicyclic acid and the remaining two weak
spots to decarboxylation products (p-nitrophenol
and 24-dinitrophenol, respectively). The results
were confirmed by chromatography on silica gel
layers with benzene—ethyl acetate (4:1) as mobile
phase. The main spot from the reaction product of
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Fig. 2. Absorption spectra of chromogen produced from (a)
4-amino- and (b) 4-hydroxybenzoic acid, (c) 2-amino- and
(d) 2-hydroxybenzoic acid.

p-hydroxybenzoic acid was identified as 3-nitro-4-
hydroxybenzoic acid (Ry = 0.34). Further weak spots
were observed at Ry = 0.73 and 0.77 corresponding to
those of p-nitrophenol and 2,4-dinitrophenol, indi-
cating that some decarboxylation had occurred.
These results are in best accordance with the results
obtained 100 years ago by Deninger.*

The failure of 5-hydroxytryptamine and
S-hydroxyindole-3-acetic acid to respond to the
colour test can be attributed to the S5-hydroxyl
group, which gives a benzoquinone derivative as an
oxidation product rather than a nitroso or nitro
derivative on reaction with nitrous acid. The possible
reaction with 5-hydroxytryptamine is

H +
N
N HNO, A
Y, o T
H
© NH,  HO OH
OH o
HNO,
o o
0
HO o o

This mechanism is supported by a comparison of the
absorption spectrum of the benzoquinone derivative
with the spectra of the reaction products from treat-
ment of 4-aminophenol and hydroquinone with
nitrous acid at elevated temperature (Fig. 1).

The golden yellow chromogen formed in the assay
absorbs maximally at 400 nm. In Fig. 1, the absorp-

tion spectra of the product obtained from two model
derivatives of tryptophan, viz. indole-3-acetic acid
and 5-hydroxytryptamine, are included for com-
parison. Under the conditions of the determination
there is a linear relationship between the absorbance
at 400 nm and the amount of tryptophan present,
over the concentration range 2--16 ug/ml in the final
solution. The molar absorptivity has been found to
be 9.44 x 10° I.mole~'.cm™~! at 400 nm.

Oxidation of the indole nucleus, deamination and
the reaction with nitrous acid can be completed
within 30 min at boiling water-bath temperature.
Over the entire range of sample size tested, 2 ml of
1% sodium nitrite solution was found sufficient to
yield maximal absorbance (Fig. 4). The possible

1.4

1.0

0.8

0.6

0.9

0.2

500 600 700

nm

350 400

Fig. 3. Absorption spectra obtained from (a) the chromogen

of salicylic acid, (b) 5-nitrosalicylic acid, (c) 3-nitro-4-

hydroxybenzoic acid, {(d) the chromogen of 4-hydroxy-
benzoic acid, (e) 4-nitrophenol.
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o
(4]
T

o
w
T
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ml of 0.3% NaNO, solution

Fig. 4. Effect of sodium nitrite concentration on the colour
intensity for tryptophan (21 ug/ml).
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Table 1. Determination of tryptophan in pure samples and
synthetic combinations

Tryptophan  Substances  Tryptophan
taken, ug/mi added* found,t ug/mi CV, %

2.05 2.08 0.9
3.42 3.39 0.8
4.86 4.91 0.6
5.99 6.01 0.5
7.65 7.60 0.4
9.21 9.19 04
12.39 12.29 0.5
14.66 14.73 0.6
15.98 16.08 0.8
6.42 a 6.46 0.5
7.98 b 8.05 0.4
9.40 c 9.49 0.6
12.11 d 12.06 0.5

*Substances added were (a) glutamic acid (2 mg), asparagine
(5 mg), glycine (3 mg), methionine (3 mg) and histidine
(2 mg); (b) serine (5 mg), alanine (5 mg), cystine (3 mg),
aspartic acid (4 mg) and lysine (3 mg); (c) glutathione
(2 mg), glucose (5 mg), arabinose (2 mg) and
2-mercaptoethanol (1 mg); and (d) cysteine (2 mg),
valine (4 mg) and niacinamide (2 mg).

tAverage of six replicates; CV = coefficient of variation.

Table 2. Determination of tryptophan in proteins after alkaline

hydrolysis
mole of tryptophan/mole of protein
Molecular  Present Reported

Protein weight method* CV, % value Ref.
a-Casein 26,000 1.15 0.8 1.1 33
Myoglobin 16,890 2.16 0.7 2.0 34
Trypsin 23,800 335 0.9 3.2 19
Transferrin 77,000 7.76 1.1 8.0 35
Fetuin 50,750 2.21 1.0 20 36
Phosvitin 45,000 1.30 1.0 1.0 35

*Average of six replicates; CV = coefficient of variation.

interference of common amino-acids and mono-
saccharides which may be present along with tryp-
tophan in tissue or protein hydrolysates has been
examined. Amino-sugars, hexoses, hexuronic acids
and typical amino-acids found in biological materials
did not interfere with the colour development.
Several amines and amides were also tested. Ni-
acinamide, glycinamide, triethylamine, benzylamine
and 1,6-diaminohexane do not interfere.
2-Mercaptoethanol and 3-mercaptopropane-1,2-diol,
which are commonly present in tissue extracts and
solutions of proteins, do not vitiate the results. The
only interfering substance found is tyrosine, which
should be removed by chromatography before the
analysis.

Results are given in Tables 1 and 2 for the deter-
mination of tryptophan in pure samples, synthetic
combinations with other substances, and in proteins
after alkaline hydrolysis.
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Summary—Room-temperature phosphorescence of some polyaromatic hydrocarbons as model com-
pounds with stabilization by use of a microemulsion of a non-polar solvent, has been examined. Some
advantage in the preparation of the solutions is achieved. A comparative study of room-temperature
phosphorimetry in microemulsion and micellar media, on paper substrates and at low temperature has
also been made. The spectral characteristics and analytical figures of merit are given.

Micelle-stabilized room-temperature phosphorimetry
(MS-RTP) was first reported by Kalyanasundaram
et al! and the technique has been developed by
several authors during the last decade.>” Dramatic
enhancement of RTP in solution can be achieved by
incorporating the phosphors into a micellar assem-
bly. Hydrophobic molecules are attracted into the
oil-like environment of the micelle and in this way,
are placed in proximity to the heavy-atom counter-
ions, the local concentration of which is estimated to
be 3-5M.% Thus, very efficient spin-orbit coupling is
achieved, leading to a high phosphorescence emis-
sion.

Furthermore, the micelles can effectively screen
molecules in the excited triplet state from the action
of potential quenchers present in the bulk water
phase. However, phosphorescence is not observed
unless oxygen is removed, as it is a very efficient
quencher which easily penetrates the micelles. Re-
cently, Diaz-Garcia and Sanz-Medel® have proposed
the substitution of the troublesome deoxygenation
with nitrogen by chemical deoxygenation with so-
dium sulphite, thus avoiding foam formation and
ensuring a more permanent protection of the solution
against contamination with oxygen. In the presence
of sulphite, however, the phosphorescence is not
immediately observed. The oxygen in the bulk water
phase is removed first, followed by that in the micelle
pseudophases as it diffuses out. Equilibrium is
achieved in a few minutes. In this work, we have
adopted this simple, rapid and convenient procedure.
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MS-RTP suffers from the slow dissolution of the
non-polar analytes in the aqueous micellar solution.
Some polyaromatic hydrocarbons (PAHs) with very
low polarities and vapour pressures cannot be dis-
solved, even after long sonication times, which limits
the applicability of MS-RTP. In this work, we pro-
pose the use of a microemulsion aqueous solution of
the analyte in a non-polar solvent to circumvent this
problem.

Microemulsions are formed spontaneously when
appropriate amounts of water, a non-polar solvent, a
surfactant and a co-surfactant (usually a C,~C, alkyl
alcohol) are mixed.! If the non-polar analyte is first
dissolved in a certain amount of the non-polar sol-
vent, and this solution is gently mixed with the
alcohol and then the aqueous solution of the surfac-
tant, a clear microemulsion is obtained in a few
seconds. No scattered light is observed from this
solution by human eye, since the microdroplet di-
ameters are about 10-20 nm.'°

Room-temperature phosphorimetry in organized
media, microemulsions and micellar solutions, is
evaluated here by comparison with paper-sensitized
room-temperature phosphorimetry (PS-RTP) and
also with low-temperature phosphorimetry (LTP), by
use of data from the literature. Spectral character-
istics and analytical figures of merit are given.

EXPERIMENTAL
Reagents

Hexane, heptane (high-purity solvents, Burdick and Jack-
son) l-pentanol (Aldrich), sodium dodecylsulphate (SDS),
reagent grade thallous nitrate and anhydrous sodium sul-
phite (Fisher) were used as received. Aqueous solutions were
made with “nanopure” demineralized water (Barnstead).

Naphthalene and 2,3-dimethylnaphthalene were re-
crystallized three times from ethanol, o-terphenyl was re-
crystallized three times from methanol, and durene was
vacuum-sublimed. Other PAHs from different sources were
used as supplied.
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The water used for preparing sodium sulphite solutions
was first deaerated with nitrogen. The solutions were pre-
pared daily and kept in tightly stoppered containers. Mi-
cellar stock solutions were prepared by sonicating 1-5 mg
of the PAHs in 20 ml of 0.5M SDS and making up to 25
ml with the same solvent. Microemulsion stock solutions
were prepared by dissolving similar amounts of the analytes
in 0.5 ml of heptane, adding 0.5 ml of l-pentanol and
making up to 25 ml with 0.5M SDS. Dilutions were made
with enough thallium added to give a 30/70 T1*/SDS ratio.
Pure hexane solutions of the PAHs were used in the
PS-RTP, with Whatman No. 1 filter paper as substrate. All
experiments were done at 20 + 1°.

Apparatus

A Perkin-Elmer LS-5 Luminescence Spectrometer pro-
vided with a 3600 Data Base Station was used for all
measurements. PS-RTP data were obtained by using a
paper sample-holder attachment with four sample positions
located around the central rod.!! A mask with a square
window (6 x 6 mm?) limited the exposed paper surface. The
distance of the paper from the front of the instrument and
the angle between the excitation axis and the paper are
critical. Both distance and angle are adjusted for each
sample until the maximum emission intensity is obtained.
The distance can be easily changed by an adjustment screw
located under the sample compartment. Delay and gate
times were 0.03 and 9 msec, respectively. The excitation and
emission slits gave 10 and 5 nm band-passes respectively,
and a 305-nm cut-off filter was used in the emission-side
filter holder.

Procedures

A 0.1-ml aliquot of the PAH stock microemulsion or
micellar solution, 0.3 ml of 0.5M SDS, 0.3 ml of 0.25M
thallous nitrate and 0.5 ml of 0.5M sodium sulphite are
pipetted into a 10-ml standard flask and made up to volume
with water. Standard 10-mm fused silica cuvettes are filled
with this solution.

For PS-RTP, 10-mm diameter paper discs are cut with a
paper-punch, mounted on the paper holder and spotted with
2 ul of 0.25M thallous nitrate and 5 pl of the analyte
solution, from Hamilton syringes. The discs are dried in an
oven for 20 min at 110-120° and allowed to cool in the
sample compartment for 10 min, then the spectra are
recorded. Nitrogen dried with anhydrous calcium sulphate
is passed continuously through the paper holder compart-
ment.

Phosphorescence lifetimes are measured by use of the
DECAY-OBEY program. A period of 1-2 lifetimes is
covered by taking six evenly spaced points, but for PS-RTP
a 0.1-0.6 msec fixed period is used. The gate and integration
times are 0.1 msec and 20 sec, respectively. The program is
run three times for each test.

Limits of detection (LODs) are obtained by taking 16
measurements of the blank and using five standard solutions
to determine the slope of the calibration graph. LOD values
are calculated as the concentration corresponding to a signal
that is three times the standard deviation of the blank.
Similarly, the repeatability of the procedures is established
by taking 16 measurements of the analyte signal at a
concentration at least 10 times the corresponding LOD, and
calculating their relative standard deviation.

RESULTS AND DISCUSSION

Influence of 1-pentanol and heptane concentrations in
microemulsion-stabilized RTP

Several dilutions of a micellar solution of pyrene
were made with 0.5M SDS, water and increasing
amounts of I-pentanol. The final concentrations of
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Fig. 1. Influence of 1-pentanol concentration on the lumi-
nescence of a microemulsion of I-ug/ml pyrene in 0.02M
SDS and 0.02% heptane.

pyrene and SDS were 1 pg/ml and 0.02M, re-
spectively. As shown in Fig. 1, the fluorescence
intensity increases almost linearly with increasing
amounts of l-pentanol and the phosphorescence
decreases slightly. These effects can be attributed to
a decrease in the electric charge density on the
microdroplet surface. Larger amounts of co-
surfactant produce a higher concentration of hy-
droxyl groups on the surface and, therefore, a smaller
density of charged surfactant heads. This leads to a
lower local concentration of the thallous ion, as the
counter-ion concentration decreases.

The 1-pentanol concentration adopted for the
preparation of the stock solutions of the PAHs is 2%.
With this concentration, no stable microemulsions
can be obtained with more than 3% heptane. Hence
2% heptane was used throughout this work. After
dilution, the 1-pentanol and heptane concentrations
in the final solutions were both 0.02% or less. No
significant differences have been found between these
solutions and pure micellar solutions with regard to
fluorescence and phosphorescence spectra, phos-
phorescence lifetimes, limits of detection and relative
standard deviations (RSDs) for all the PAHs exam-
ined in this work.

Microemulsion solutions of dibromoethane and
iodoethane in l-pentanol/SDS and l-butanol/
tetradecylammonium bromide systems have also
been prepared, with a 2% concentration of the non-
polar solvent and co-surfactant and a 0.5M solution
of the surfactant. Although clear microemulsions,
which were not destroyed by dilution, were easily
obtained, no phosphorescence was observed for 20
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ug/ml pyrene in the absence of thallous nitrate in any
experimental combination tested.

Fluorescence spectra

The excitation and emission maxima of the
fluorescence spectra of some PAHs in hexane and
organized media at room temperature and in heptane
at 77 K are listed in Table 1. The excitation peaks in
organized media are red-shifted relative to the peaks
obtained in pure alkanes, the differences being bigger
for the spectra obtained in hexane at room tem-
perature. The fluorescence emission spectra for
organized media also show small bathochromic
shifts.

Differences in the relative intensities of the
excitation peaks are also observed. The peaks at
longer wavelengths are more intense in organized
media. Pyrene and retene show the biggest differences
in relative intensity when the medium is changed.
This behaviour is probably related to the higher
polarity and rigidity found in the organized media,
which provide a larger stabilization of the excited
singlet state.

Phosphorescence spectra

The phosphorescence spectral characteristics, anal-
ytical figures of merit and lifetimes observed in LTP
and RTP in organized media and on paper substrate
are shown in Tables 2-4.

The excitation peaks appear at the same wave-
lengths as for fluorescence and phosphorescence in
organized media, except for o-terphenyl, for which
the single well-defined band appears 10 nm blue-
shifted when phosphorescence is measured. Shifts
larger than 50 nm have been observed for other
PAHs at 77 K by Inman ef al.?

The phosphorescence excitation peaks do not show
blue or red shift trends when the spectra at low
temperature (77 K), in organized media and on paper
substrates, are compared; the differences are smaller
than 10 nm in all cases. The band half-widths are also
similar, except for the 2,3-dimethylnaphthalene band,
which is broader when the paper substrate is used.

The phosphorescence emission spectra show even
smaller shifts than the excitation spectra, except again
for 2,3-dimethylnaphthalene, which exhibits blue-
shifted emission peaks at low temperature, relative to
the peaks on paper and in organized media. The
emission band half-widths are always slightly larger
on paper substrates.

All the PAHs tested exhibited fluorescence even
after addition of thallium. The phosphorescence/
fluorescence intensity ratios, calculated as the ratios
of the slopes of the calibration graphs, are given
in Table 2. Phosphorescence was not observed for
anthracene, 9-methylanthracene and durene in or-
ganized media at the 20-ug/ml concentration level,
or on paper at 0.5-ug level. Anthracene and
9-methylanthracene exhibited a strong fluorescence
which was not appreciably reduced in the presence of

thallous nitrate. Also, for naphthalene on paper a
small and poorly reproducible phosphorescence sig-
nal was obtained, possibly because of loss of the
compound by volatilization when the paper was
dried.

The phosphorescence lifetimes were usually some-
what longer in organized media than on paper sub-
strates, as shown in Tables 2 and 3. The abnormally
long lifetime for pyrene has been confirmed with
three independent solutions on different days, one of
them with no heptane and l-pentanol.

Analytical figures of merit

In all cases, the best LODs were obtained with the
organized media. This could have been a result of the
more effective heavy-atom perturbation of the anal-
ytes, together with the very low background noise,
which arose from the use of a clear liquid solution
and the advantageous geometry of the cell and beam
positions. The RSD values for the PAHs were also
smaller in the organized media than for the other
media.

On the other hand, the poorer values of the LODs
at low temperature could be a result of radiation
scattering produced by the cracks and snow present
in the frozen matrix.'? The high RSD values were the
result of high noise levels.

Finally, the paper substrate gave the worst results,
even if absolute LODs are considered. In this case,
the higher LODs arose from a lower sensitivity (slope
of the calibration graph) as well as higher back-
ground noise. Sensitivities at room temperature are
compared in Table 3; the values in organized media
are 2-20 times greater than those for the paper
substrate.

Major sources of background noise in PS-RTP are
phosphorescent impurities contained in the paper,
surface inhomogeneities, i.e., some parts of the paper
are more active than others, and changes in the
alignment of both the excitation and emission mono-
chromators.

Other sources of background noise which are often
underestimated arise from the reflection properties of
the surface and from interaction with the excitation
radiation. Scattered radiation due to the afterglow of
the flash-lamp is reflected off the paper surface,
contributing to the background. Also, the reflective
properties of the paper as well as the phos-
phorescence of the impurities decrease after irra-
diation

The analyte signal is also affected by the excitation
radiation. All the PAHs examined, except pyrene,
showed a decrease in intensity under exposure to the
excitation radiation. The intensity losses can be as
high as 25% in 10 min, as observed for retene, and
could constitute the main contribution to the large
RSD value for this compound. In contrast, the
phosphorescence signals obtained from solutions
were very stable and showed no significant intensity
decrease after 15 min. If any photodecomposition
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Table 4. Phosphorescence characteristics in heptane at 77K

Compound Ade,nm A%, nm LOD, ug/mi RSD, %

Anthracenet 270, 350 671 3.0 5.4

Biphenyl} 277 437, 468, 494 0.01 29

m,m’-Bitoluene} 280 444, 476 0.1 4.6

2,3-Dimethylnaphthalene} 286 392, 413, 1.0 7.6
436

Durenet 277 3717, 387, 399, 0.02 6.2
410

9-Methylanthracene} 281 414, 444, 480 0.9 8.4

Naphthalenet 286 480, 510 2.0 7.3

Pyrenet 330, 350 517, 555, 592 0.008 2.8

608, 640
Retenet 299 474, 507, 548 0.02 7.4
o-Terphenyl} 281 446, 480 0.05 6.3

*Most intense wavelengths are underlined.
tValues taken from Ref, 13.
{Values taken from Ref. 12.

occurs in solution, the analyte is immediately re-
placed by convection and diffusion, which cannot
take place on the solid surface of paper.

CONCLUSIONS

The practical use of microemulsion solutions of the
PAHs in RTP has been demonstrated. An ultrasonic
bath is not necessary to dissolve the samples, and the
procedure is very rapid. Also, the introduction of a
new variable, the non-polar solvent, gives more ver-
satility to the technique.

On the basis of the analytical figures of merit,
phosphorescence in organized media at room tem-
perature appears to be better than LTP and PS-RTP
for chemical analysis. However, its applicability is
limited to those compounds with sufficiently low
polarity to prefer the hydrocarbon core of the mi-
celles or microdroplets to the water bulk phase. The
possibility of observing RTP of polar molecules, and
very small sample amounts needed, are still specific
advantages of PS-RTP.
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Summary—A method for determining ~0.2 ug/g or more of arsenic in ores, concentrates and related
materials is described. After sample decomposition arsenic(V) is reduced to arsenic(III) with titanium(III)
and separated from iron, lead, zinc, copper, uranium, tin, antimony, bismuth and other elements by
cyclohexane extraction of its xanthate complex from ~ 8-10M hydrochloric acid. After washing with 10/
hydrochloric acid-2% thiourea solution to remove residual iron and co-extracted copper, followed by
water to remove chloride, arsenic is stripped from the extract with 16M nitric acid and ultimately
determined in a 2% nitric acid medium by graphite-furnace atomic-absorption spectrometry, at 193.7 nm,
in the presence of thiourea (which eliminates interference from sulphate) and palladium as matrix
modifiers. Small amounts of gold, platinum and palladium, which are partly co-extracted as xanthates

under the proposed conditions, do not interfere.

Various CANMET projects, including the Canadian
Certified Reference Materials Project, (CCRMP),
require the accurate determination of arsenic at trace
and ug/g-levels in concentrates, ores, rocks, soils,
processing products and related materials. Because
graphite-furnace atomic-absorption spectrometry
(GFAAS) is relatively sensitive for arsenic, the
present investigation was undertaken to develop a
reasonably rapid and accurate method that would be
applicable to all these materials.

Previous investigators'-> have found that the deter-
mination of arsenic by GFAAS, at 193.7 nm, the
most sensitive resonance line, is subject to strong
interference from sulphate and from aluminium,
potassium, sodium and various other elements. For
this reason, prior separation of arsenic from matrix
elements by co-precipitation with nickel pyrrolidine-
dithiocarbamate? or by extraction as the pyrrolidine-
dithiocarbamate,” diethyldithiophosphoric acid’ or
iodide complex™® has been recommended. However,
although these separation procedures may be ade-
quate for foods, biological materials, coal, and sea
and mineral waters, they are not sufficiently selective
for use with such complex and diverse materials as
those under consideration. Previously’® in this labora-
tory a spectrophotometric molybdenum blue method
was developed for the determination of small
amounts of arsenic in concentrates, ores and copper-
base alloys, based on the preliminary separation of
arsenic from various matrix elements by co-
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precipitation with hydrous ferric oxide, followed by
its separation from iron, lead and other co-
precipitated elements by a triple chloroform extrac-
tion of arsenic(III) ethy! xanthate from ~11M hy-
drochloric acid. In this, and earlier work!® involving
a study of the extraction of ethyl xanthate complexes
from hydrochloric acid media, it was shown that the
extraction of arsenic from ~8 to at least 11M
hydrochloric acid is reasonably selective and that
only palladium, gold, selenium and tellurium are
largely or completely co-extracted as xanthates under
these conditions. Copper and several other elements
are partly extracted but can be essentially completely
removed from the extract by suitable washing tech-
niques, and the co-extraction of selenium and tellu-
rium is easily prevented by reducing them to the
elemental state before the extraction step. Because of
the high specificity of this extraction procedure, it was
considered that xanthate extraction might be very
useful for the direct separation of ng and ug amounts
of arsenic before its determination by GFAAS, par-
ticularly if quantitative extraction could be achieved
in one extraction step into a solvent of specific gravity
< 1. This would simplify and shorten the extraction
procedure and facilitate washing of the extract to
remove or reduce in concentration some co-extracted
elements.

In the proposed method, arsenic is separated from
matrix elements by a single extraction of its xanthate
into cyclohexane from 8-10M hydrochloric acid in
the presence of titanium(III) as reductant. It is then
stripped from the extract with 16M nitric acid and
ultimately determined by GFAAS in a 2% v/v nitric
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acid medium in the presence of palladium and thio-
urea as matrix modifiers.

EXPERIMENTAL

Apparatus

A Perkin-Elmer model 5000 atomic-absorption spectro-
photometer, equipped with deuterium-arc background cor-
rection, an HGA-400 graphite furnace, an AS-40 auto-
sampler, a Data System 10 and HGA graphics software, was
used with an arsenic hollow-cathode lamp operated at
18 mA. The 193.7-nm resonance line was used with a
spectral band-pass of 0.7 nm. Pyrolytically-coated graphite
tubes with solid pyrolytic graphite platforms were employed
and 20-ul aliquots of the appropriate solutions were in-
jected, followed by 5 ul of 800 pg/ml palladium solution as
matrix modifier. Measurements were made in the peak-
height mode. The instrumental conditions for the dry, char
and atomization steps are given in Table 1.

Reagents

Standard arsenic solution, ~ 100 ug /mi. Dissolve 0.1320 g
of pure arsenic trioxide in 10 ml of 2% sodium hydroxide
solution by warming. Dilute the resulting solution to 1 litre
with water, then transfer it to a plastic bottle. Prepare a
1-ug/ml solution, fresh as required, by diluting 5 ml of the
stock solution to 500 ml with water.

Titanium(III) solution, 24 mg/ml. Add 50 ml of concen-
trated sulphuric acid to ~300 ml of water contained in a
I-litre beaker, marked at 500 ml. Add 12.5 g of pure
titanium hydride powder, cover the beaker and heat gently
until the hydride has dissolved. Cool the solution to room
temperature, dilute it to the mark with water, then filter it
(Whatman No. 541 paper) into a 1-litre separating funnel.
Add 2 ml of freshly prepared 20% potassium ethyl xanthate
solution followed by 25 ml of chloroform, stopper the
funnel and shake it vigorously for 2 min. Allow the layers
to separate, then drain off and discard the chloroform layer.
Extract the aqueous phase twice more, in a similar manner,
with 0.5 ml of xanthate solution and 15 ml of chloroform
each time. Drain off the chloroform and transfer the aque-
ous solution to a 500-ml plastic bottle. This solution will
keep for at least 2 months. .

Palladium solution, 800 ug/ml. Dissolve 87 mg of pal-
ladium nitrate by heating with 4 ml of concentrated nitric
acid and ~0.5 ml of 30% hydrogen peroxide. Add ~ 10 ml
of water, boil vigorously for ~ 10 min to destroy the excess
of peroxide, then cool and dilute the solution to 50 ml with
water.

Bromine, 20% v[v solution in carbon tetrachloride.

Potassium ethyl xanthate, 20% w v solution. Prepare fresh
as required.

Hydrochloric acid, 10M. Store in a plastic bottle.

Thiourea, 2.5% w[v solution.

Hydrochloric acid (10M)-thiourea (2%) wash solution.
Dissolve 2 g of thiourea in 100 ml of 10M hydrochloric acid.
Prepare a fresh solution weekly.

Cyclohexane. Analytical-reagent grade.

Water, doubly-demineralized. Demineralized water from a
large-scale laboratory purification apparatus was further

purified to possess approximately 18 MQ/cm resistivity,
with a Barnstead Nanopure II purification system. All acids
used were analytical-reagent grade. Teflon beakers used for
sample decomposition were cleaned just before use by
heating with 5-10% potassium hydroxide solution, followed
by treatment with ~20% v/v nitric acid and thorough
washing with doubly-demineralized water. The 100-ml
beakers used for the final strip solutions were stored in
5-10% potassium hydroxide solution contained in a 4-litre
beaker, then washed, just before use, with dilute nitric acid
and water as described above.

Calibration solutions

Prepare 0.01-, 0.02-, 0.03- and 0.04-ug/ml arsenic solu-
tions by adding 0.5, 1, 1.5 and 2 ml, respectively, of 1-ug/ml
standard arsenic solution and 1 ml of concentrated nitric
acid to 50-ml standard flasks, dilute to ~25 ml with water,
add 2 ml of 2.5% thiourea solution and dilute to volume
with water. Prepare a blank calibration solution in a similar
manner. These solutions should be prepared fresh weekly.

Procedure

Transfer up to 1 g of powdered sample, accurately
weighed and containing up to ~20 ug of arsenic, to a
250-ml Teflon beaker, then cover the beaker with a Teflon
cover and add 5 ml of 20% bromine solution in carbon
tetrachloride (Note 1) and 10 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.
Cool, add 10 ml of concentrated hydrochloric acid and 7 ml
of concentrated perchloric acid, then heat until the evolution
of oxides of nitrogen ceases. Cool, remove the cover, wash
down the sides of the beaker with water, then add 5 ml of
concentrated hydrofluoric acid and evaporate the solution
to fumes of perchloric acid. Wash down the sides of the
beaker with water again and evaporate the solution to ~3
ml. Add 12 m! of water and 2 ml of concentrated hydro-
chloric acid, heat gently to dissolve the salts, then cool the
solution to room temperature. Transfer the resulting sol-
ution to a plastic 100-ml standard flask (Note 2). Use
concentrated hydrochloric acid, contained in a plastic
squeeze-type wash bottle, to wash the beaker, then dilute to
volume with the same solution. Run a blank through the
whole procedure.

Transfer a 4-50-ml portion of the resulting solution,
containing not more than 1 ug of arsenic and ~5 mg
of copper, to a 125-ml separating funnel, marked at 50 mi
and, if necessary, dilute to the mark with 10M hydrochloric
acid. Add sufficient titanium(III) solution to reduce all the
iron(III) present (Note 3), then add 1 ml in excess, mix, and
allow the solution to stand for ~15 min to ensure the
complete reduction of arsenic. Add 15 ml of cyclohexane
and 1 ml of freshly prepared 20% potassium ethyl xanthate
solution (Note 4) and shake the solution for 2 min. Allow
the layers to separate, then drain off and discard the
aqueous phase. Wash the extract by shaking it for ~ 30 sec
with 5 ml of 10M hydrochioric acid—2% thiourea soiution
(Note 5). Drain off the acid phase, then wash the extract
three times, by shaking it for ~ 30 sec each time, with 5-ml
portions of water to ensure the removal of chloride. Add §

Table 1. Instrumental conditions for the determination of arsenic

1 2 3 4
Step function Dry Char Char Atomize
Temperature (°C) 110 300 800 2600
Ramp time (sec) 10 5 5 0
Hold time (sec) 20 20 20 5
Internal argon flow (m!/min) 300 300 300 0
Read — — — —1sec
Baseline — — — —2sec
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ml of concentrated nitric acid to the extract, stopper the
funnel tightly and, with a wrist-action shaker, shake it for
10 min. Allow the layers to separate, then drain the acid
layer into a 100-ml Teflon beaker and wash the stem of the
funnel with water. Wash the extract twice by shaking it for
~ 30 sec each time with 5-ml portions of water and add the
washings to the beaker. Wash the stern of the funnel with
water each time.

Carefully evaporate the resulting sample and blank solu-
tions to 2-3 ml (Note 6) on a hot-plate, then place the
beakers in a hot water-bath and evaporate until the drop
remaining is ~8 mm in diameter (Note 7). Add 500 ul of
concentrated nitric acid and 7 or 8 ml of water to each
beaker, heat gently for ~ 35 min, then allow the beakers to
cool to room temperature. Transfer both the sample and
blank solutions to 25-ml standard flasks, add 1 ml of 2.5%
thiourea solution (Note 8), dilute to volume with water and
mix thoroughly.

Measure the peak-height absorbance of the sample and
blank solutions under the conditions described under “Ap-
paratus” and in Table [ (Notes 9 and 10). Determine the
arsenic concentration of the solutions by reference to a
calibration curve plotted from peak-height values obtained
concurrently for the calibration solutions. Calculate the
arsenic content of the solutions (in ng) and correct the result
obtained for the sample solution by subtracting that ob-
tained for the blank solution.

Notes

1. The use of bromine solution is not necessary if sulphides
are absent.

2. If plastic standard flasks are not available, use a boro-
silicate flask then transfer the solution to a dry plastic
bottle.

3. The solution should be distinctly purple after the reduc-
tion of iron(lll) and the addition of the excess of
titanium(IIl) solution. The same volume of titanium
solution should be added to the blank solution.

4. Because of the rapid decomposition of xanthate in
strongly acidic solutions, xanthate solution should only
be added to two solutions at a time, followed by
immediate extraction of the complex. For health rea-
sons,!! all operations involving xanthate should be per-
formed in a fume-hood and xanthate solution should be
added with an automatic pipette or with an ordinary
pipette used with a suction bulb. The aqueous phase
remaining after the extraction, and any excess of xanth-
ate solution, should be treated with concentrated nitric
acid and boiled vigorously to destroy the xanthate before
disposal of the solution.

5. If a copper thiourea compound, indicated by a white
precipitate, is present in the wash phase, wash the extract
once more in a similar manner.

6. Do not allow the solution to evaporate to dryness
(Note 7).

7. At this stage the drop remaining should be colourless or
pale yellow. If the evaporation proceeds too far the drop
will become brown or black due to carbonaceous
material. This will cause erroneous results for arsenic.
The analysis cannot be rescued if it goes wrong at this
point, as heating with more nitric acid fails to destroy the
organic matter, and perchloric acid cannot be used,
because it would interfere in the GFAAS determination.

8. The thiourea solution should be added just before the
GFAAS determination of arsenic because on prolonged
standing white salts may precipitate and cause erroneous
results. In the absence of thiourea, the solution is stable
for at least 3 weeks.

9. If dilution is necessary, dilute a suitable aliquot of the
solution with 2% nitric acid-0.1% thiourea solution
cither directly in the autosampler cup or in a standard
flask of appropriate size.

10. To prevent plugging of the pipette tip with metallic

palladium, which may form on the tip after repeated

injections, it should be cleaned with agua regia after ~ 20
firings.

RESULTS AND DISCUSSION

Palladium as matrix modifier

Nickel is usually recommended as a matrix
modifier for the GFAAS determination of arsenic*"
but recent work'*!* has suggested that palladium may
be superior. Shan Xiao-Quan ef al.”’ found that the
maximum charring temperature for arsenic with wall
atomization is raised to ~1300° in the presence of
22 pg of palladium and that the sensitivity for
peak-height measurements is ~50% better than that
obtained in the presence of nickel. More recently,
Voth-Beach and Shrader' found that, for wall atom-
ization in dilute hydrochloric acid solutions, pal-
ladium raises the ash temperature to ~1500°. Both
palladium and nickel were investigated in the present
work and platform atomization was chosen because
of the greater sensitivity. Figure 1 shows that, for
platform atomization from 2% nitric acid solutions,
palladium gives ~25% greater sensitivity than nickel
for peak-height measurements. However, peak-area
results obtained for these tests were approximately
the same, which indicates that there is no significant
difference between palladium and nickel when peak-
area is measured.’? The increase in the peak appear-
ance time caused by the presence of palladium and
nickel is presumably caused by a slight delay in
atomization resulting from the formation of more
stable intermetallic palladium and nickel arsenides or
other compounds. Palladium was chosen for further
work because of the greater sensitivity in the peak-
height measurement mode. The maximum permis-
sible charring temperature found under the condi-
tions used in this work was ~1100° but 800° was
found to be adequate. Tests showed that the effect of
palladium is constant from ~ 3 to at least 10 ug, and
in subsequent work 4 ug, added as a 5-ul portion of
800-ug/ml solution, was used.

Separation of arsenic by extraction as the xanthate

Preliminary work to determine the recovery of
arsenic by a single extraction as the xanthate into a
solvent of specific gravity <1 from ~10M hydro-
chloric acid was done with toluene and with titan-
ium(III) as reductant.” In these tests, in which arsenic
was stripped into water after oxidation of arsenic(III)
xanthate with bromine solution in carbon tetra-
chloride and determined spectrophotometrically by
the molybdenum blue method as described pre-
viously,’? large negative errors, which increased with
an increase in the volume of solvent used, were
obtained for arsenic. Ultimately, it was thought that
this was caused by an impurity in the toluene, which
interfered with the extraction of arsenic. It was also
found that toluene reacted with the added bromine,
producing heat and rapid decolorization of the



50 ELSIE M. DONALDSON

0.4 _
w
[$]
4
<
[+4] —
[ 4
[o]
(/2]
o
<
oL

] J

0

5.0

TIME (seconds)

Fig. 1. Peak-height absorbance—time profiles for arsenic (0.8 ng) in 2% nitric acid in the presence and
absence of matrix modifiers under the conditions given in Table 1. (a) in the presence of 4 ug of Pd;
(b) in the presence of 10 ug of Ni; (c) in the absence of Pd and Ni.

toluene-carbon tetrachloride phase. Further work
showed that cyclohexane is a suitable solvent and
that up to at least 10 ug of arsenic can be extracted
quantitatively in one extraction from 6-10M hydro-
chloric acid when the volume ratio of the organic to
aqueous phase is varied from 1:1 to at least 1:4. Some
additional tests indicated that hexane should also be
applicable but this was not pursued in the present
work.

Stripping and GFAAS determination of arsenic

Although previously,’ as mentioned above, arsenic
was stripped into water after oxidation of arsenic(IIT)
xanthate with bromine solution in carbon tetra-
chloride, this was not considered suitable for the
present work because of the formation of bromide
during the oxidation step. It was thought that this
might cause loss of arsenic by volatilization as the
bromide during the drying and charring steps. Tests
showed that arsenic cannot be stripped from the
extract with dilute nitric acid or hydrogen peroxide
but that ~5 ml of concentrated nitric acid followed
by shaking for ~10 min is effective. However, ex-
tremely low results were obtained for arsenic under
these conditions. Ultimately, because the results ob-
tained decreased with an increase in the amount of
xanthate used during the extraction step, it was
concluded that the error was probably caused by the
presence of sulphate in the final solutions, formed by
oxidation of the co-extracted xanthate during the
stripping step. It is known that sulphate strongly
suppresses the arsenic signal.'? Analysis, by the bar-
ium sulphate method, of solutions obtained after
extraction in the presence of 1 ml of 20% potassium

ethyl xanthate solution showed that ~90 mg of
sulphate is present in the final solution under these
conditions. This is equivalent to the co-extraction of
~40% of the added xanthate. In previous un-
published work involving the extraction and stripping
of antimony(III) xanthate under similar conditions,
essentially complete recovery of antimony—which
suggests minimal or no interference from sulphate—
was obtained by GFAAS when thiourea was used as
a matrix modifier. Consequently, the possible use of
thiourea to minimize or eliminate sulphate inter-
ference was investigated in this work. Figure 2 shows
that, after the extraction of arsenic in the presence of
1 m] of 20% xanthate solution, complete recovery is
obtained in the presence of 4 ug of palladium when

RECOVERY (%)

o ] 1
0.05 Q.0

THIOUREA (%)

0.5

Fig. 2. Effect of thiourea on the recovery of arsenic after
extraction as xanthate: As taken, 1000 ng; final volume,
25 ml; aliquot, 20 ul; Pd solution, 5 ul.
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= 10 ug of thiourea is present in the aliquot injected
into the furnace. The use of more than 1 ml of
xanthate solution is not recommended, because of the
resultant increase in the sulphate content of the final
solution. Thiourea does not alter the shape of the
atomization peak for arsenic but it reduces the peak
height by ~10-15%. The peak obtained in the
absence of palladium is similar to that shown in
Fig. 1(c) for a solution containing no palladium. A
combined palladium and thiourea modifier solution
cannot be prepared because of the formation of an
insoluble brown palladium-thiourea complex.

While this work with thiourea was in progress,
Voth-Beach and Shrader' found that a reduced-
palladium matrix modifier, in which an organic re-
ducing agent such as hydroxylamine hydrochloride or
ascorbic acid is used in conjunction with palladium,
is for some elements a more effective matrix modifier
than palladium alone. They also found that for many
elements, including arsenic, interference from sul-
phate can be eliminated or minimized in this way.
They suggest that the reducing agent modifies the
form of palladium by reducing it to the metal early
in the temperature programme and that it may also
influence the atomization of the analyte. Possibly
thiourea may react in a somewhat similar manner in
the presence of palladium. However, the mechanism
for these reactions is not readily apparent.

Effect of diverse ions

Under the conditions, ~ 8-10 M hydrochloric acid,
used for extraction of the arsenic, platinum and
palladium are ~8 and 80% co-extracted as xanthate
complexes at the 0.2-mg level and gold is ~80%
extracted at the 0.5-mg level. Copper—at the 5-mg
level is partly extracted but is largely removed from
the extract by washing with 10Af hydrochloric acid
containing 2% thiourea. Small amounts of co-
extracted antimony, molybdenum and entrained iron
are also removed in this way. The presence of more
than 5 mg of copper during the extraction step is not
recommended, because of the formation of insoluble
yellow cuprous xanthate, which interferes mechani-
cally with the extraction. For the same reason thio-
urea cannot be used to complex copper before the
extraction step, because of the formation of an
insoluble cuprous thiourea compound. Rhenium and
germanium would probably also be partly co-
extracted into cyclohexane!® but they would be
removed by volatilization as the heptoxide and tetra-
chloride during the sample decomposition step. Sele-
nium and tellurium are not co-extracted, because they
are reduced to the elemental state with titanium(I1I)
before the extraction step. Up to 1 mg each of copper,
antimony, pailadium and molybdenum, 0.5mg of
gold and 0.2mg of platinum can be present in the
final solution (25ml), either individually or col-
lectively, without causing more than ~20% error in
the result. However, these amounts of gold, platinum
and palladium are considerably more than would be

expected in the largest recommended aliquot (50 ml)
and weight of sample (0.5g) taken for extraction.
Similarly, for the recommended maximum amount of
copper and the low levels of antimony and molyb-
denum usually present in the samples under consid-
eration, considerably less than 1 mg of any of these
elements would be expected to be present after the
extract has been washed with hydrochloric acid con-
taining thiourea. Interference from chloride in the
graphite-furnace step is avoided by washing the ex-
tract three times with water to remove entrained
hydrochloric acid. However, up to 100 ul of hydro-
chloric acid can be present in 25 ml of final solution
without causing error in the arsenic resuit.

Decomposition of ores

In the previous method® the samples were treated
with bromine solution in carbon tetrachloride and
with nitric acid to oxidize sulphur and sulphides to
sulphates, followed by the addition of hydrochloric
and sulphuric acids and evaporation to fumes of
sulphur trioxide to remove nitric acid and dehydrate
silica. Silica was separated from arsenic during the
subsequent iron collection step. However, in this
work, in which this step is not used, and in which the
hydrochloric acid concentration of the initial sample
solution must be adjusted to ~ 10M before extrac-
tion, it was considered preferable, particularly for
samples of high silica content, to remove the silica by
volatilization as the fluoride during the decom-
position step. As recommended by other in-
vestigators,'*1*!7 and because perchlorates are more
soluble than sulphates, evaporation with perchloric
acid was used for the removal of silicon tetrafluoride
and excess of hydrofluoric acid.

Applications

Table 2 shows that the mean results obtained for
arsenic in various diverse CCRMP reference materials
and in several National Research Council Canada
and National Bureau of Standards marine and river
sediments are in excellent agreement with either the
certified values, with values given for information
only or with the consensus mean or tentative values
obtained during interlaboratory certification pro-
grammes. They also agree reasonably well with other
reported values obtained by a variety of instrumental
methods. The results obtained for CCU-1, RL-1 and
UTS-4 are in excellent agreement with previous re-
sults obtained in this laboratory during the respective
interlaboratory certification programmes by using the
iron collection—xanthate extraction—-molybdenum
blue spectrophotometric method.” Each of the 3 or 4
individual results obtained for these references mat-
erials was the mean of 3 or 4 GFAAS runs each
involving duplicate measurements. These were re-
ferred to a calibration curve prepared for each run as
described under the procedure, for arsenic calibration
solutions covering the linear range 0-0.04 ug/ml.
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In the proposed method, the detection limit calcu-
lated as three times the standard deviation of the
reagent blank, based on a 50-ml aliquot (equivalent
to a 0.5-g sample) of sample solution taken through
the extraction step, is ~0.2 ug/g arsenic. The sensi-
tivity or characteristic mass is ~12 pg for 0.0044
absorbance. In this work no clean out step was
required after the atomization and the pyrolytically-
coated tubes and solid pyrolytic graphite platforms
were used for up to ~ 800 atomizations. The reagent
blank varied from ~20 to 90 ng, depending on the
size of the aliquot taken. Most of this came from the
hydrofluoric acid used in the decomposition step.
Purification of the titanium solution by xanthate
extraction!! was necessary because it was found to
contain a substantial amount of arsenic (~ 21 ng/ml).
Possibly, if required, the blank could be reduced by
using ultrapure acids, particularly hydrofluoric acid.
It should be possible to remove arsenic impurity from
concentrated hydrochloric acid by adding some solid
potassium ethyl xanthate to a suitable portion of the
acid and then extracting 2 or 3 times with chloroform.
A final sample solution volume of less than 25 ml is
not recommended, because preconcentration would
result in an increase in the sulphate concentration of
the solution.

REFERENCES

1. P. R. Walsh and J. L. Fasching, 4nal. Chem., 1976, 48,
1014.

2. D. Chakraborti, W. De Jonghe and F. Adams, 4nal.
Chim. Acta, 1980, 119, 331.

TAL 35/1—-D*

3. R. R. Brooks, D. E. Ryan and H. Zhang, ibid., 1981,
131, 1.

4. R. W. Dabeka and G. M. A. Lacroix, Can. J.
Spectrosc., 1985, 30, 154.

5. C. H. Chung, E. Iwamoto, M. Yamamoto and Y.
Yamamoto, Spectrochim. Acta, 1984, 39B, 459.

6. F. Puttemans and D. L. Massart, Anal. Chim. Acta,
1982, 141, 225.

7. F. Puttemans, P. Van Den Winkel and D. L. Massart,
ibid., 1983, 149, 123.

8. P. Aruscavage, J. Res. U.S. Geol. Survey, 1977, 5, 405.

9. E. M. Donaldson, Talanta, 1977, 24, 105.

10. Idem, ihid., 1976, 23, 411.

11. Idem, ibid., 1982, 29, 663.

12. W. Slavin, Graphite Furnace AAS-A Source Book, p. 76.
Perkin-Elmer Corporation, Norwalk, 1984.

13. S. Xiao-Quan, N. Zhe-Ming and Z. Li, Anal. Chim.
Acta, 1983, 151, 179.

14. L. M. Voth-Beach and D. E. Shrader, Spectroscopy,
1986, 1, 49.

15. H. Agemian and E. Bedek, Anal. Chim. Acta, 1980, 119,
323.

16. C. M. Elson, J. Milley and A. Chatt, ibid., 1982, 142,
269.

17. G. E. M. Aslin, J. Geochem. Exploration, 1976, 6, 321.

18. M. Bettinelli, N. Pastorelli and U. Baroni, Anal. Chim.
Acta, 1986, 185, 109.

19. E. de Oliveira, J. W. McLaren and S. S. Berman, Anal.
Chem., 1983, 58, 2047.

20. M. Bettinelli, Anal. Chim. Acta, 1983, 148, 193.

21. H. A. Van Der Sloot, D. Hoede, Th. J. L. Klinkers and
H. A. Das, J. Radioanal. Chem., 1982, 71, 463.

22. S. Abbey and E. S. Gladney, Geostandards Newsl., 1986,
10, 3.

23. S. Abbey, C. R McLeod and W. Liang-Guo, Geol.
Surv. Canada Paper 83-19, Geological Survey of
Canada, Department of Energy, Mines and Resources,
Ottawa, Canada, 1983.



Talanta, Vol. 35, No. 1, pp. 55-56, 1988
Printed in Great Britain. All rights reserved

0039-9140/88 $3.00 + 0.00
Copyright © 1988 Pergamon Journals Ltd

SHORT COMMUNICATIONS

SIMULTANEOUS DETERMINATION OF LOW
CONCENTRATIONS OF AMMONIUM AND POTASSIUM
IONS BY CAPILLARY TYPE ISOTACHOPHORESIS

KEncH1 FukusH
Kobe University of Mercantile Marine, Fukae, Higashinada, Kobe 658, Japan

Kazuo Huro
Government Industrial Research Institute, Osaka, Midorigaoka, Ikeda 563, Japan

(Received 16 June 1987. Accepted 5 September 1987)

Summary—Low concentrations of ammonium and potassium ions (<2.0 mg/l.) were determined
simultaneously by capillary type isotachophoresis based on the interaction between potassium and
18-crown-6 in the aqueous leading electrolyte. The PU value of potassium ion increased with increasing
concentration of 18-crown-6 up to 3mM, whereas that of the ammonium ion remained almost constant.
Thus complete separation of ammonium and potassium ions could be obtained by using 1-3mM
18-crown-6. The error in the analysis of mixtures containing ammonium and potassium ions (250-u1
sample injection) was less than +20% with a leading electrolyte containing 3mM 18-crown-6. The analysis

time was 18 min.

The separation of ammonium and potassium ions by
capillary type isotachophoresis is possible with meth-
anolic electrolytes, but not with aqueous electrolytes.!
However, it is difficult to use a longer migration tube
and to apply a higher migration current with the
methanolic electrolytes.? For these reasons, when the
methanolic electrolytes are used a large volume of
sample solution cannot be injected into the isotacho-
phoresis apparatus for the purpose of determination
of low concentration of ions. Tazaki et al.’ studied
the isotachophoretic behaviour of mAM concen-
trations of alkali and alkaline-earth metal ions in the
presence of larger amounts of 18-crown-6 and evalu-
ated its usefulness for their separation. Therefore, we
have studied the simultaneous determination of low
concentrations of ammonium and potassium ions by
capillary type isotachophoresis with smaller amounts
of 18-crown-6, for the purpose of determination of
trace amounts of ammonia in sea-water. By using the
method proposed in this paper, we have performed
the separation of mixtures containing ammonium
and potassium ions at concentrations less than
2.0 mg/l., within 18 min, with injection of a large
volume of sample solution.

EXPERIMENTAL

Reagents

All solutions were prepared with analytical-reagent grade
chemicals. 18-Crown-6 was obtained from the Aldrich
Chemical Co.

Apparatus

A Shimadzu Mode] IP-2A isotachophoretic analyser was
used with a potential-gradient detector. The main column
was a fluorinated ethylene—propylene (FEP) copolymer
tube, 20 cm in length and 0.5 mm in inner diameter; the
precolumn was a polytetrafluoroethylene (PTFE) tube,
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20 cm in length and 1.0 mm in inner diameter for injecting
a large volume of sample solution. A Hamilton Model
1725-N microsyringe was used for the injection of samples
into the isotachophoresis apparatus.

RESULTS AND DISCUSSION

Concentration of 18-crown-6

The concentration of 18-crown-6 in the leading
electrolyte (SmM hydrochloric acid containing 30%
v/v glycerol) was increased up to SmA{. The termi-
nating electrolyte was 10mAf lithium sulphate. A
250-ul volume of a mixture containing 1.0 mg/l.
ammonium and potassium ions was injected into the
isotachophoresis apparatus. The migration current
was maintained at 200 uA for the first 12 min and
then reduced to 50 uA. In general, the potential unit
(PU) value is used for qualitative indication of the
ions, and is defined by the equation®*

PGS - PGL
PG, - PG,

where PGg, PG, and PGy are the potential gradients
of the sample ion, leading ion and terminating ion,
respectively.

As shown in Fig. 1, the PU value of the potassium
ion increased with increasing concentration of
18-crown-6 up to 3mM. On the other hand, the PU
value of the ammonium ion remained almost con-
stant, and complete separation of ammonium and
potassium ions could be obtained with 1-3mM
18-crown-6. The PU value of the potassium ion was
the same as that of the sodium ion in the terminating
electrolyte when its concentration was higher than
4mM. In addition, it was found that the PU value of
the sodium ion was smaller than that of the calcium

PU =
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Fig. 1. Effect of the concentration of 18-crown-6 on the PU
values. @ NH;; O K+; [0 Na*; @ Ca?*.

ion when the glycerol concentration was 20-30%,
but greater than it when the glycerol concentration
was less than 10%. Therefore, 3mM 18-crown-6
was selected as the concentration in the leading
electrolyte.

Determination of low concentrations of ammonium and
potassium ions

Linear working graphs were obtained for am-
monium and potassium ions up to 1.0 and 2.0 mg/l.,
respectively, by using the leading electrolyte contain-
ing 3mM 18-crown-6. The regression equations of
these graphs for ammonium and potassium ions were
y =349x —0.08 and y = 12.9x — 0.05, respectively.
Both correlation coefficients were 1.000. In these
equations, x was the concentration of the ion (mg/l.)
and y the zone length (mm) when the recording speed
was adjusted to 40 mm/min. The lower determination
limits for ammonium and potassium ions were
29 and 7.8 ug/l., respectively, corresponding to a
0.1-mm zone length. When 250-u1 volumes of mixed
solutions containing ammonium and potassium ions
in various concentrations were injected and analysed
by use of the working graphs, the error in the
determination of these ions was less than +20%, as
shown in Table 1. The isotachopherogram of mixture

Table 1. Analytical results for ammonium and potassium

ions
Added, mg/l. Found, mg/l. Error, %

Mixture NH; K+ NHf K* NHy K*

1 0.10 200 012 200 +20 +0.0

2 020 18 020 166 00 -78

3 040 140 039 136 -25 =29

4 060 140 058 134 -—-33 -—43

5 060 060 05 059 —-67 -—L17

6 08 040 075 039 63 =25

7 1.00 200 1.01 0.18 +1.0 —-10

8 100 100 1.02 103 420 +30

Potential
grad:ent
a
Differential
] |
16 7
Time , min

Fig. 2. Isotachopherogram of mixture 6. a, NH}; b, K*;
¢, Nat; d, Ca?+.

6 in Table I is shown in Fig. 2. In view of these
results, this electrolyte system (which uses a smaller
amount of 18-crown-6) can be applied to the deter-
mination of trace amounts of ammonia in sea-water
after a suitable pretreatment.
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Summary—The ion-association complex formed between a thiocyanato-iron(IIl) ion and a benzyl-
triethylammonium ion is extracted into 1,2-dichloroethane, and its absorbance at 476 nm is used for
determination of the iron. Beer’s law is obeyed up to about 4 ug/ml iron concentration in the final solution.

The molar absorptivity is 2.79 x 10* 1.mole~'.cm

The thiocyanate method is one of the most exten-
sively used colorimetric methods for the deter-
mination of iron, but has the disadvantage that the
colour of the product fades. The complex can be
extracted with various organic bases.! Here we report
the use of benzyltriethylammonium chloride for the
purpose; addition of a small amount of ethyl methyl
ketone stabilizes and intensifies the colour.

EXPERIMENTAL

Reagents

All chemicals used were of analytical grade. The stock
solution of iron (100 ug/ml) was prepared from ferric
ammonium sulphate in 0.05M sulphuric acid, and standard-
ized by the potassium dichromate method.?

A mixture of ethyl acetate, dimethylformamide, tri-
ethylamine and benzyl chloride was refluxed to prepare the
benzyltriethylammonium chloride® (BTAC), which was used
as a 0.1Mf solution in water. A 3M potassium thiocyanate
solution in water was used.

Buffers with pH-values in the range 1-6 were prepared
from 0.2M hydrochloric acid, potassium hydrogen
phthalate and potassium hydroxide. To 50 ml of 0.2M
potassium hydrogen phthalate 20.4 ml of 0.2M hydrochloric
acid were added and the mixture was diluted to 200 ml with
distilled water to give a solution of pH 3.0.

Procedure

A portion of sample solution containing 0.8-38 ug of
iron(IIT) is diluted to 10 ml with potassium hydrogen
phthalate buffer so that the pH is 3.0 + 0.5. Then 2 ml of
0.1M BTAC, 0.5 ml of ethyl methyl ketone, 10 ml of
1,2-dichloroethane and 2 ml of 3M potassium thiocyanate
are added. The mixture is shaken for 1 min and the organic
layer separated. The absorbance of the extract is measured
at 476 nm against a reagent blank. A calibration graph is
prepared in the same way.

RESULTS AND DISCUSSION

Depending on the thiocyanate concentration, a
series of iron(III) complexes can be obtained. At
thiocyanate concentrations higher than 0.2M, nega-
tively charged* complexes are formed which are
extractable as ion-association species with the qua-
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ternary BTA ion into 1,2-dichloroethane. The extract
has maximum absorption at 476 nm. Beer’s law is
obeyed for 0.08-3.8 ppm of iron in the final solution;
the molar absorptivity is 2.79 x 10* 1.mole™'.cm™!
and is constant when the pH of the aqueous layer is
kept in the range 1-4.

The thiocyanate concentration is critical and must
exceed 0.2M in the aqueous phase. Addition of the
thiocyanate is best done after addition of the solvent,
to prevent possible fading of the colour. The lower
limit for the BTAC concentration in the aqueous
phase is 0.01M. The presence of some ethyl methyl
ketone (0.3-0.8 ml) in the reaction mixture is found
to play a significant role in increasing the stability and
colour intensity of the extracted species, the absorb-
ance remaining constant for at least 3 hr. If the
amount of ethyl methyl ketone added is less than 0.3
or more than 0.8 ml, the absorbance is lower.

Effect of foreign ions

The tolerance limit for interferences (Table 1) was
set at the amount required to cause an error not
exceeding about 1% in the determination of iron, but
the upper concentration limit investigated was re-
stricted to 1000-fold w/w ratio to iron.

The tolerance limits for some of the interfering
species could be improved by use of masking agents,
e.g., Pd(II) and Pt(IV) with thiosulphate, Mo(VI) and
W(VI) with mannitol, and Cu(Il) with thiourea, the
tolerance level being raised to 40 ug.

Application to analysis of alloys and minerals

Various samples were decomposed as outlined
below, and suitable aliquots of the solutions were
analysed as described above.

Cupronickel. A 0.5-g sample is treated with 2 ml of
concentrated nitric acid. When the reaction is almost
over, the mixture is warmed on a hot-plate to com-
plete the dissolution. After addition of 1 ml of
concentrated sulphuric acid the mixture is evaporated
until white fumes appear, then cooled, and diluted to
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Table 1. Tolerance limits for foreign ions in the extraction
of 8 ug of iron

Tolerance Tolerance

Ions limit, mg Ions limit, mg
Copper(11) 0.002 Manganese(VII) 0.50
Silver 0.50  Cobalt(Il) 0.60
Gold(III) 0.15  Nickel 8.0
Zinc 4.0 Rhodium(111) 0.25
Cadmium 8.0 Palladium(IT) 0.010
Mercury(II} 8.0 Platinum(IV) 0.005
Tin(IT) 0.10 Fluoride 0.20
Tin(1V) 8.0 Bromide 8.0
Lead(1]) 4.0 Todide 0.40
Arsenic(I11) 40 Thiosulphate 0.25
Arsenic(V) 1.0 Oxalate 0.01
Antimony(III) 0.25 Citrate 0.40
Bismuth 0.05 Tartrate 25
Vanadium(V}) 0.25 EDTA 0.002
Chromium(IIT) 0.12 Thiourea 3.0
Chromium{V]) 0.050 Cyanide 0.05
Molybdenum(VI) 0.016 Perchlorate 8.0
Tungsten(VI) 0.010  Orthophosphate 2.0
Manganese(II) 4.0 Acetate 8.0

about 100 mi with 0.3M hydrochloric acid. The
solution is heated almost to boiling, and hydrogen
sulphide is passed through it to precipitate all the
copper. The copper sulphide is filtered off and
washed, and the filtrate is boiled to remove hydrogen
sulphide, then evaporated to about 50 ml. Two ml of
30% hydrogen peroxide solution are added to oxidize
iron(Il) to iron(Ill), and the solution is boiled to
decompose the excess of peroxide. The solution is
then made up accurately to 100 ml with water.

Aluminium alloy. The sample is decomposed as for
cupronickel.

Gun metal. A 1-g sample is treated with the mini-
mum necessary volume of nitric acid (1 + 1). When
the vigorous reaction is over, the mixture is slowly
evaporated (on a boiling water-bath) to a volume of
5-10 ml to ensure that all the metastannic acid is
precipitated. The mixture is then diluted to 50 mf and
heated on the water-bath for 10-20 min, a Whatman
“accelerator” is added, and the precipitate is filtered
off on a Whatman No. 42 paper and washed. After
addition of 1 ml of concentrated sulphuric acid the
filtrate is evaporated until white fumes appear and is
then cooled. After addition of 100 m} of water the
solution is stirred and allowed to stand. Any precip-
itate is filtered off, and the filtrate (or solution) is
made approximately 0.3M in hydrochloric acid,
heated nearly to boiling and treated with hydrogen

Table 2. Determination of iron in alloys and minerals

Sample and composition,%

Cupronickel (No. 19e)

Cu 67, Fe 0.83, Mn 0.80, Ni 31.2
Aluminium alloy (No. 20b)

Cu 4.10, Fe 0.43, Mn 0.19,

Ni 1.93, Si 0.29, Mg 1.61
Gunmetal (No. 6g)

Cu 86.4, Fe 0.02, Zn 1.30,

Sn 10.5, Pb 1.02, Ni 0.26, P 0.11
Lead concentrates (No. 42G)

Cu 0.14, Fe 1.35, Zn 3.40,

Pb 75.6, § 14.2, As 0.32,

Mn 0.21, Sb 0.15, Bi 0.02,

Ag 0.074, Au 0.016

Portland cement (No. 24b)

Ca0 62.9, MgO 2.56, Fe,0,; 2.44,
Al 05 6.22, SiO, 20.4

Dolomite (No. 9h)

CaCO, 55.2, MgCO, 43.1,

5i0, 0.88, Fe,0, 0.21

Iron found,%
0.840; 0.836; 0.830

0.422; 0.428; 0.440

0.0202; 0.0202; 0.0208

1.38; 1.39; 1.39

1.70; 1.69

0.143; 0.148; 0.149

sulphide to precipitate the copper. The precipitate is
filtered off and washed and the filtrate is evaporated
to about 50 ml, then treated with hydrogen peroxide
etc., as for cupronickel.

Lead concentrates. A 0.5-g sample is dissolved in
the minimum volume of nitric acid (1 + 1). Then 2 ml
of concentrated sulphuric acid are added and the
mixture is evaporated until white fumes appear, then
cooled, diluted with water, boiled, filtered and made
up to 100 ml.

Portland cement or dolomite. A 0.1-g sample is
dissolved in the minimum of hydrochloric acid
(1 + 1), the mixture is boiled and filtered, and the
filtrate is made up to 100 ml with water.

The results obtained are given in Table 2.
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Summary—A flow-injection system with a biamperometric flow-through detector provided with two
platinum plate electrodes was tested for the determination of water with a two-component pyridine-free
Karl Fischer reagent. The response was shown to be linear in the concentration range 0.03-0.11% water
in methanol, ethanol or 2-propanol, with methanol as the carrier solvent, The maximum sampling
frequency was about 150 samples per hr. It appeared to be possible to introduce a membrane separation
step, thus allowing for the determination of water in fouled process streams. To avoid direct contact
between the Karl Fischer solution and the pumping tubes, and thus extend the lifetime of the tubes, an
indirect delivery system, based on replacement of the solution by pumped silicone oil, was also applied.

Since its introduction more than ten years ago,
flow-injection analysis (FIA) has been widely used in
many fields of chemical analysis, including the deter-
mination of water.! Compared with batchwise Karl
Fischer titrations, flow-injection has several advan-
tages: ({) reduced reagent consumption (it is reported
that 2000 determinations can be done with 1 litre of
reagent),? (ii) high sampling frequency (up to 250
samples per hr is possible),’ and (jit) safety in apply-
ing toxic reagents because the whole analysis
proceeds in a closed system. An additional advantage
sometimes observed in FIA is the increased selectivity
when the analyte is accompanied by more slowly
reacting components. This may happen in the deter-
mination of water. A major disadvantage is the
solvent effect. It has been observed that organic
solvents may affect the peak shapes, thus reducing the
general analytical applicability.>* With regard to the
determination of water by FIA, some authors have
already reported on improvements of the manifold
and particularly of the detection system.’® In the
present report this same subject is raised, including
the possible application of a membrane separation
step.

EXPERIMENTAL
Chemicals

Two-component pyridine-free Karl Fischer reagent sol-

*Present address: Anhui University, Department of Chem-
istry, Hefei, Anhui, People’s Republic of China.

tPresent address: Department of Analytical Chemistry,
Prague Institute of Chemical Technology, Prague,
Czechoslovakia.
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utions (Merck) were used. One ml of the iodine in methanol
solution was equivalent to 5 mg of water. The methanol
(p.a. Merck) used as the carrier stream was dried over a
molecular sieve (3A, Merck) by standing overnight. Before
use the sieve beads were dried in a furnace at 300° for at least
16 hr. Standard solutions were prepared by adding demin-
eralized water to dried methanol. The exact concentrations
were checked coulometrically with a 652 KF-Coulometer
(Metrohm) and Hydranal Coulomat A and C (Riedel-de
Hagén). All other chemicals were of analytical reagent grade.

Apparatus

The manifold is schematically depicted in Fig. 1. A
peristaltic pump (Gilson, Minipuls 2) was used to propel the
various streams. An indirect delivery system was introduced
for the Karl Fischer (K.F.) solution, based on replacement
of the solution by silicone oil. In this way direct contact of
the pumping tubes (bore 0.5-0.6 mm) and the corrosive
K.F.-solution was avoided; the pumping tubes were not
affected by silicone oil. In the delivery flask the
K.F.-solution and the silicone oii were separated by a thin
impermeable Teflon membrane. Samples were injected man-

Fig. 1. Flow-injection manifold for the determination of

water. P, Peristaltic pump; C, carrier stream; KF, Karl

Fischer reagent; F, delivery flask; O, container with silicone

oil; CR, reaction coil; D, detector; W, waste; S, injection
valve.
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Fig. 2. Exploded view of biamperometric detector.

ually by means of a 4-way valve (Rheodyne) provided with
a 30-ul sample loop. The home-made biamperometric de-
tection cell consisted of two thin platinum plate electrodes
clamped between Perspex blocks and separated by a thin
Teflon spacer (0.6 mm thick) with a groove of 10 x 0.8 mm;
cell volume about 5 ul) as shown in Fig. 2. A 100-mV
potential difference was applied between the two electrodes.
A 585 Polarizer (Metrohm) was used as the voltage source.
The output was registered on a strip-chart recorder
(Kipp, BD-8). The membrane separation cell’ was provided
with a hydrophilic microporous polypropylene membrane
(Celgard 3501, Celanese).

RESULTS AND DISCUSSION

The mechanism of the Karl Fischer reaction has
been extensively studied® and it has been shown that
the reaction goes rapidly to completion even when
both reagent and water concentrations are low. Con-
sequently, the interference of more slowly reacting
concomitants can be eliminated by shortening the
reaction times. By varying the concentration of the
K.F.-reagent it was found that an optimum sensi-
tivity was obtained for a 1:8 (v/v) dilution of the
reagent in methanol (Table 1).

As long as sufficient K.F.-reagent is available for
the reaction with a constant amount of water, con-
stant sensitivity would be expected. However, we
have observed that mixing of the carrier and reagent
streams proceeds slowly for the more concentrated
K.F.-solutions. This may lead to less complete re-
action and, correspondingly, to decreased sensitivity.
On the other hand for highly diluted K.F.-reagent

100+

b ¢ 8

peak height (mm)

8

0 T T T T
100 200

coil length (cm)

-
300

Fig. 3. Variation of peak height with reaction coil length
(bore 0.5 mm). Samples contained 0.119% H,0 in
methanol. Flow-rate of 1:8 (v/v) diluted Karl Fischer
reagent solution and carrier stream was about 0.9 ml/min.

solutions the amount of reagent limits the magnitude
of the signal. Therefore there is an intermediate range
of K.F.-solutions concentration that is high enough
to cope with the amount of water injected but low
enough for the reagent and carrier streams to be
sufficiently similar for mixing to be rapid.

The relation between peak height and length of
the reaction coil at a fixed flow-rate is illustrated in
Fig. 3. The maximum appears at 200 cm coil length
(bore 0.5 mm). Apparently, with shorter coil lengths
the residence time is too short and mixing may be
insufficient to ensure the reaction going to com-
pletion; with longer coil lengths the concentration
sensed by the detector will decrease because of the
additional dispersion. These results are in agreement
with those of Kagevall et al.? For similar reasons the
peak heights gradually decrease at flow-rates larger
than about 0.8 ml/min (Fig. 4). A flow-rate of about
0.9 ml/min was selected because of the slightly better
reproducibility of the peaks.

For the selected conditions (flow-rates of both
reagent and carrier stream are about 0.9 ml/min;
coil length is 200 cm) a linear calibration graph
is obtained over the water concentration range
0.03-0.11% w/w. Without a membrane separation
step, water concentrations in methanol, ethanol and
2-propanol could be determined with an accuracy
that compared favourably with that obtained by
coulometry (Table 2). In accordance with the work of
Kdégevall ez al.? unsatisfactory results were obtained
for samples of acetone.

Table 1. Dependence of peak height on concentration of Karl Fischer reagent*

K F.-solution: methanol,

vfv 1:14 1I:6 1:7 1:8 1.9 1:10 1:12
Peak height,
mm 1 28 62 85 75 9 7.5

‘Samples.contained 0.13% H, O in methanol; fiow-rates about 0.8 ml/min.
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Fig. 4. Variation of peak-height with flow-rate: reaction coil
length 200 cm. Samples contained 0.119% H,0 in methanol.

Table 2. Comparison between results ob-
tained by FIA and batchwise coulometry

Water content found, % w/w

Solvent Coulometry FIA
0.039 0.041

0.041 0.040

Methanol 0.035 0.032
0.042 0.041

0.032 0.027

0.034 0.036

Ethanol 0.028 0.029
0.050 0.049

0.033 0.044

2P , 0.037 0.036
-rropano 0.034 0.029
0.045 0.045

If the membrane separation cell is used, the linear
working range is shifted to a higher concentration
level (0.1-2% w/w) because of the slow transport of
water across the membrane.

CONCLUSION

FIA is suitable for the determination of water in
methanol, ethanol and 2-propanol in the ug/g-range.
For somewhat higher water contents a membrane
separation step can be introduced, which eliminates
the possibility of fouling the detection system, par-
ticularly if the sample contains solid particles.” The
biamperometric detector used in this study is simple
and robust but yields unsatisfactory results for water
concentrations below 0.03% wjw.
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Summary—The interaction between rhenium(VII) and dithio-oxamide in strongly alkaline medium in
presence of tin(Il) chloride as reductant has been studied. A purple complex is obtained, with A,
526 nm and ¢,,, =4.0 x 10’ 1.mole~'.cm~!. The reaction has been applied to the determination of
rhenium in tungsten-rhenium alloy after its anodic electrochemical dissolution in alkaline medium. A
1000-fold excess of molybdenum or tungsten does not interfere. A modification of the proposed method
can be used as a spot-test for rapid control of rhenium content in industrial solutions.

It is often necessary to analyse strongly alkaline
rhenium solutions. A spectrophotometric method is
known for determination of rhenium in slightly alka-
line or ammoniacal media, based on measuring the
perrhenate absorbance at 230 nm."? Two other meth-
ods are also available for determinaton of rhenium in
strongly alkaline medium. The first is based on the
interaction between perrhenate and thiourea in the
presence of tin(II) chloride as reducing agent’
(€300 am = 1.5 x 10° 1.mole"'.cm~!) and the second
on the interaction between perrhenate and
hydroxylamine* (€3 o = 7.9 x 10° 1.mole~!.cm™}).
Both procedures involve absorbance measurement in
the ultraviolet region, which results in several inter-
ferences. The direct perrhenate and thiourea methods
suffer from poor sensitivity and the hydroxylamine
method suffers from systematic errors when large
amounts of molybdenum and tungsten are present.

The interaction between rhenium(IV) and dithio-
oxamide (DTO) has so far been studied only in acidic
medium.’ It was shown that a mixture of rhenium(I'V)
sulphide and elemental sulphur is obtained. The
interaction between H,(ReOCl;) and DTO has also
been studied in acidic medium.® A compound with
composition ReOCl,(DTO), was isolated. The
Re-DTO bond was reported to be unidentate and
formed with a sulphur atom of the DTO.

The present paper deals with a new possibility for
rhenium determination in a strongly alkaline me-
dium, by interaction of rhenium with DTO in the
presence of a reducing agent.

EXPERIMENTAL

Apparatus

A Beckman DK-2A double-beam scanning
trophotometer was used with 1-cm fused-silica cells.

spec-
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Reagents

Standard rhenium solution. Dissolve 0.1553 g of potassium
perrhenate in 100 ml of distilled water; 1 ml contains 1000
ug of Re.

Dithio-oxamide, 0.04M solution in 7M sodium hydroxide.
Dissolve 0.240 g of the reagent in 50 ml of 7M sodium
hydroxide. Use only fresh solutions.

Tin(II) chloride, 0.24M solution in 7M sodium hydroxide.
Dissolve 5.42 g of the dihydrate in a very small volume
(2-3 ml) of distilled water. Add 7M sodium hydroxide ( < 95
ml) with continual stirring until a clear solution is obtained,
and then make up to 100 ml with more of the alkali. Use
only fresh solutions.

Hydrazine hydrochloride solution. Dissolve 7.55 g of the
hydrochloride in 100 ml of 7M sodium hydroxide. Use only
fresh solution.

Standard molybdenum and tungsten solutions. Prepared by
dissolving sodium molybdate dihydrate and sodium tung-
state dihydrate in 7M sodium hydroxide.

Procedures

Calibration graph. Pipette 0.1, 0.2, 0.3, 0.4 and 0.5-ml
portions of the standard rhenium solution (1000 ug/ml) into
dry 10-ml graduated cylinders fitted with ground-glass
stoppers. Add 1.2 ml of DTO solution and 8 ml of stannous
chloride solution, make up to volume with 7M sodium
hydroxide, mix, and let stand for 45 min. Measure the
absorbance at 526 nm against a reagent blank. Plot the
calibration graph.

Qualitative and semiquantitative spot-test for rhenium.
Prepare a colour scale by pipetting 0, 5, 15, 25 and 40 ul of
1000- g/ml rhenium solution into wells in a Teflon spot-test
plate, and to each add 90 ul of DTO solution, 130 ul of
stannous chloride solution, and make up to 260 ul with 7M
sodium hydroxide and stir with a thin glass rod. To 20 ul
of the unknown solution add the quantities of the reagents
prescribed above. Compare the resulting colour with the
reference scale. The limit of detection is 5 ug/ml. Up to
1000-fold ratio of Mo or W does not interfere with the
colour reaction.

Procedure for determination in the presence of 1000-fold
ratio of Cu. Add DTO solution to the sample solution until
formation of a brownish-black precipitate ceases. Centri-



SHORT COMMUNICATIONS 63

fuge, and decant the supernatant solution through a me-
dium fast filter paper. Take an appropriate volume of this
solution, add the stannous chloride solution, stir and let
stand for 45 min. Measure the absorbance.

Analysis of W~Re alloy. Weigh 0.2 g of the alloy (chips)
into a platinum spoon (to be used as anode). Place the spoon
and a platinum coil (as cathode) in 20 mi of 5M sodium
hydroxide. Connect to a stabilized rectifier delivering 56 V
and 0.8-0.9 A. About 40 mg of alloy will dissolve within 20
min. Find the amount of sample dissolved, by removing,
rinsing, drying and weighing the anode and residual sample
after the electrolysis. Before switching off the current,
reverse the polarity of the electrodes until the brown deposit
of metallic rthenium on the cathode has dissolved (as little
as 20 ug of Re will darken the cathode). Make up the
solution to known volume and analyse an aliquot for
rhenium as described above.

Spectrophotometric determination of rhenium in finishing
product (a mixture of metallic particles of Mo—W—Re based
alloy, abrasives and lubricating oif). Treat the sample pre-
liminarily with chloroform to eliminate the organic com-
ponents and dry it to constant weight. Weigh 1 g of the
treated sample and mix with 1 g of sodium hydroxide and
1 g of sodium nitrate. Stir the mixture well and place it in
an iron crucible. Heat it to 600° in a muffle furnace and keep
it at this temperature for 1 hr. Cool the melt and treat it with
10-15 ml of distilled water. Filter through a “rapid” filter.
Transfer the clear filtrate to a 25-ml standard flask and
make up to volume with distilled water. Analyse an aliquot
as above.

Spectrophotometric determination of rhenium in a sub-
limation product (mixture of tungsten and rhenium oxides).
Weight 1 g of the sample into a Teflon beaker and add
10 m! of 5M sodium hydroxide. Place the beaker in an
autoclave and digest the sample in oxygen at a pressure of
5-6 atm, at 110°C for ! hr. Transfer the resulting clear
solution into a 25-ml standard flask with 5M sodium
hydroxide and make up to volume. Take an aliquot and
analyse it as above.

RESULTS AND DISCUSSION

When perrhenate solution is mixed with DTO
solution in 1-12M sodium hydroxide medium, no
colour appears but on addition of excess of reducing
agent—tin(II) chloride or hydrazine hydrochloride—
a purple colour is formed. The absorption spectra of

23

526nm

A
|
300 400 900
A{nm)
Fig. 1. Absorption spectra, =45 min, /=1 cm,

1—Re-DTO-tin(II) chloride spectrum measured against

DTO-tin(II) chloride solution, Cg, 1.61 x 107*M, Cpro

4.8 x 107*M, Cg, 0.19M, Cyou 7M; 2—spectrum of DTO

solution in 7M NaOH recorded against distilled water, Cpro

4.8 x 10>M; 3—spectrum of DTO + tin(II) chloride sol-

ution in 7M NaOH recorded against distilled water, Cpro
4.8 x 1073M, Cg, 0.192M.
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Fig. 2. 4 at 526 nm plotted vs. Cpyon; Cre 1.61 x 1074M,
Coro 4.8 x 1073M, Cg, 8 x 10~2M, spectra recorded against
a blank solution.

the product and the reagents are shown in Fig. 1. The
spectrum of the purple solution has three absorption
maxima—at 720, 526 and 328 nm. The solution
containing DTO and tin(II) chloride has its absorp-
tion maximum at 526 nm, and the pure DTO solution
absorbs at 315 nm. The absorbance of the
rhenium-DTO complex at 526 nm can be used for the
spectrophotometric determination of rhenium.

Reaction conditions

Figure 2 shows that complex formation takes place
in 1M sodium hydroxide medium but only slowly and
incompletely. The rate and degree of complexation
increase with hydroxide concentration, the optimal
alkali concentration being 6-8 M. At higher alkalinity
the absorbance decreases. The reaction is still rather
slow, however, maximal absorbance being attained in
40 min, then remaining constant for at least another
hour or so.

A large excess of reductant (at least 500:1 molar
ratio to rhenium) is needed for complete reduction of
perrhenate and to provide a protective medium to
prevent possible oxidation of DTO and the complex
by air. A complex with identical spectral character-
istics is obtained with hydrazine hydrochloride as the
reductant, which shows that tin(II) chloride acts only
as a reductant and does not form part of the complex.

The effect of DTO concentration is shown in Fig.
3. At low DTO:Re ratios little complex formation

05—

—
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0.3 p~
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Fig. 3. A at 526 nm plotted vs. Cpyo; Cge 1.07 x 1074M,
Csy 0.192M, Cyoq 7M; spectra recorded against a blank
solution.
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Table 1. Determination of rhenium in various samples

Present method  Thiourea method
Amount Std. Std.
dissolved, Number of Mean, devn., Mean, devn,
Sample mg replicates % Yo Yo %
W-Re alloy 40 6 7.30 0.50 7.18 0.50
Mo-W-Re finishing product 1000 5 0.603 0.007 0.587 0.028
W-Re sublimation product 1000 5 0.517 0.007 — —_

takes place, precipitation of hydrolysis products
being observed, since the hydroxide ions compete
with the DTO reaction. At higher DTO: Re ratios the
degree of complex formation increases and at 20:1
molar ratio constant absorbance is attained for a
fixed amount of rhenium. Further increase in the
ratio causes no shift in the absorption maximum at
526 nm, indicating formation of a single complex
species in the system. For the determination a 30-fold
molar ratio of DTO to rhenium is used.

Composition of the complex

When excess of tin(I} chloride is added to an
alkaline perrhenate solution a brownish black
precipitate (most probably of ReQ,) is formed. In the
presence of excess of DTO no precipitate is formed,
but a purple colour appears (complex formation).
The same absorption spectrum is obtained with
tin(IT) sulphate as reductant.

Addition of excess of alkaline DTO solution to
potassium hexachlororhenate(IV) solution produces
a purple colour, which has an absorption maximum
at 526 nm but is unstable, fading within 30 min. The
addition of an excess of reductant—tin(II) chloride or
hydrazine—stabilizes the colour and the absorbance
at 526 nm is stable for about an hour after complete
formation of the complex. The reductant will reduce
higher oxidation states of rhenium and prevents both
complex and ligand from oxidation by atmospheric
oxygen. These facts suggest that the rhenium in the
complex is in oxidation state (IV).

Jon-exchange and electrophoresis show that the
complex is negatively charged. All aitempts to isolate
the solid complex from alkaline medium have failed.
The complex is hydrophilic and is not extracted by a
wide variety of organic extractants.

The Re:DTO ratio in the complex is 1:2, as
determined according to the procedure of Staric and
Barbanel.” The stability constant of the complex,
determined by the mole-ratio and Babko’ methods is
B =(1.2+0.15) x 10

It is very likely that in strongly alkaline medium the
jionized thiol form of DTO is present and the
Re~-DTO bond should be bidentate.

~§—C=NH
”S—&NH
The thiol form of DTO

We therefore suggest that the composition of the
complex is [Re(OH),(DTO),)*~.

The molar absorptivity at 526 nm is
(4.0 £0.3) x 10° 1.mole~'. cm . Beer’s law is obeyed
over the rhenium concentration range 5-50 pg/ml.
The standard deviation of the absorbance is 0.016 for
20 and 40 ug/ml Re (9 replicates), and the relative
standard deviations 3.6 and 1.7% respectively.

Interferences

Mo and W do not form complexes with DTO
under the conditions described. It is found that a
1000-fold ratio of Mo and W does not interfere with
the determination.

Applications

Three industrial samples were analysed by the
proposed method. Comparison analyses of the alka-
line solution were performed as follows. Rhenium
was separated from the matrix by extraction with
acetone from alkaline medium. The extract was evap-
orated to dryness. The dry residue was dissolved in
distilled water and an aliquot of the resulting solution
was analysed by the thiourea method.? The results are
shown in Table 1.
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Summary—On the non-ionic sorbent Amberlite XAD-2 the sulphonated derivative of an aromatic
complexing agent—Pyrocatechol Violet—was immobilized, and this chelate-forming resin was used for
the preconcentration of P(II) and In(III) and for the separation of some metal ions. The PV—XAD-2
resin was adopted for the preconcentration of Pb(II) in tap-water. Very high preconcentration factors were

obtained.

In trace metal analysis preconcentration or separ-
ation of the analyte from the matrix is frequently a
necessity. Various methods and materials are recom-
mended for preconcentration and separation. Ex-
change methods with highly selective resins are par-
ticularly convenient. Chelating resins prepared by
the immobilization of chelating agents on various
supports’? are recommended for the purpose.

A very efficient system is provided by immobiliz-
ation of the sulphonic acid derivative of an aromatic
complexing agent on an anion-exchange resin.*® In
this paper we demonstrate the properties and appli-
cation of such a resin, based on Amberlite XAD-2,
for the preconcentration and separation of metal
ions. Amberlite XAD-2 has been utilized as a support
for neutral complexing agents,*’ and sorption of
ionic compounds on its surface has been reported.®
As the sulphonic acid derivative, we have selected
Pyrocatechol Violet (PV), 3,3’ ,4’-trihydroxyfuchsone-
2"-sulphonic acid (Fig. 1), and have applied the
system to preconcentration of Pb(II) and In(III), and
the separation of some metal ions.

EXPERIMENTAL

Reagents and apparatus

The Amberlite XAD-2 (Aldrich) had a specific surface
area of 330 m?/g, pore diameter 90 A, and bead size 2060
mesh. The Pyrocatechol Violet (BDH) was recrystallized
from 10% v/v ethanol-water solution before use. PV is only
slightly soluble in water (0.1% aqueous solution) but easily
soluble in alcohols (59 g/l.).

Standard indium solution was prepared by dissolving
1.000 g of the metal (spectroscopic grade) in 2M hydro-
chloric acid and diluting the solution to volume in a 500-ml
standard flask, and was further diluted as required. Metal
stock standard solutions (1000 mg/l., for atomic-absorption,
Merck) were diluted as required. All other chemicals
were analytical grade. Doubly distilled water was used
throughout.

A Beckman model 1272 atomic-absorption spectrometer
was used with a Pye-Unicam GRM-1268 graphite furnace.
The conditions used for determining the various elements
were those recommended by the manufacturers. The glass
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exchange columns, 20 cm long, 0.8, 1.0 and 1.5 cm inner
diameter, had a Rotaflo tap at the bottom. The flow-rate
was regulated with a peristaltic pump.

Preparation of PV -resin

To obtain the modified adsorbent, the XAD-2 resin was
moistened with methanol, then washed with 6M hydro-
chloric acid, water, 2M sodium hydroxide, and water again,
then shaken with 5 x 10~*M PV aqueous solution until the
supernatant solution became colourless. The resin was then
filtered off, washed with water and alcohol, dried, and kept
in the refrigerator. The modified resin contained 0.05 mmole
of PV per g of Amberlite XAD-2.

Determination of the adsorption isotherm of PV

The sorption of PV was measured under static conditions.
A 0.200-g portion of Amberlite XAD-2 was shaken for 12
hr with 20 ml of PV solution at pH 2.6. The concentration
of PV was in the range 1.4 x 10-%-3.7 x 10~3M. After 24 hr
the equilibrium concentration of dye in the solution was
measured spectrophotometrically at 450 nm. The results are
presented in Fig. 2.

The sorption of PV as a function of pH

A 0.200-g portion of resin was shaken for 12 hr with 20
ml of 3.1 x10-°M PV, and the pH was adjusted with
sodium hydroxide or nitric acid to a value in the range
1.0-2.0. The equilibrium concentration of PV was measured
spectrophotometrically at 450 nm after 24 hr. The results are
presented in Fig. 3.

The stability of aqueous PV solution

Solutions of PV at 0.2% concentration are stable. At
higher concentrations, even in the dark, Pyrocatechol Violet

OH
OH
OH
=0H®

_C=

SO’ (=)
Fig. 1. 3,3’ ,4-Trihydroxyfuchsone-2"-sulphonic acid.
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Fig. 2. Adsorption isotherm of Pyrocatechol Violet.

decomposes slowly. To study the stability a 6.2 x 10~’M
solution was prepared and its absorbance was measured
spectrophotometrically at 450 nm, and again 300 days later,
by which time the PV concentration had decreased to 78%
of its initial value.

Retention of metal ions as a function of pH

A constant amount (equivalent to 0.200-g dry weight) of
modified resin was mixed with 1 ml of methanol and 20 ml
of solution containing 0.10 mg of metal ion. The solution
was adjusted to the desired pH with sodium hydroxide or
nitric acid and then the mixture was shaken for 12 hr. The
equilibrium hydrogen-ion and metal-ion concentrations
were determined 12 hr later. The metal ions were determined
by AAS." The results are presented in Fig. 4.

Determination of breakthrough capacity for indium as a
Sunction of pH

Through columns (6 cm bed height) of 1.0 g of loaded
Amberlite XAD-2, indium solutions (0.5 mg/l.) at various
pH values were passed at a flow-rate of 1.7 ml/min.

Separation procedures

A 10-ml volume of solution containing a mixture of metal
ions in the weight ratio In(IIT): Co(II):Ni(II) = 1:1000:100
(pH in the range 3.2-4.0) and a 20-ml volume of solution
containing Bi(III): Cd(IT):Ni(IT) = 1:1500:100 (pH = 1.25)
were passed through columns of PV-loaded resin. The metal
ions were eluted at a flow-rate of 1.7 ml/min. A 6-cm bed
height of 1.0 g of modified resin was used (column inner
diameter 8 mm). The results are presented in Table 1.

RESULTS AND DISCUSSION

It was established that Pyrocatechol Violet is
adsorbed on the hydrophobic surface of the styrene-
divinylbenzene type resin Amberlite XAD-2. The
hydrophobic resin appears to be an excellent support
for the sulphonic acid derivatives of aromatic com-
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Fig. 3. The sorption of Pyrocatechol Violet as a function of
pH.

plexing agents. The sorption of PV on XAD-2 resin
is due to m—rn dispersion forces arising from the
aromatic nature of the resin and reagent. Figure 2
shows the adsorption isotherm of PV on XAD-2 at
pH 2.6. The capacity of XAD-2 for PV at pH 2.6 is
0.10-0.12 mmole/g. Figure 3 shows the retention of
PV on the resin as a function of pH, determined by
the batch method over the pH range 1-12. The
adsorption is maximal at about pH 2, and pre-
sumably specific interaction between the “potential-
determining” ion® (PV) retained on the XAD-2 resin
and counter-ion (H;O%) increases the adsorption
(the dissociation constants of PV are:® pK,, =0.8,
pK,, =7.80, pK,; =9.76, pK,, = 12.83). Cantwell and
Puon proposed this mechanism for retention of
organic ions on a non-ionic sorbent, on the basis
of Grahame’s modification'® of the Stern-Gouy-
Chapman electrical double-layer theory, and con-
sidered that if a large organic anion were used with
a small cation, the anion would be adsorbed as the
potential-determining ion, and the cation would serve
as a counter-ion. In the work described here, specific
adsorption of the anion is evident and confirms that
if specific interaction occurs, the sorption of the
potential-determining ion increases.

The retention of metal ions on XAD-2 resin modified
with PV

The sorption behaviour of several transition-metal
and heavy-metal ions as a function of pH was
examined by the batch method. The results presented
in Fig. 4 indicate that differences in retention occur.

100 Fe(IIl) Ni(II) o oon,
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Fig. 4. Retention of metal ions on the PV-loaded resin as a function of pH.
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Table 1. Separation of metal ions on PV-loaded Amberlite XAD-2
(average of 6 determinations)

Amount of metal, mg

Mixture Elution agent Added Found*
In 0.5M HNO,, 25 ml 0.010 0.010 £ 0.0008
Co 5 x 1073 M tetrene, 10.0 10.0 +£0.077
Ni 150 ml 1.0 1.02 4 0.091
Bi 1.0M HNO,, 25 ml 0.010 0.010 + 0.0007
Co 5 x 1073M tetrene, 15.0 149 +0.117
Ni 200 ml 1.0 0.98 +0.054

*Mean and range, 95% confidence limit.

At pH 1 the selectivity sequence for metal ions on the
PV-XAD-2 chelating resin is: Bi(IIl) > In(III) >
Pb(II) > Cu(Il) > Fe(Ill) > Co(II) > Ni(II). As ex-
pected, the greatest affinity for PV-XAD-2 resin is
exhibited by those metal ions which possess the
greatest affinity for oxygen as a donor atom. The
selectivity sequence is in agreement with that predict-
able from the stability constants of the complexes
formed between PV and the metal ions: Bi(IIl) >
In(III) > Fe(III), and may indicate, to some degree,
that the complexing properties of PV are not changed
if it is immobilized on a resin. If a complexing agent
is adsorbed as a potential-determining anion on the
surface of the resin, metal ions are retained as
counter-ions on the resin, according to their specific
interaction with the ligand.

Separation of metal ions

The differences in the retention of the metal ions
under study, on PV-loaded XAD-2 resin, indicate
that Bi(IIT) and In(IIT) should be separable from the
less strongly retained metal ions. Table 1 shows the
results for separation of Bi(III) or In(III) from excess
of Cu(Il) and Ni(II). The separation of Bi(III) from
Cu(ll) is of practical interest for analysis of copper
alloys. To increase the efficiency of the separation
(smaller volume of eluent) tetrene was used as eluent.

Preconcentration of indium

Indium is firmly retained on PV-XAD-2 resin over
a wide pH range (3-8). The breakthrough capacity
for indium was determined under the following col-
umn operating conditions: bed-height 2 cm (0.3-0.4 g
of resin), pH range 3.2-7.7, flow-rate 1.7 ml/min,
column bore 8§ mm, and found to be 0.3 mg of In(I1I).

Table 2. Determination of lead in tap-water by
AAS after preconcentration on PV-resin

Pb concentration,* ug/l.

28+0.3 3.0+ 04%
26103 2.7+0.3¢%

*Mean and range of 3 determinations (95%
confidence limit).

tDetermination of lead by anodic stripping
voltammetry (6 min preconcentration at
—0.8 V vs. SCE).

Sample |
Sample 2

From the amount of PV retained on the resin bed, the
molar ratio of PV to In(III) under the given con-
ditions is 12:1. According to Ryba et al.,'? Pyro-
catechol Violet forms 1:1 complexes with indium and
some other tervalent metal ions, so in an 8-mm bore
column a 6-cm bed height (1.2 g of PV-XAD-2 resin)
should be able to take up 1 mg of indium, which can
be eluted with nitric acid. If we assume precon-
centration from 2 litres of 0.5-ug/ml indium solution,
the concentration factor is 100.

Preconcentration of lead

With a bed height of 10 cm (2 g of resin, column
bore 8 mm), passage of 2 litres of 0.05-ug/ml lead
solution and elution with 25 ml of 1.5M nitric acid
a concentration factor of 80 was obtained. With
passage of 5 litres of the lead solution, removal of the
resin from the column, and stripping with 10 ml of
1M nitric acid, a concentration factor of 500 was
obtained for quantitative desorption. Only one ex-
traction was needed. Six analyses of 5-litre samples
of 0.05-ug/ml lead solution gave recovery of
0.24 + 0.019 mg (mean and 95% confidence limit).
The flow-rate for preconcentration may be as high as
5 ml/min if a 15-mm bore column is used. The
PV-XAD-2 resin was used for preconcentration and
determination of lead in tap-water. The results are
presented in Table 2.

REFERENCES

1. D. E. Leyden and G. H. Luttrell, Anal. Chem., 1975, 47,
1612.

2. B. M. Vanderborght and R. E. Van Grieken, ibid., 1977,
49, 311.

3. K. Terada, K. Matsumoto and H. Kimura, Anal. Chim.
Acta, 1983, 153, 237.

. K. Brajter, J. Chromatog., 1974, 102, 385.

. K. Brajter and E. Olbrych-Sleszyniska, Talanta, 1983,
30, 355.

6. J. D. Pietrzyk, E. P. Kroeff and T. D. Rotsch, Anal.
Chem., 1978, 50, 497.

. J. D. Pietrzyk and C. H. Chu, ibid., 1977, 49, 860.

. F. F. Cantwell and Su Puon, ibid., 1979, 51, 623.

. A. E. Martell and R. M. Smith, Critical Stability
Constants, Vol. 3, Plenum Press, New York, 1976.

10. D. C. Grahame, Chem. Rev.,, 1947, 41, 441.

11. K. Brajter and E. Olbrych-Sleszyriska, Analyst, 1986,

111, 1023.
12. O. Ryba, J. Cifka, D. Jezkov4, M. Malat and V. Suk,
Collection Czech. Chem. Commun., 1958, 23, 71.

o

O 0o~



Talania, Vol. 35, No. 1, pp. 68-70, 1988
Printed in Great Britain. All rights reserved

0039-9540/88 $3.00 +0.00
Copyright © 1988 Pergamon Journals Ltd

X-RAY PHOTOELECTRON SPECTROSCOPIC ANALYSIS
OF LEAD ACCUMULATED IN AQUATIC BRYOPHYTES

M. SoMma, H. Seyama and K. SATAKE
The National Institute for Environmental Studies, Tsukuba, Tbaraki 305, Japan

{Received 16 March 1987. Revised 26 June 1987. Accepted 21 August 1987)

Summary—Lead accumulated in aquatic bryophytes, Pohlia ludwigii, Scapania undulata and Pellia
endiviifolia, has been characterized by X-ray photoelectron spectroscopy (XPS). Tl}e well rgs?lved Pb 4
(4f3, and 4f;;) spectra indicate that the bonding state of lead in each bryophyte is that giving a fau_'ly
narrow distribution in the binding energy. The Pb 4f;,, binding energy depends on the bryophyte species
and is lower than that for lead suiphate. It is also possible to use XPS to detect zinc and copper

accumulated in bryophytes.

A considerable number of X-ray photoelectron spec-
troscopic studies of biologically important substances
have been reported.! However, application of XPS to
real organisms without pretreatment, especially to the
characterization of trace elements in living bodies,
has been limited. This is perhaps because the sensi-
tivity of XPS is too low; typically the concentration
of element required is at least 0.1-1.0 atom% in the
volume probed. Living organisms can concentrate
elements from aquatic media and the concentration
factor can sometimes be strikingly high.? Recently
we have demonstrated that XPS gives some evidence
for mercury-sulphur bonding in the liverwort Junm-
germannia vulcanicola.’ The liverwort accumulates
mercury by a factor of more than 10° {dry weight
basis) from the acid stream where it lives. The XPS
method opens up the possibility of characterizing the
bonding state of elements accumulated in living
tissues.

In this paper, XPS analyses of some bryophytes are
reported. It is shown that, unlike mercury in the J.
vuleanicola, lead in the aguatic bryophytes Pohlia
Iudwigii, Scapania undilata and Pellia endiviifolia is
not bound to sulphur, but is distributed in rather
uniform bonding states, as indicated by its well
resolved 4f spectrum. Copper and zinc accumulated
in the bryophytes are also described briefly.

EXPERIMENTAL

Bryophytes

Pellia endiviifolia and Pohlia ludwigii (Spreng.} Broth.,
were collected in a puddle at Ginzan (“silver mountain™)
mine close to Lake Towada, Japan. Scapania undulata was
sampled from a stream at Greenside mine, England. The
description and elemental composition of the P. endiviifolia*
and the S. undulata® are given in detail elsewhere. Scope-
lophila cataractae, known as copper moss and called
Honmonji-goke {(moss) in Japan, was sampled at Honmonji
Temple, Tokyo.

XPS and ICP analyses

The X-ray photoelectron spectra and the X-ray induced
Auger electron spectra were recorded on a Vacuum Gener-
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ators ESCALAB 5 apparatus. The conditions for mea~
surement have been described previously.® The bryophytes
were dried in a desiccator, cut into segments of ca. 1 cm and
fixed on a stainless-steel sample holder {10 mm diameter)
with double-sided adhesive tape. In the case of P. ludwigii,
a bundle about 6 cm long gave 6 segments.

The electron binding energies were standardized against
the Au 4f;, (83.8 ¢V) line from a gold film evaporated onio
the sample. The uncertainty in the determination of the
binding energy was +0.2 eV. The relative atomic abundance
was calculated from the intensities of the photoelectron lines
and the empirical atomicesensitivity factors.®

The elemental compositions of the bryophytes were deter-
mined by inductively-coupled plasma atomic-emission spec-
trometry (ICP) (Jarrel Ash Plasma Atom Comp Model 957}
after digestion with concentrated nitric acid.

RESULTS AND DISCUSSION

The survey XP-spectrum of P. ludwigii (segment
2-3 cm from the tip) which contained a high concen-
tration of heavy metals (Pb, Cu and Zn; see Table 3
for the elemental composition determined by ICP and
Table 2 for that determined by XPS) was obtained by
scanning the binding energy range 0-1250 ¢V for 20
min. It revealed that, although lines due to major
elements (C, N, Q) predominate, the strongest lines
for the minor constituents at below percent levels
are detectable even in a survey spectrum. Since the
C 15 line inevitably contains contributions from
exogenous carbon compounds, the observations of
the N 15 line (binding energy 399.6 eV) attributable
mainly to amino groups are important in ensuring
that real tissue is being examined.

For the P. endiviifolia, the Cu 2p and Zn 2p lines
were detected at intensities comparable with those
observed for P. ludwigii, but the Pb 4f lines were an
order of magnitude weaker, in agreement with the
ICP analysis.* The S. undulata exhibited the Pb 4f
lines as strongly as in the P. idwigii, but gave weaker
Zn 2p and negligible Cu lines. The S. cataractae was
characterized by remarkably strong Cu 2p lines, as its
common name would suggest, but did not give
detectable Pb and Zn lines.
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Table 1. Pb 4f;, binding energies in aquatic bryophytes and lead

compounds
Sample Pb 4f;, binding energy, eV FWHM, eV*§
Pohlia ludwigii 138.7* 24
Scapania undulata 138.5* 23
Pellia endiviifolia 138.9* —
PbSO, 139.2*¢ 22
PbS 137.5* 1.9
PbCl, 138.6*, 138.8¢ 20
Pb(CH,C00), 138.7¢
Pb,(PO,), 138.4%
PbO 137.9¢
*This work.

1The binding energies (Ref. 7) are determined with respect to the
C 1s line from a carbon contamination (285.0 eV). In this table,
they were shifted 0.4 eV lower so that the binding energy of
PbSO, was adjusted to give the same value as our result, which
also gives a consistent C 1s binding energy (284.5 eV on PbSO,
in our measurements) within experimental error.

§Full width at half-maximum.

The Pb 4f spectrum of P. ludwigii was compared
with those of PbSO, and PbS. The bryophyte sample
gives well resolved 4f;, and 4f;, spin-orbit com-
ponents with linewidths of each component similar to
those shown by the pure lead compounds (Table 1).
Similar well resolved Pb 4f spectra were obtained for
P. endiviifolia from the Ginzan mine and the S.
undulata from Greenside mine. This indicates that the
Pb in these bryophytes exists in homogeneous bond-
ing states, otherwise a broader and less well resolved
4f spectrum would be obtained. The comparison also
shows that PbS cannot be a major lead component in
the P. ludwigii. The observation contrasts with the
case of Hg in the J. vulcanicola, for which XPS gave
evidence of Hg-S bonding.}

Table 1 lists the Pb 4f;, binding energies found in
the bryophytes, together with those of some lead
compounds.” The Pb 4f;, binding energies in the
three bryophytes are slightly different, the lowest
(138.5 eV) being found for the S. undulata. Since the
average C 1s binding energies are the same
(284.7 £ 0.1 eV) for all the bryophytes, the differences
are considered to be significant. Similarly the binding
energies in the P. ludwigii and S. undulata are
different from that of PbSO,.

The P. ludwigii also exhibited well resolved Cu and
Zn 2p spin-orbit components. However, the Cu 2p
spectrum (Cu 2p,, binding energy 932.8 eV) suffered
from X-ray induced reduction® and lost satellites
characteristic of Cu?*.® With lowered X-ray intensity,
the characteristic satellite structure was observed for
the S. cataractae. For the P. ludwigii, the character-
istic ESR spectrum of paramagnetic Cu?* was ob-
tained. As is known, the Zn 2p,, binding energy
(1022.0 eV for the P. ludwigii) alone does not give
much information on the bonding state of Zn.'

Table 2 shows an example of a semi-quantitative
analysis of the P. ludwigii by XPS. The atomic
abundances of Pb, Cu and Zn relative to C are
consistent with their bulk concentrations in the
0.1-1% level (Table 3). Accordingly, since the prob-
ing depth of XPS is limited to the surface layers
(<100 A) of the solid samples, it is suggested that the
heavy metals are not significantly concentrated in the
surface layers of the bryophyte samples. The concen-
tration of Zn is constant throughout the segments
whereas that of Pb and Cu varies.

As can be seen from Table 2, XPS can determine
the sulphate-S and sulphide-S (mostly attributable to
protein-S in this case) separately, owing to the chem-

Table 2. Atomic concentrations relative to carbon (= 1000, based on C 1s line)
in P. ludwigii determined by XPS

Segment*

Element Line 0-1 12 2-3 34 4-5 5-6
(o) is 210 250 280 240 310 350
N Is 47 43 55 40 49 69
Si 2s 20 34 5.1 6.7 10 14
P 2p 2.0 28 3.9 1.9 24 24
S(+VD) 2p 0.47 1.2 0.92 0.80 1.6 1.9

(-1 2 0.60 0.58 0.87 0.40 0.72 0.62
Pb 4f 0.12 0.61 0.73 0.44 0.45 0.61
Cu 2p3 0.86 2.1 3.6 2.8 29 56
Zn 203, 1.6 1.2 1.t 1.0 1.5 1.5

*Lengths (cm) from the tip of bundle of the P. ludwigii.
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Table 3. Elemental composition of the shoot of P. ludwigii and water samples from Ginzan
(3 Nov. 1983) determined by ICP analysis

Shoot, mg kg

Water,
Element 0-1 cm 1-2 cm 2-3 cm 0-3cm mg/l.
Na 197 177 200 193 4.7
4.5
Mg 2.14 x 10° 1.84 x 10° 2.02 x 10 1.98 x 10 0.91
0.89
Al 935 794 1.09 x 10° 973 <0.1
<0.1
6.05 x 10° 5.06 x 10° 6.88 x 10° 5.75% 10° <05
<0.5
K 3.21 x 10¢ 3.52 x 10* 3.12 x 10* 3.09 x 10* 0.73
0.79
Ca 5.41 x 10° 5.04 x 10} 6.02 x 10° 5.17 x 10} 2.85
2.80
Mn 22 18 40 26 <0.02
<0.02
Fe 597 516 666 640 <0.02
<0.02
Cu 576 x 10° 1.04 x 10* 1.15 x 10* 8.56 x 10° 0.02
0.02
Zn 3.72 x 10° 4.33 x 16° 491 x 10° 4.05 x 10° 0.66
0.66
Pb 2.67 x 10° 6.09 x 10° 8.36 x 10° 5.35 < 10° 0.02*
0.03*

*Values between determination and detection limit of ICP analysis.

ical shift in the S 2p line for the two species.!! This
capability is useful in the speciation of sulphur in the
biological sample, especially when the sample con-
tains chalcophile metals. The peak at higher binding
energy (168.4 e¢V) can be attributed to sulphate-S
and the lower one (162.9 eV) to sulphide-S. X-ray
induced changes in the S 2p spectra'> were not
observed.

For the P. ludwigii, the total atomic concentration
of Pb, Cu and Zn always exceeded the total amount
of sulphur. Therefore, if one-to-one stoichiometry is
assumed, the total amount of heavy metals cannot
be involved in bonding with the sulphur-containing
ligands. As stated above, dominant presence of PbS
is not likely on the basis of the Pb 4f;, binding
energy. The binding energy in the bryophytes ranges
from a value fairly close to that of PbSO, (P.
endiviifolia) to a significantly different one (S. un-
dulata). For the S. undulata the sulphate-S/Pb ratio
was 2.2 for one sample but was less than unity (0.6)
for a second sample. A close correlation between the
Pb and sulphate-S concentrations is not observed for
the P. ludwigii (Table 2). Therefore, it is unlikely that
the sulphate ion is the sole binding ligand for Pb in
these bryophytes. Table 2 shows that the concen-
tration of Pb has no correlation with that of other
elements (except Cu). Apparently more information

is required to establish the bonding state of lead in
bryophytes.
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REFERENCES

1. M. M. Millard, Adv. Exp. Med. Biol., 1974, 48, 589;
D. M. Hercules, Anal. Chem., 1976, 48, 294R; A. D.
Baker, M. A. Brisk and D. C. Liotta, ibid., 1978, 50,
328R; 1980, 52, 161R.

2. H. J. M. Bowen, Environmental Chemistry of Elements,
Academic Press, London, 1979.

3. K. Satake, M. Soma, H. Seyama and T. Uehiro, Arch.
Hydrobiol., 1983, 99, 80.

4. K. Satake, M. Nishikawa and K. Shibata, Hydro-
biologia, 1987, 148, 131.

5. K. Satake, submitted to J. Bryology.

6. M. Soma, H. Seyama and K. Okamoto, Talanta, 1985,
32, 177.

7. N. 1. Nevedov, Ya. V. Salyn’ and H. Keller, Zh.
Neorgan. Khim., 1984, 24, 2564.

8. J. C. Klein, C. P. Li, D. M. Hercules and J. F. Black,
Appl. Spectrosc., 1984, 38, 729.

9. D. C. Frost, A. Ishitani and C. A. McDowell, Mol.
Phys., 1972, 24, 861.

10. C. D. Wagner, W. M. Riggs, L. E. Davis, J. F. Moulder
and G. E. Mullenberg, Handbook of X-ray Photo-
electron Spectroscopy, Perkin-Elmer, 1979.

11. B. J. Lindberg, Int. J. Sulfur Chem., 1972, C7, 33.

12, M. Thompson, R. B. Lennox and D. J. Zemon, Anal.
Chem., 1979, 51, 2260.



Talanta, Vol. 35, No. 1, pp. 71-73, 1988
Printed in Great Britain. All rights reserved

0039-9140/88 $3.00 + 0.00
Copyright © 1988 Pergamon Journals Ltd

APPLICATION OF REVERSE PULSE POLAROGRAPHY
TO THE DETERMINATION OF SUBSTANCES
WHICH FORM FILMS ELECTROCHEMICALLY
ON THE MERCURY ELECTRODE*

J. M. Lopez Fonseca, A. OTERO and J. C. GARCIA MONTEAGUDO

Depto. de Quimica Fisica, Facultad de Farmacia, Universidad de Santiago de Compostela,
Santiago de Compostela, Spain

(Received 20 February 1987. Revised 4 May 1987. Accepted 2 July 1987)

Summary—The application of reverse pulse polarography to the determination of substances which form

films electrochemically on the mercury electrode is illustrated with penicillamine and cysteine. The
dependence of the peak current on several variables is reported and compared with theoretical predictions.
It is shown that under optimal instrumental conditions (long drop times and short effective pulses) reverse
pulse polarography compares favourably with both normal pulse polarography and differential pulse
polarography for the determination of penicillamine and cysteine, concentrations of penicillamine as low
as 5 x 10~%M being readily determined in the presence of copper(Il).

Reverse pulse polarography (“‘scan-reversal pulse
polarography, RPP”’) is a variant of normal pulse
polarography in which the initial potential is held at
a value at which the electrode reaction being studied
takes place, and pulses of increasing potential are
applied. This technique holds great promise for the
characterization of electrode reactions, including in-
vestigation of their polarographic reversibility? and
identification and determination of their intermediate
and final products.? Amperometric RPP has been
employed in conjunction with flow-injection analysis
for the determination of a variety of species.’* The
present paper describes the use of RPP for the
determination of substances that take part in
the electrochemical formation of films of mercury
compounds on the electrode surface. The resuits
presented concern two substances of biological inter-
est, cysteine and penicillamine. The technique de-
scribed is a form of cathodic stripping voltammetry,
and shares its inherent sensitivity.

THEORY

In polarography, any species A that forms an
insoluble compound with mercury ions produces an
anodic wave due to oxidation of the mercury of the
electrode according to the reaction

zA +Hg=(HgA,)a + ne” M

where the subscript el indicates that the reaction
occurs at the surface of the electrode. If the concen-
tration of A is such that the maximum surface

*Part of this work was presented at the 36th Meeting of the
International Society of Electrochemistry, Salamanca,
Spain, 198S5.
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concentration of HgA, is attained, this wave may be
followed by a second at more positive potentials.

When RPP is employed with an initial potential E,
kept constant at a value yielding the limiting current
of the anodic wave, the reaction above takes place
during the time that elapses between the electrode
drop beginning to form and the potential pulse being
applied. An analysis of the process, similar to that by
Koryta,’ shows the number N of moles of product
formed under conditions in which the electrode sur-
face is not saturated, is given by

N =085m™ 13T = 0.627 x 107C, D *m** 1182
@)

where m is the mercury flow-rate, I' the surface
concentration of HgA,, C, the molar concentration
and D, the diffusion coefficient of A.

Applying sufficiently large negative potential pulses
drives reaction (1) backward, reducing the mercury in
the compound concentrated on the electrode surface.
The situation is thus analogous to that of reactant
adsorption in normal pulse polarography, in which
the current—potential curves present a characteristic
peak shape.!' The appearance of this peak is a
consequence of measuring the current at a fixed time
1, towards the end of the pulse. As the pulse potential
is made increasingly negative the current first in-
creases as more mercury(Il) in the adsorbed film is
reduced to mercury, but eventually decreases when
the potential pulse is sufficiently negative to cause
increasingly complete reduction of the adsorbed film
before the current is measured. The peak current will
decrease with increase in the time 7, that elapses
between the moment at which the potential pulse is
applied and that at which the current is measured
(i.e., the effective pulse duration). For a plane station-
ary electrode and low electrode surface coverage,
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theoretical calculations show that i, = k¢, %% for re-
versible redox reactions and i, = k¢ ' if the reaction
is totally irreversible.®!! The system is shown
schematically in Fig. 1.

These considerations have an important con-
sequence for the analytical determination of the
species A, since if ¢, is short, then the peak current
recorded in RPP, which is proportional to the quan-
tity of HgA, deposited on the electrode, may be
expected to be greater than in normal pulse polar-
ography or differential pulse polarography, in which
the current is dependent only on the diffusion of A.

EXPERIMENTAL

Polarographic measurements were made with a Tacussel
Type PRGS5 polarograph in conjunction with a three-
electrode cell system having a saturated calomel electrode as
reference and a platinum counter-electrode. The drop-time
of the dropping mercury electrode, ¢, was mechanically
maintained at a constant value in the range 1.0-9.9 sec. The
effective pulse duration 7, was maintained at a constant
value between 14 and 80 msec. A scan-rate of 1 mV/sec was
usually employed. In the differential pulse polarography a
pulse amplitude of + 100 mV was used.

Measurements were made at 25+ 0.1°. Solutions were
deaerated by passage of oxygen-free nitrogen for about
10 min. The pH-values were measured with a Radiometer
Model 26 pH-meter.

A stock aqueous solution (2 x 1073M) of cysteine
(Sigma) or penicillamine (Ega-Chemie) was prepared daily
by dissolving the compound in water that had been de-
aerated by passage of nitrogen. All other chemicals were
Merck analytical reagent grade. Water was purified by a
Millipore-Milli Q system.

RESULTS AND DISCUSSION

Polarograms a’ and b’ in Fig. 2 were obtained by
RPP for 5 x 10~ M penicillamine (a’) or cysteine (b’)
in 0.06 M sodium tetraborate buffer. In each case E,
was set at a value that would give the limiting current

ty

<L

mMmT

t

Fig. 1. Schematic representation of potential-time signal

(not to scale) in RPP; ¢, is the drop time, ¢, the time over

which the initial potential is applied, ¢, the time that elapses

between the moment at which the potential pulse is applied

and the instant at which the current is measured, and ¢, the

time between this latter instant and the moment at which the
potential pulse ends.

s
a

A A

-04 -Q6
E(v)

Fig. 2. Polarograms obtained for the systems 5 x 10-5M

penicillamine—0.06 M sodium tetraborate, pH 9.2 (a and a’)

and 5 x 107%M cysteine-0.06 M sodium tetraborate, pH 9.2

(b and b). a, b: differential pulse polarograms (£, —0.9 V;

14 9.9 sec; t, 14 msec), recording begun at —0.9 V. a’, b”:

reverse pulse polarograms (E, —0.2 V; ¢, 9.9 sec; 1, 14 msec).
In recording b’ the scan rate was 0.4 mV/sec.

—08

of the anodic wave in normal pulse polarography. As
predicted, a well-defined peak is observed when the
increasingly negative potential pulses are applied, the
peak potential being close to the half-wave potential
of the anodic wave observed in normal pulse polar-
ography. Varying E, between —0.1 and —0.4 V had
no significant effect on i,.

The dependence of i, on ¢, the time elapsed prior
to application of the pulse, which is controlled by
varying ¢, mechanically, was evaluated. The slopes of
the straight lines obtained in graphs of log i, vs. log
1, (1.12 for penicillamine and 1.14 for cysteine) were
close to the values predicted by equation (1),
confirming that i, is proportional to the quantity of
mercury compound deposited on the electrode. The
same conclusion may be inferred from the propor-
tionality between i, and the concentration of thiol
compound present in the medium (Fig. 3) which
likewise complied with equation (2).

The slopes of the straight lines obtained on plotting
of log i, against log £, (—0.98 for penicillamine and
—1.01 for cysteine) indicate that the dependence of
i, on ¢, is close to that predicted for reversible redox
reactions,!’ even though this prediction is not strictly
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Fig. 3. Dependence of the peak current in reverse pulse
polarography on the concentration of penicillamine (@) or
cysteine () in 0.06M sodium tetraborate, and on the
concentration of penicillamine in the system 1 x 107°M
Cu(IT)-0.06 M sodium tetraborate (A); ¢4 9.9 sec; ¢, 14 msec.

applicable to the dropping mercury electrode used in
this work.

The results obtained show that with optimal instru-
mental settings (ty 9.9 sec, ¢, 14 msec) RPP is a
more sensitive technique than either normal pulse
polarography or differential pulse polarography for
determination of the two model substances. In
comparison with normal pulse polarography, for
5 x 107¢M thiol compound the ratio i, (RPP)/i,(NPP)
is about 5, and RPP has the additional advantage of
providing peaks instead of waves. In comparison
with differential pulse polarography the ratio i,
(RPP)/i,(DPP) is about 8, and the RPP peaks are
better defined, with half-peak amplitudes of 70 mV
(penicillamine) and 65 mV (cysteine) as against 120
and 150 mV respectively in differential pulse polar-
ography (Fig. 2), though it should be remembered
that for such sensitivity RPP requires an instrument
capabie of providing low values of ¢,.

The determination of sub-uM concentrations of
penicillamine and cysteine by RPP is complicated by
the appearance of an extra peak at a more negative
potential (Fig. 4, curve a). This peak is attributed to
the reduction of complexes formed in solution by
reaction of the thiol compounds with Cu(II) ions
present as impurities in the media and adsorbed on
the electrode surface.'? This problem can be over-
come by adding enough Cu(Il) to complex all the
thiol compound present, in which case the polar-
ograms exhibit only the more negative of the two

]0.0S;M

-3

A o~

-04 -06 -08
E(WV)

Fig. 4. Reverse pulse polarograms obtained in the systems

2 x 10-°M penicillamine—0.06 M sodium tetraborate (a) and

2 x 1075M penicillamine-2 x 10~°M Cu(II)-0.06 M sodium
tetraborate (b); ¢, 9.9 sec; ¢, 14 msec.

-0.2

peaks (Fig. 4, curve b). Figure 3 shows the propor-
tionality between the i, of this new peak and the
concentration of penicillamine, and that values of the
latter as low as 5 x 107%M are readily determined.
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CHEMICAL MEASUREMENTS WITH OPTICAL
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Summary—Several aspects of remote in situ spectrophotometric measurement by means of optical fibers
are considered in the context of chemical process control. The technique makes it possible to measure a
species in a particular oxidation state, such as plutonium(VI), sequentially, under the stringent conditions
of automated analysis. For the control of several species in solution, measurements at discrete wavelengths
on the sides of the absorption peaks serve to increase the dynamic range. Examples are given concerning
the isotopic separation of uranium in the Chemex process. The chemical control of complex solutions
containing numerous mutually interfering species requires a more elaborate spectral scan and real-time
processing to determine the chemical kinetics. Photodiode array spectrophotometers are therefore ideal
for analysing the uranium and plutonium solutions of the Purex process. Remote on-line control by
ultraviolet monitoring exhibits limitations chiefly due to Rayleigh scattering in the optical fibers. The
measurement of pH in acidic (0.8-3.2) and basic media (10-13) has also been attempted. Prior calibration,
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signal processing and optical spectra modeling are also discussed.

The value of optical fibers for chemical process
control in irradiated nuclear fuel reprocessing instal-
lations was demonstrated more than ten years ago
with glass fibers.! The production of silica fibers
usable over long distances {several hundred m) and
the evaluation of their behavior under ionizing
radiation™ were vital for the industrial operation of
remote in situ spectrophotometry.® The simultaneous
on-line control of uranium and nitrates in solution by
the method of Bostick ef al.® was generalized® at the
CEA (French Atomic Energy Commission) through
the coupling of optical fibers with commercial instru-
ments.’

Investigations in nuclear environments in the
U.S.A. > West Germany'! and France,”? and the
measurement of copper in situ in electroplating
baths" are typical examples of recent industrial devel-
opments in on-line control by use of optical fibers.
The contribution of data-processing also allows the
modeling of optical spectra® and their use according
to the principles of chemometrics.”?

Although the term “optrode”™ has been proposed’
for optical fiber chemical sensors, we prefer the term
“optode™, the earlier designation,'® which in our
opinion is etymologically more appropriate (from the
Greek ontiyos = optic and odos = path). The sensors
which are based on absorption, light scattering,'’
fluorescence®® and Raman spectrometry,”® and use
optical fibers as simple light guides, are called “pas-
sive optodes”. The latest investigations concern so-
called “active” optodes which take advantage of
fiber~environment effects and of selective chemical
reactions on part of the fiber length or at its end.
After the first reviews by Chabay® and Seitz,? the
considerable development of active optodes has ne-
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cessitated new reviews in the fields of chemistry?*?
and biochemistry,* The latest approaches in
enzymology® and in continuous measurement are
characteristic of process control requirements.

This study reviews the recent research at CEA on
passive and active optodes. In the first category, the
most significant examples concern in situ control of
chemical species, alone and in mixtures. An extension
of the measurement system to the ultraviolet reveals
applications to the control of pharmaceutical prod-
ucts. An active optode for pH measurement in acidic
and basic media is also described. Calibration, the
determination of complexation constants, and signal
processing are also discussed.

EXPERIMENTAL

Instrumentation

Four types of instruments were employed in this in-
vestigation, chosen according to the complexity of the
problem.

Telephot®, This interference filter photometer simui-
taneously measures {(n + 1) wavelengths, where » is the
number of variables. The complementary wavelength which
serves as a reference is generaily an absorption valley. In a
two-wavelength version for high absorbance solutions, the
detectors are photomultipliers (Hamamatsu R928). In a
four-wavelength version, photomultipliers are preferable in
the 400-600 nm range, and photodiodes are adequate in the
near infrared. The measurement cell, placed at a distance of
60 m from the measuring instrument, is illuminated with
white light from long-life quartz—halogen lamps (20005000
hr, depending on the power supply voltage). These instru-
ments are marketed under CEA licence by the Seres Com-
pany {Zl. Aix-en-Provence, 13763 Les Milles Cedex,
France}.

Qptical fiber couplers, Optical couplers on spectral scan
spectrophotometers (Beckman 5740, DU7, Varian 2300 etc.)
and diode-array spectrophotometers (HP 8450 and 8451),
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Fig. 1. Block diagram of DTC 1000 spectrophotometer.

marketed under CEA licence (by the Photonetics Company,
52 avenue de I’Europe, 78160 Marly-le-Roi, France), give
insertion losses of about 10 dB. The remaining dynamic
range is about 15-20 dB, but decreases sharply in the
ultraviolet.

DTC 1000. Commercial spectrophotometers are unsuit-
able for measurements with optical fibers or are inoperative
in the near infrared. The new instrument called the DTC
1000 was developed at the CEA for the 0.4-1 um range.
It is designed for the real-time on-line control of plu-
tonium(VI), for which the width of the absorption peak at
mid-height is 2.7 nm. This measurement requires good
resolution at 831 nm, and is described elsewhere.?

The linear photodiode array (1728 pixels) serves to give
sufficient resolution as well as the analytical speed needed
for the determination of chemical kinetics. The stationary
character of the instrument guarantees good measurement
repeatability. Optical fibers allow the DTC 1000 to make
measurements in aggressive (nuclear) environments and for
on-line industrial control. The spectrophotometer is of the
single-beam type, and the main components (Fig. 1) are a
halogen source (20 W), PCS 1000 optical fibers (Society
Quartz et Silice), a CEA pencil probe, a Jobin Yvon
flat-field grating, a Thomson Th7801 diode array, electronic
circuitry with IEEE 488 interface, and a Bull-Micral 30
microcomputer (compatible with IBM PC-XT). All this
equipment is also marketed under CEA licence by the
Photonetics Company.

The performance characteristics of the instrument are as
follows:

spectral range 700-930 nm (potentially 500-1000 nm)
resolution: 0.5-1 mm

measurement range: 3 absorbance units

video recurrence: 10 msec spectrum

transfer time: 100 msec spectrum

The following functions are executed by the software:

acquisition reference and sample spectra as the mean of
n measurements

optical density computation and smoothing

peak identification

output on screen, printer and plotter

back-up on floppy disk.

DEL-PIN sensor. Designed in our laboratories” for
several operations (object detection, optical fiber sensor),
this inexpensive instrument has an LED of appropriate
wavelength as a light-source (RTC.CQF 24). The LED is
frequency-modulated at 10 kHz. The detector, a photodiode
(PIN type RTC-BPF 24) is synchronized with the trans-

mitter. The amplification and filtering circuits are designed
to measure a few tens of pW. A typical signal of 200-2500
mV is obtained, depending on the geometric configuration
of the pH optode.

Operating conditions

The tests described here were conducted at various indus-
trial sites of the CEA group, by several laboratories.

Plutonium(VI) determinations utilized the well-known
technique of plutonium(IV) oxidation by AgO?® or ceric
nitrate,” with neodymium as spectral reference,® in an
automated analytical device designed in our laboratories.*!
~ Measurement of uranium(lIl), (IV) and (VI) in the
Chemex isotopic separation process was made with a
two- or four-wavelength “Telephot”.> In this process the
aqueous phases are 3-7M hydrochloric acid (depending on
operating conditions). The U(III) and U(IV) mixture is
determined at the electrolyzer outlet (reduction) and at
isotopic-exchange equilibrium by using a 4-wavelength
“Telephot” [3 unknowns, U(IIl), U(V), Cl-, and one
reference]. Traces of U(III) and U(VI) in U(IV) (oxidation
test) and of U(IV) (at extractor outlet) are determined by
using a 2-wavelength “Telephot”. The measurement cells,
connected by optical fibers (distance 3060 m), have optical
paths (1-50 cm) adjusted to the desired sensitivity. They are
made of corrosion-resistant poly(vinyl difluoride), PVDF.

Spectral determination of uranium(VI),"* uranium(IV)
and plutonium(IIl) in the Purex process were achieved by
using an HP 8450 spectrophotometer.”® To separate plu-
tonium and uranium by selective extraction, plutonium(IV)
is reduced to plutonium(IIl) by the combined action of
hydroxylamine nitrate and uranium(IV) in the presence of
hydrazine nitrate as stabilizer. Chemical determinations of
uranium (0.5-50 g/1.) and plutonium (0.5-30 g/l.) are per-
formed in situ in nitric acid (calibration in the 0.5-5M range
as total nitrates).

For all on-line controls, the optical probes (pencil type)
had fixed optical path-lengths irrespective of the concen-
tration of the medium. The probe* consists of two optical
monofibers for two-way light travel, a silica lens and a
“multivex” anticorrosion-coated concave mirror (made by
MTO, Massy 91302, France) for measurements in nitric
acid. This probe is also marketed under CEA licence by the
Photonetics Company. Operational optical fibers for pro-
cess control are of the PCS (Plastic Cladding Silicone) type
with a 1000-um core (Society Quartz et Silice) containing
30 ppm of hydroxyl ions, or even 300--1200 ppm for
measurements in the ultraviolet.

The pH optodes were examined successively with a Beck-
man 5740 spectrophotometer equipped with optical fibers,
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Fig. 2. Measurement (DTC 1000 spectrophotometer) of plutonium(VI) (40 mg/l.) with neodymium as
internal reference.

a two-wavelength “Telephot” and the DEL-PIN sensor.
The 1-1.5 mm diameter optode has no membrane. One fiber
transmits the light onto a single active microsphere. The
scattered and reflected light is collected by 1-6 fibers,
depending on the detector (photomultiplier or PIN photo-
diode). The solution to be analysed is in contact with the
reagent immobilized by drilling a hole through a hypo-
dermic needle used as a support. The dye, Thymol Blue or
Bromophenol Blue (Products Kuhlmann), dissolved in
0.1% alcohol solution is immobilized on an Amberlite XAD
microsphere (Fluka A.G.) by contact with it for about 3040
sec, followed by rinsing with distilled water.

For these active optodes, all-silica QSF 200/280 fibers
(Quartz et Silice) are preferable because of the desired
miniaturization and the industrial fabrication of re-

producible  standardized connectors (optical tele-
communications systems).
RESULTS

Remote on-line control with optical fibers has
many aspects.® The concepts are more clearly under-
stood in the light of the recent work described above.

Measurement of an isolated species with automated
sampling

Although the analytical automation device may be
complex and good repeatability of the sampling is
essential, on-line measurement is often calibrated by
the addition of an internal reference. This applies to
the measurement of plutonium(VI), which has a
narrow spectrum (half-height band-width of about
2.7 nm, influenced by the acidity of the medium)
that is compared with a neodymium internal refer-
ence. Figure 2 shows the spectrum obtained with the
DTC 1000.

With an optical path of 1 cm, the detection limit
for plutonium is 1 mg/l. (absorbance 0.004) and the
corresponding background noise is about 0.5 mg/l. in
the same conditions. The monitoring of traces of
plutonium(VI) (a few mg/l.) during the dissolution of
irradiated fuels has proved promising.

3

Simultaneous measurement ‘interactive”

species

of two

Figure 3 shows the absorption spectra (400-1000
nm) of uranium(IIl) and (IV) in hydrochloric acid
medium.”” The peak at 723-726 nm, characteristic of
U(III), corresponds to a deep absorption valley for
UV). Since solutions with a high total uranium
concentration absorb very strongly, U(III) is mea-
sured at 746 and 754 nm on the sides of this
absorption peak. Uranium(IV) is determined at 655
nm and the internal reference is selected at a common
valley of the U(III) and U(IV) spectra at 780 nm. The
absorbance of each of the species varies linearly with
the concentration of hydrochloric acid. Thus the net
absorbance (4, — A4,) for measurement at wavelength
4 and of the absorption valley at wavelength v is

(4, — A4,) =[U(ID] (a[H*] + b)
+[UIV)I(c[H*]+4d) (1)
where a, b, ¢ and d are constants determined by
calibration.
Data-acquisition by a four-wavelength Telephot®

(3 unknowns and ! reference) allows the concen-
trations of U(III) and U(IV) to be computed.
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Fig. 3. Absorption spectra of uranium(III) and (IV) in hydrochloric acid medium.

The large relative error (Table 1) in the measure-
ment of U(IV) results from its low concentration (less
than 0.1M) in comparison with U(IIT) (1.5M).

Determination of traces of a species in a solution
containing another species in high concentration

Figure 4 shows how a two-wavelength “Telephot”
can be used to measure traces of uranium(I) or (VI)
in a highly concentrated solution of uranium(IV).
The Beer-Lambert law must be verified for mea-
surements on the low-wavelength sides of the absorp-
tion peaks, because of the high absorbances at the
peaks (about 20). For uranium(VI), for example, it is
possible to select the wavelengths corresponding to
isoabsorbance between the U(IV) + U(VI) and U(IV)
zones. The use of a 0.5-cm optical path-length cell
thus allows the measurement, at 412 and 775 nm (or
407 and 700 or 760 nm), as shown in Fig. 5, of about
0.004M uranium(VI) in 1.3M uranium(IV). This per-
formance is still unrivalled by any other in situ
technique. Uranium(III) can similarly be determined
in presence of uranium(IV) by proper choice of
wavelengths for measurement.

Determination of several species in solution

process can be optimized by on-line in siru spec-
trophotometric determination of the species U(VI),
U(IV) and Pu(IIl) in the mixer—settler batteries.” The
comparative spectrum of each of the species has
already been reported.® As a first approximation, the
general absorbance function is:

(4, — 4,) =[U(VD)](a[NO; ] + b) +
[UIV))(c [NO5 | +d) + [Pu(lID}(e[NOs ]+ 1) (2)

where a, b, c, d, e and f are constants determined by
calibration at wavelength i relative to the wave-
length (v) of the absorption valley selected as refer-
ence (e.g., 530 nm). Note that the values of the
coefficient e may change sign depending on the
wavelength, as shown in Fig. 6 for plutonium(III).
This results from the spectral changes caused by
variation in the acidity ((H*]) and ionic strength of
the medium (nitrate content), because several nitrate
complexes exist in solution.

In this type of measurement, a photodiode-array
spectrometer offers the advantage of the ability to
obtain several on-line spectra which can be mutually
correlated by the associated computer data-

The uranium-plutonium partition in the Purex processing.
Table 1
Telephot measurements, M Chemical control, M
udIn uav) U total udin uav) U total
1.559 0.014 1.573 1.56 0.01 1.57
1.485 0.036 1.520 1.47 0.05 1.52
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Fig. 4. Determination of traces of uranium(VI) or (III) in a high concentration (1.5M) of uranium(IV),
in a 0.5-cm optical path-length cell. Selection of wavelengths by use of an isoabsorbance line.

In situ measurements in the ultraviolet (0.2-0.4 um)

Several limitations are observed for ultraviolet
measurements when optical fibers are coupled with
spectrophotometers. Thus it is necessary to compile
a balance sheet to evaluate the losses in the optical
circuit. It must include the insertion losses, losses due
to Rayleigh scattering (function K/A% in the fibers
and at their ends, losses due to specific absorption
(impurities), and those resulting from imperfections
of the waveguide. An overall balance sheet was
recently compiled for the in situ control of the
dissolution of pharmaceutical products.*

The dynamic range of the measuring instrument
must also be taken into account. It may be necessary
to use a photomultiplier sensitive to 200-nm radi-
ation. However, this is liable to increase the back-
ground and the instability of the measurement in
extreme conditions of use.

For PCS fibers (type QSF 1000 doped with OH),
Fig. 7 shows the length limits as a function of
measurement wavelength, considering the available
dynamic range of 10, 20 or 30 dB. Thus with 30 m
(2 x 15) of PCS 1000 ultraviolet type optical fibers
and a “pencil” probe with an ultraviolet transmitting
mirror, a wavelength of 280 nm was reached with an
HP 8451 spectrophotometer (scale range 30 dB).
A Beckman DU 7 spectrophotometer with a scale
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3 ULl 3%
4 U0Clr2.5%
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Fig. 5. Influence of UO,Cl, on uranium(IV) spectrum in
hydrochloric acid medium.
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dashed line intersects the curve at the wavelengths for the
isosbestic points (e = 0) of the Pu(III)-HNO, system.

range of 45 dB allows measurements to be taken at
wavelengths down to 240 nm.

Significant efforts still need to be made to improve
fiber purity, in order to obtain a good measurement
margin at 200 nm over distances of 10-20 m.

pH optode for in situ control

A miniature optode was built according to the
principles of Peterson ez al.¥ and of Kirkbright ez al.*
to measure the variation in absorption and light-
scattering by an immobilized pH-sensitive dye, its
special feature being the absence of a membrane. The
results have been reported elsewhere.” The dyes used
were Thymol Blue for the two pH ranges 0.8-3.2
(absorbance peak at 555 nm) and 10-13 (peak at 600
nm), and Bromophenol Blue for pH between 3.2 and
7 (peak at 604 nm). Figure 8 shows an example of the
use of Thymol Blue in both ranges.

The general absorbance-pH function is given by
the equation:

pH =pK —logl(¢,/T — A)[(4 —4IT)]  (3)
for the reversible reaction
H=I- + H* @

where ¢; and €y are the molar absorptivities of the
forms I~ and IH, T the concentration of the immo-
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Fig. 7. Usable length of optical fibers (PCS) in relation to wavelength in ultraviolet for available dynamic
ranges of 10, 20 and 30 dB. Theoretical limit for a QSF 1000 W fiber without impurities.



Optical fibers for process control 81

20

15

Absorbance
o

05

8 9 10 11 12 13 14

pH

Fig. 8. Typical response of a Thymol Blue optode in acid and basic media.

bilized dye, 4 the absorbance measured, and / a
constant related to the optical path-length and hence
of the system employed (¢, ¢, and A refer to the
same wavelength).

Note that the kinetics of the dye-medium reaction
to be analyzed will become faster (1 min) and the
reversibility better as the pH becomes more acidic or
more basic. The lifetime of this optode is about 2
weeks.

DISCUSSION

On-line control with passive optodes is a technique
that plant operators are beginning to adopt because
of the many advantages it provides (real-time mea-
surement, ease of operation). However, the reliability
of the measurement probe in industrial conditions
must be demonstrated. The choice of the spec-
trophotometer is still the prerogative of the analyst.
Rugged instruments such as the “Telephot” can be
used by the process operators, but procedures have to
be devised to check the absence of drift and for
calibrations, implying a close knowledge of the
process limits.

Remote multistation measurement from a central
laboratory is perfectly consistent with the use of
optical fibers and with optical multiplexing. In pro-
cess control, this can justify the use of top-of-the-
range instruments, and hence also of in situ
fluorescence and Raman spectrometry techniques.

One vital prerequisite for in situ industrial control
by optical fibers is to design an optical line with all
the components fixed, particularly the measurement
cells and the spectrometer components (gratings efc.).
In addition to real-time measurement, this is one of

the advantages of the DTC 1000 and the photodiode-
array HP 8451, which use fixed optical path-length
cells. The measurement wavelength can be selected
in accordance with the minimum (lower detection
limit) and maximum of the dynamic range. Figure 9
shows one example for uranium(I'V) measured with a
4-cm optical path-length immersion probe.

Computerized data-processing allows the modeling
of optical spectra and facilitates the detection of
interference. Calibration, a detailed knowledge of the
process, and of potential deviations from the setpoint
are nevertheless indispensable.

Wavelength (nm)

Fig. 9. Usable zone (hatching) in on-line control of

uranium(IV) with a 4-cm optical path-length pencil probe.

A, TEpresents the maximum for the dynamic range; A, is
the detection limit set by the signal to noise ratio.
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The modeling of optical spectra from empirical
functions of polynomial type presents the drawback
of intrinsic limits (wide measurement differences if the
functions are of second or higher order). A more
rigorous approach based on the determination of the
complexation constants and of the influence of the
ionic strength, efc., helps to develop a coherent
mathematical model, as demonstrated for ura-
nium(VI),”® but the application of this technique is
difficult for industrial solutions.

There is considerable hope for on-line in situ
control with active optodes. The design of inexpen-
sive instruments is now within our reach. However,
for industrial operation it is still necessary to acquire
basic knowledge about the mechanisms involved.
Some examples are dye diffusion into supports, op-
tode behavior during temperature variations,
influence of the dye concentration and ionic strength
of the medium, optode lifetime, ezc. Finally, optode
miniaturization is important for the easy adaptation
of optodes, for example, in parallel, to broaden the
measurement range and to allow several simulta-
neous measurements.*

CONCLUSIONS

Remote in-situ chemical control with passive op-
todes has become an industrial reality. Thus, more
than 1 km of fibers has been installed at the CEA
for some 20 work-stations and specific spectrometric
equipment has been designed for these applications.
The most varied aspects can be encountered: mea-
surement of a single species in a restricted analytical
medium, simultaneous determination of several
species, possibly with mutual interference, trace
measurements in a complex medium, a wide range of
wavelengths from 200 to 1800 nm for gas analysis*
with silica fibers. However, the use of this technique
by plant operators under the supervision of a central
laboratory is only beginning, and it is still necessary
to overcome a certain degree of reluctance to change
old habits.

Active optodes are still too recent to be applied
industrially in process control. However, the many
research projects under way throughout the world in
all fields (medicine, enzymology, pollution, nuclear) is
an undeniable sign of their importance. Much
progress still has to be made. Nevertheless, the possi-
bilities of building all-optical networks of sensors,
spatial multiplexing with a centralized top quality
measuring instrument, and insensitivity to electro-
magnetic environments, are definite advantages aris-
ing from the introduction of optical fibers in the
chemical industry.
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OPTICAL-FIBRE SENSING OF FLUORIDE
IONS IN A FLOW-STREAM
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Summary—The Alizarin Fluorine Blue method for the determination of fluoride has been adapted for use
with optical fibres. The reagent was immobilized on a polymer matrix, Amberlite XAD-2, and the
reflectance of this reagent phase was measured as a function of fluoride concentration by use of a flow-cell
assembly and a bifurcated fibre-optic system. A linear response was obtained for 0.16-0.95mM fluoride
at a pH of 4.1, with a response time of approximately 12 min.

The concept of using an immobilized reagent at the
tip of an optical fibre to detect a chemical species has
led to the development of a new class of sensor.!?
These devices are based on the detection of a change
of colour or luminescence of the immobilized reagent
in the presence of an analyte, by transmission of the
radiation through the fibre. Optical-fibre sensors have
the advantages of an internal reference system, suit-
ability for remote monitoring and freedom from
electromagnetic interference.

Numerous optical-fibre chemical sensors have been
reported for a variety of species, both gaseous and in
solution. Sensors for pH,*® sulphide™ and some
cations™!! have been constructed for measurements
on solutions. An optical sensor has also been fabri-
cated for chloride, bromide and iodide,'? but no
sensor for fluoride has been reported. This paper
describes a method for determining fluoride in a
flowing stream by use of an immobilized reagent
phase and a fibre-optic detection system.

Most of the colour reactions of fluoride depend
on ligand-exchange reactions in which fluoride forms
a complex with the cation of a coloured binary
complex, and thus bleaches the colour. Only a few
reactions of fluoride involve development of a colour.
These are based on the formation of a coloured
ternary complex by fluoride with a binary complex,
such as the cerium(IIl) complex of Alizarin
Complexone’ (also known as Alizarin Fluorine Blue,
AFB) (Fig. 1). Some other lanthanides exhibit a
similar reaction.” A spectrophotometric method
based on this reaction'S!? has been established as a
reliable and sensitive method for fluoride measure-
ment, far superior to most procedures based on the
bleaching reactions of fluoride.'®

No optical-fibre sensor has yet been reported that
is based on the use of a ternary complex. The high

*To whom correspondence shouid be addressed.
fPresent address; University of Santo Tomas, Espana,
Manilla, Philippines.

83

sensitivity and reasonable selectivity of the AFB
method for determination of fluoride suggested its
investigation for development of an optical-fibre
fluoride sensor.

H
0 \0
OH -  +C43H,0
QIO jowar e
CHQ“"N
o CH;“ CO;
Alizanin Complexone
{yellow} “
" H,0 OH,
0" \0 O*—-—ECe/
0\
0 0,
/ AN 4
Q= C\ c=0 +H;0
CQ:\ CHJ
0 CHy =~ N

Cerium {IIl)— Alizarin Compliexone
{wine—red)

Ce {IM—Alizarin Complexone
fluoride ternary compiex (bluish}

Fig. 1. Formation of the cerium{IIl) chelate and fluoride
ternary complex from Alizarin Complexone.
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EXPERIMENTAL

Reagents

Alizarin Complexone solution was prepared by dissolving
0.1 g of the reagent in 50 ml of water containing 0.25 ml of
concentrated ammonia solution, then adding 0.25 ml of
glacial acetic acid and diluting to 100 ml.

Acetate buffer solution (pH 4.1) was prepared by dis-
solving 60 g of sodium acetate trihydrate in 500 ml of water,
adding 115 ml of glacial acetic acid and diluting to 1 litre.
Acetate buffer (pH 5.1) was similarly prepared with 80 g of
sodium acetate trihydrate, 15 ml of glacial acetic acid, and
dilution to 1 litre.

Cerium(III) nitrate and lanthanum nitrate stock solutions
(0.01M) were prepared by dissolving 2.171 g of cerium(III)
nitrate hexahydrate and 2.165 g of lanthanum nitrate hexa-
hydrate respectively, in 500 ml of water.

Fluoride solutions were prepared by diluting a standard
sodium fluoride solution (1000 ug of fluoride per ml) to the
required concentration with acetate buffer.

The substrate for immobilization was Amberlite XAD-2,
a cross-linked copolymer of styrene and divinylbenzene. All
reagents were BDH “AnalaR” grade. Demineralized, dis-
tilled water was used throughout.

Immobilization procedure

The XAD-2 polymer beads were washed with water, then
with acetone, and air-dried. They were next soaked in
methanol for 15 min and then in water to wet them. The
beads (5.0 g) were placed in 400 ml of a 1:1 mixture of
Alizarin Complexone solution and pH-4.1 acetate buffer,
left there overnight and then washed well with water. The
polymer beads with Alizarin Complexone adsorbed on them
were kept in 100 ml of a 1:1 mixture of 0.01M cerium(I1I)
nitrate and pH-4.1 acetate buffer for 2 hr, then washed with
water.

The corresponding immobilized lanthanum chelate was
similarly prepared but with the pH-5.1 buffer.

Instrumentation

The instrumentation (Fig. 2) was a modified version of a
system previously described.* Light from a quartz-halogen
lamp (12 V, 100 W) was passed down one branch of a
bifurcated optical fibre system, constructed from a bundle
of 16 polymer fibres (Optronics). The light was focused onto
the end of the fibre (which was protected by a heat-
absorbing filter) by a series of lenses. To remove interference
from ambient light, the light was modulated by an optical
chopper (Bentham 218) set at a frequency of 360 Hz.

R. NARAYANASWAMY et al.

Relative reflectance

t
660

Wavelength {(nm}

400 800

Fig. 3. Reflectance spectra from (A) the immobilized ce-
rium(III) chelate and (B) the immobilized ternary fluoride
complex.

The beads carrying the immobilized chelate were packed
in a flow-cell constructed as described previously.'” A peri-
staltic pump (Watson Marlow 502S) was used to pass the
buffer and other solutions over the reagent phase at a rate
of 0.5 ml/min. The reagent phase was irradiated with light
from one branch of the optical fibre, and the light reflected
from it was collected and guided to a monochromator (ISA
Jobin-Yvon H-1061) by the second branch of the bifurcated
optical fibre and subsequently detected by a photomultiplier
(Hamamatsu R446). The signal was enhanced by a current
amplifier (Bentham 286) and a lock-in amplifier (Bentham
223) synchronized with the optical chopper frequency. The
output of the amplifier was proportional to the intensity of
the reflected light and was recorded on a chart recorder
(BBC SE120).

The reference signal was obtained from an optical fibre
surrounded by XAD-2 polymer beads without any immo-
bilized reagent.

Reflectance measurements

The reflectance spectrum of the immobilized binary ce-
rium(I1I) chelate was recorded before and after its reaction
with fluoride (Fig. 3). The maximum divergence between the

Rotating

Source sector Monochromator Detector
Bifurcated
optical fibre .
connection Amplifier
Flow cell Recorder
Peristaltic

pump

Fig. 2. Schematic diagram of the instrumentation used for reflectance measurements.
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two spectra was at 660 nm, and this wavelength was
therefore used for subsequent reflectance measurements.
The same wavelength was optimal for use with the lan-
thanum complex (Fig. 3).

The measurements were expressed as relative reflectances,
i.e., the reflectance of the binary lanthanide or of the
fluoride ternary complex relative to that of the undyed
polymer beads as reference. The analytical signal used is
then the difference between these relative values (A relative
reflectance).

RESULTS AND DISCUSSION

Immobilization of the reagent phase

Amberlite XAD-2 was selected as the immobilizing
agent because of its hydrophobic nature, which im-
parts to it an ability to interact with the non-polar
portion of the chelate molecule. Two methods (A and
B) for immobilization of the reagent were tried. In
method A the XAD-2 was soaked in a solution of the
lanthanide chelate, and in B the Alizarin Complexone
was immobilized first and then treated with the
lanthanide solution.

Both methods produced adsorption of the wine-red
chelate on XAD-2, but the product from method A
did not react with fluoride, whereas the chelate
formed by method B produced a colour change in the
presence of fluoride.

The failure of the product formed by method A
could be attributed to the manner in which the
chelate molecule is held on the surface of the XAD-2
beads. If the fluoride-sensitive portion of the chelate,
i.e., the portion containing the lanthanide ion, were
bound to the polymeric structure, it would be inacces-
sible for reaction with the fluoride. The polarity of
this end of the Alizarin Complexone molecule might
be sufficiently reduced by the chelation for hydro-
phobic interactions or d-rn charge-transfer complex-
ation to take place. Similar observations have been
made on the reaction of sulphide with the
silver—dithiofluorescein complex."

When method B was used, the yellow Alizarin
Complexone was adsorbed on the XAD-2, but some
leaching occurred when the dyed beads were placed
in fresh water, indicating weak adsorption. When
placed in lanthanide solution the yellow beads be-
came wine-red as the lanthanide chelate formed. The
chelate was not leached by water, presumably be-
cause the decrease in polarity on chelation increased
the strength of bonding to the XAD-2.

The colour change of the immobilized chelate from
wine-red to lilac-blue in the presence of fluoride
shows that the chelated group was not bound to the
XAD-2 and thus was able to form the ternary
complex. At the pH used (4.1) Alizarin Complexone
is doubly negatively charged and can be held on the
XAD-2 surface only through the hydrophobic por-
tion of the ring structure, with the ionic end directed
away from the polymer surface. Since the lanthanide
ion interacts with the ionic end of the Alizarin
Complexone, and the reaction does not alter the

TAL 352—B

orientation on the XAD-2, the chelate grouping will
be oriented away from the surface of the polymer and
available for reaction with fluoride.

The amount of the cerium chelate immobilized was
found by removing the cerium(IIl) from it with
0.05M sulphuric acid (5 ml per g of XAD-2) and
determining the cerium(11I) spectrophotometricaily.?
On addition of the sulphuric acid the dyed beads
became yellow, showing that the cerium(III) had been
removed, leaving the Alizarin Complexone immo-
bilized. It was assumed that the ratio of cerium(III)
to Alizarin Complexone was 1:1, but this was
confirmed by desorbing the Alizarin Complexone
from the XAD-2 with methanol, and deiermining it
spectrophotometrically. The chelate loading was
found to be 36 umole per g of XAD-2.

Formation constant of the ternary complex in the
immobilized phase

The reaction can be written as A + F=AF where
A is the metal chelate of Alizarin Complexone, F is
fluoride and AF the ternary complex. The conditional
formation constant (K) is given by

K =Cre/CACk )]

where C, and C; are the equilibrium concentrations
of metal chelate and ternary complex respectively,
and Cp the fluoride concentration of the solution
continuously flooding the reagent phase.

The reflectance spectra can be described by the
Kubelka-Munk theory,?? by means of which the
reflectance values (R) obtained can be related to the
concentration of the ternary complex (Cag) by

F(R)=(1 — RY"/2R = kCp¢ @

where F(R) is the Kubelka—Munk function and k is
a constant combining the absorption and scattering
constants.

The initial concentration of the reagent phase (Cy)
is related to C, and C,; at any instant by the
equation

CT = CA + CAF (3)
Combining equations (1)-(3) gives
V/F(R)=(1/kC; KC¢) + (1/kCr) C))

A plot of 1/F(R) vs. 1/C¢ should give a linear
relationship from which X could be calculated by
dividing the intercept by the slope. By use of such a
plot and equation (4) the conditional formation
constants for the ternary complexes of fluoride with
the immobilized cerium(III) and lanthanum Alizarin
Complexone chelates were evaluated as 4.7 x 103
M-! and 8.5 x 10> M !, respectively. The measured
values of the slope and intercept may be substituted
into equation (4) to predict the reflectance response
of the immobilized reagent phase to the concen-
tration of fluoride present (Fig. 4). It is apparent from
Fig. 4 that equation (4) is not applicable at low
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Fig. 4. Theoretical response of the metal chelates as pre-
dicted by equation (4) (——), compared with the experi-
mentally determined values for the cerium(11I) chelate (@)
and the lanthanum chelate (A).

fluoride concentrations. The linear portion of the plot
of F(R) vs. fluoride concentration represents the
region in which the Kubelka—Munk theory would be
applicable.

It has been reported® that in solution the lan-
thanum ternary complex exists as a ring-form dimer
(Alizarin Complexone-lanthanum), to which two
fluoride ions are attached. The conditional formation
constant for this complex was reported as 6.3 x 109
at pH 4.5. This type of dimeric structure would not
be possible with the immobilized Alizarin Complex-
one because the orientation of the immobilized chro-
mophore would not permit the formation of the ring
structure with the metal ions. Hence only the mono-
meric complex and the corresponding fluoride would
be formed. The conditional formation constant for
the monomeric ternary complex is reported? to be
3.6 x 10%, in reasonable agreement with our value for
the immobilized complex.

Response to fluoride ions

The response of the immobilized Alizarin Com-
plexone chelates of cerium(IIT) and lanthanum to
varying concentrations of fluoride is shown in Fig. 5.
The reflectance decreased as the binary chelate was
converted into the ternary complex. Plots of the
relative reflectance vs. logarithm of the fluoride ion
concentration appeared sigmoidal, but reasonably
linear sections could be defined for the ranges
0.16-0.95mM fluoride for the cerium(III) chelate and
0.16-0.84mAM fluoride for the lanthanum chelate. The
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Fig. 5. Change in reflectance of immobilized cerium(IIT)
chelate (@) and immobilized lanthanum chelate (A) as a
function of logarithm of the fluoride concentration.

limit of detection of fluoride, defined as the concen-
tration equivalent to a signal four times the standard
deviation of the blank, was estimated as 0.11mAf for
both chelates.

It has been reported® that the lanthanum complex
has greater sensitivity than the cerium(III) complex
for fluoride when measurement is made at 281 nm,
but this wavelength could not be used with the
polymer optical fibres as this type of fibre has a high
attenuation at wavelengths shorter than 400 nm.

Response time

The time taken to attain steady-state response was
observed to be 12 min for the cerium(III) chelate and
22 min for the lanthanum chelate. The steady-state
response time for the cerium(III) chelate was much
shorter than that observed for the reaction in solution
and was of the same order of magnitude as that
reported for the solution reaction in the presence of
an organic solvent.'®!” The XAD-2 adsorbent may be
considered to behave as a solid solvent for organic
reagents containing the benzene ring and thus affect
the speed of formation of the ternary complex.? This
is similar to the effect observed in an organic sol-
vent.'> Immobilization of a reagent has also been
shown to produce medium effects on acid-base equi-
libria.?®

The reflectance decreases exponentially with time,
which implies a first-order reaction, with the rate
dependent only on the fluoride concentration. The
rate of reaction is zero order with respect to the
immobilized reagent, since this is present in a large
excess.

Further studies were concentrated on the ce-
rium(III) chelate because it exhibited faster response
and a broader linear range than the lanthanum
chelate.

Effect of pH

The decrease in reflectance on formation of the
ternary complex was measured at several pH values,
of which pH 4.1 gave the greatest decrease (Fig. 6).
Immobilization of the reagent is presumed to have
the same effect as adding an organic solvent to the
reaction mixture (see above). The optimal pH is
reported to be 5.0-5.1 when an organic solvent is

3¢~

20 —

10

A relative reflectance

o 1 1 1 1 -
38 40 az 44 46 48 49

pH

Fig. 6. The effect of pH on formation of the ternary complex
from the cerium(IIT)-Alizarin Complexone chelate.
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Fig. 7. Absorption spectra obtained from a solution of the ternary fluoride complex of cerium(IIT)

containing (A) a low concentration of aluminium ions (10~*M), (B) a high concentration of aluminium

ions (1072M) and from a solution of the chelate of Alizarin Complexone with (C) cerium(IIT) and (D)
aluminium.

absent and 4.1-4.3 when it is present,'®!” (which was
why pH 4.1 was selected for the initial work).

Reversibility studies

Regeneration of the reagent phase after use is
essential unless a new fibre is to be used for each
analysis. Regeneration might be achieved by re-
moving the fluoride from the ternary complex e.g., by
formation of a sufficiently stable fluoro-complex,
such as hexafluoroaluminate. Use of 107-10-'M
aluminium solutions was investigated. Beads that had
been treated with 107>-10~'M aluminium, although
restored to their original wine-red, showed no colour
change with fluoride solution. However, the beads
obtained by using 107 or 107°M aluminium pro-
duced the expected change to blue on reaction with
fluoride. The reason for this difference in behaviour
was realized after spectral studies on the reaction in
a homogeneous system. Figure 7 shows the spectra of
the ternary complex in the presence of low (A) and
high (B) aluminium concentrations. Comparison of
these spectra with those of the cerium (C) and
aluminium (D) chelates of Alizarin Complexone sug-
gests that (i) a low concentration of aluminjium
removes the fluoride from the ternary complex, leav-
ing behind the cerium chelate, (ii) a high concen-
tration of aluminium displaces the cerium as well as
the fluoride ion from the complex, yielding the alumi-
nium chelate of Alizarin Complexone.

Consequently only very dilute solutions of alumi-
nium (10~°-10-*M) should be used to regenerate the
reagent phase. The regeneration takes approximately
1 hr (indicated by a constant reflectance response).
The response of the regeneration reagent to fluoride
was lower than that of fresh immobilized reagent
phase, suggesting that either some of the cerium may
have been replaced by aluminium or that some

leaching of the adsorbed phase occurred during the
regeneration.

Desorption of the immobilized reagent phase was
not observed during other parts of this investigation.

Reproducibility of immobilized reagent response

The reproducibility of the response from the immo-
bilized cerium(III) chelate to 0.53mM fluoride was
studied with 11 samples from the same batch of
beads; the relative standard deviation found was
10%.

Table 1. Effect of diverse ions

Foreign ion Added as Molarity Error, %
Chloride NaCl 0.530 +12
0.053 0
Bromide NaBr 0.530* 0
Todide Nal 0.530 +18
0.053 0
Nitrate NaNO, 0.530* G
Sulphate Na,SO, 0.530 -7
0.053 0
Phosphate Na;PO, 0.053 —72
53x10-¢ -28
53%x 1078 0
Chlorate NacClO, 0.530 +37
0.053 0
Aluminium Al(NO,), 0.053 —57
5.3x10-* -23
53 x10"¢ 0
Barium BaCl, 0.053* 0
Calcium Ca(NO,), 0.053* 0
Iron(IIT) Fe(NO,), 0.053 +48
53 x 10~ +12
53 x10°° 0
Magnesium Mg(NO,), 0.053* 0

*The effect of higher concentrations of these ions could not
be determined because of problems associated with
dissolving the salts in the buffer solution.
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Interference studies

The ions examined were chosen on the basis of
their occurrence with fluoride in natural waters. They
were incorporated into the buffer system used in the
preparation of a 0.53mM fluoride solution, at con-
centrations successively decreased by a factor of 10.
The criterion for interference was an error greater
than twice the standard deviation obtained in the
absence of the foreign ion.? Table 1 shows the results
obtained. Aluminium, iron and phosphate are the
ions which interfere the most.

Conclusions

The method is applicable to the determination of
fluoride in the range 0.16-0.95mM, with a relative
standard deviation of approximately 10%. The re-
sponse time is about 12 min. The reaction is pH-
dependent and liable to interference from phosphate,
iron and aluminium ions, which would need to be
eliminated before the analysis. The sample would also
need to be buffered to the optimum pH. The reagent
phase can be regenerated by treatment with an alumi-
nium solution of concentration not greater than
10°M, but at the cost of reduced response and
extended analysis time.
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FOR VAPOURS OF POLAR
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Summary—An optical sensor is described which continuously measures the concentration of vapours of
polar organic solvents such as alcohols, ethers, esters and ketones, but does not respond to hydrocarbons
and chlorinated hydrocarbons. The detection is based on reversible decolorization of the blue thermal
printer paper used in graphic plotters. Two sensing principles are exploited. In the first, a sensor sheet
is placed in a flow-through cell. An LED acts as a source of yellow light and a phototransistor measures
the light transmitted. In the second, the sensing membrane is placed at the end of a bifurcated fibre-optic
and its diffuse reflectance is measured. The sensitivity of the devices towards various kinds of vapours
has been studied and the detection limits vary from 10 to {000 ppm for some of the most common technical

solvents.

The development of optical and fibre-optic sensors is
at present one of the fastest growing research areas
in analytical chemistry. This is mainly due to the
advantages of fibre-optic sensors, which include small
size, freedom from electrical interference, and
remote-sensing capabilities. The state of the art has
been discussed in several useful reviews.!?

Following the development of sensors for oxygen,’
halides,” halothane and/or oxygen,!! pH,? ionic
strength,”’ ammonia,' electrolytes,’”” hydrogen
peroxide'® and enzyme activities!” we present here a
sensor capable of continuous monitoring of vapours
which may be toxic or form mixtures with air.

We have taken advantage of the observation that
thermal printer paper (of the types used in plotters
and printers) assumes a blue or almost black colour
when immersed in liquid organic polar solvents or
their vapours. The resulting blue paper is then revers-
ibly decolorized by vapours of the same solvents. This
led to the design and construction of the sensor
described below.

EXPERIMENTAL

Solvents and vapours

All solvents used in this work were freshly distilled.
Vapour mixtures were prepared by bubbling air through the
solvent. Except for n-butanol, the vapour pressure of the
solvent (p) as a function of absolute temperature (T') was
calculated according to equation (1), which is a simplified
version of equation (2):

logp=—~A4/T+B (1

Values of 4 and B were taken from a handbook,'® for
methanol (4 = 1984, B =8.740), ethanol (2457, 9.543),
toluene (2866, 27.647), diethyl ether (1546, 7.909), tetra-
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hydrofuran (1644, 7.721), dioxan (1890, 7.930), acetone
(1687, 8.005), ethyl acetate (1962, 8.556). The vapour pres-
sure of n-butanol must be calculated by using equation (2):

logp=—A/T+B+C(logT) 2)

because the additional term C (log T') is not negligible in this
case.”® The values of 4, B and C are 4100, 40.211 and
--10.35 respectively for n-butanol.

Sensing membranes

The following commercially available thermal printer
papers were tested for their utility in vapour sensing:
Hewlett-Packard printer papers Nos. 9270-0479, 5580-8735
and 9270-0962, for use in the HP printer models 9815, 3380
and BS, respectively; Perkin Elmer Lambda 5 spectro-
photometer printer papers (Part Nos. 119849 and BO
126708), Kontron Anacomp integrator type 220 printer
paper (Chart No. TO 2227).

Construction of the flow-through cell

A schematic top view of the flow-through cell is shown in
Fig. L. It consists of an aluminium block with a hole aiong
the axis for the gas-flow, and two holes at right angles for
mounting the LED (6) and phototransistor (2). The mount-
ing for the LED is removable to allow quick and easy
change of the sensing membranes. To protect the photo-
transistor from ambient light, the gas-supply tubes are bent
helically and the rear of the LED is covered with black
“Plexiglas™. The opto-electronic parts are listed in Table 1.

Fibre-optic vapour sensor

In the fibre-optic approach, light of wavelength 580 nm
from a 250 W tungsten halogen lamp (incorporated in an
Aminco SPF 500 spectrofluorimeter) is focused onto one
end of a bifurcated optical fibre (150 cm long and 4 mm in
internal diameter at the common end) made from poly-
(methyl methacrylate) with statistically mixed bundles (Fas-
eroptik Henning, D-8501 Allersburg, FRG). The common
end of the two arms is covered with the sensing material.
Reflected light returns through the second arm of the optical
fibre and is guided to the photomultiplier tube (PMT) of the
fluorimeter. The change in the reflectance of the sensing
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Fig. 1. Top view of the flow-through cell. (1) Light-proof cover; (2) phototransistors; (3) printed electronic
circuit; (4) gas outlet coils (optically isolated); (5) sensor membranes (one white and one blue); (6) LEDs;
(7) gas inlet coil (optically isolated).

membrane after exposure to various levels of vapours is
detected by the PMT, the output from which is plotted on
an X/Y recorder (HP 7525A).

RESULTS
Construction of the detector cell

The optical system of the flow-through cell (Fig. 1)
consists of two LEDs fixed in an aluminium block;
one is covered with the blue sensing-membrane and
the other (the reference) with white paper possessing
transmission characteristics similar to those of the
untreated printer paper. Two phototransistors on the
other side of the flow-through cell measure the light
intensity transmitted by the two layers of paper. The
two optical systems (LEDs and phototransistors) are
optically isolated, so that no mutual interference is
possible. The current produced by the two photo-
detectors is amplified and displayed on a FLUKE

multimeter 27 or recorded on a plotter. The electronic
circuit of the detection system is outlined in Fig. 2.

Sensing membranes

Thermal papers from various sources were im-
mersed in an atmosphere of ether for a period of at
least 5 min to produce a blue or almost black colour.
The absorption spectra of the blue papers are similar,
with maxima between 605 and 610 nm. The black
thermal papers have similar maxima but with an
additional weaker band at around 470 nm. Con-
sequently, an LED with an emission maximum at
around 580 nm was considered a suitable light-
source. At this wavelength, all the papers investigated
have an absorbance that is approximately 95% of
that at the wavelength of maximum absorption.

When the blue papers thus produced are exposed
to vapours of polar solvents the colour intensity is
diminished. Table 2 summarizes the changes in the

Table 1. List of parts used in construction of the vapour sensor*

Part Specification Part Specification Part Specification
ICI LM 317T R1 1kQ2 Pl 2000
IC2 LF 351 R2 3309 P2 2000
I1C3 LF 351 R3 195Q P3 10kQ
IC4 LF 351 R4 195Q P4 10kQ
1C5 LF 351 RS 100 kQ2 P5 10kQ
IC6 LF 351 R6 100kQ

R7 27kQ2 Tl Bf 246
Cl 0.22uF Ta R8 3.01kQ T2 BF 246
C2 2x 47 uFTa R9 27kQ T3 BPW 14B
C3 10uFTa RIO 3.01kQ T4 BPW 14B
c4 10 4FTa RI1I 1k

R12 1kQ2

R13 1kQ

R14 1 kQ

RIS 100 kQ

*Data correspond to the components given in Fig. 2.
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Fig. 2. Electronic circuit of the temperature-compensated flow-through cell.

optical signal obtained with various papers exposed
to acetone-saturated air (21% acetone, v/v at 18°).

Electronic circuit

Figure 2 shows the circuit of the temperature-
compensated sensor. Independent current sources
were produced by using a resistance-programmable
voltage regulator serving as a voltage reference, and
two operational amplifiers (op-amps) combined with
appropriate field-effect transistors. By tuning of Pl
and P2, the current can be adjusted to between 12.5
and 25 mA.

The reference cell contains a strip of white paper,
the transmission of which is not affected by the

vapour of polar solvents. The sample cell contains the
blue sensor strip, the colour of which changes in
accordance with the gas composition. The voltage-
follower stages, consisting of two sensitive photo-
transistors, give two signals at the emitter resistances
RS and R6, and these are amplified by IC4 and ICS.
The output signal of op-amp IC6 is proportional to
the difference in measured light transmission of the
reference and sample cells. The lower the vapour
concentration in the sample cell, the lower will be the
output signal obtained from the electronic circuit.
This signal can even be negative if the decolorized
sensor strip has a higher transmission than the refer-
ence strip. This can be compensated for by zero
adjustment.

Table 2. Colour, absorbances, and signal changes of various thermal
printer papers after exposure to acetone-saturated air at 18°, correspond-
ing to 21% (v/v) acetone in air

Signal change, log I,/1 at

Thermal printing paper Colour mV absorption max*

HP, 9815 blue 980 1.99
Part No. 9270-0479

HP, 3380 1100 1.52
Part No. 5580-8735

HP, 85 blue 940 1.51
Part No. 92700962

Perkin Elmer, Lambda $ blue 760 1.10
Part No. 119 849

Kontron, Anacomp 220 black 690 1.39
CHART No. TO 2227

Perkin Elmer, Lambda 5 black 640 1.14

Part No. BO 126 708

*White paper was used in the reference beam.
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Table 3. Signal changes (AV) of the Hewlett-Packard 8388 thermal
printer paper on exposure to vapours of technical solvents

Concentration,
Solvent % vfv AV, m¥V AV-%"'*mV
dichloromethane 496 540 (irrev.) e
chloroform 21.1 55 26
tetrachloromethane 12,6 24 i9
cyclohexane 10.1 0 0
toluene 28 ¢ 0
diethyl ether 50.7 949 28.7
tetrahydrofuran 18.7 1227 65.6
dioxan 4.2 1233 294
methanoil 124 450 3.3
ethanol 5.7 680 119
n-butanol 0.68 748 1153
acetone 21.0 1100 52.4
ethyl acetate 9.4 1060 113

*Change in absorbance per % solvent in air.

Because of the use of a reference cell and two
identical phototransistors, a very stable and
temperature-independent signal is obtained. Even
small changes (usually a decrease) in the light in-
tensity of the LED, shortly after switching on, are
compensated by this technique. The maximum signal
drift over 48 hr was 1 1.5 mV which is negligible with
respect to a total signal change of over 1000 mV (for
instance with tetrahydrofuran).

Sensor response

The paper found to have the best response was the
HP 3380 thermal printer paper (Tabie 2). It displays

600
500 b
400 b
300 |-

200

>

an almost complete and reversible decolorization
after exposure to vapours of polar solvents. The
degree of decolorization is dependent on the nature
of the solvent and is highest for alcohols, esters and
ethers, when expressed as signal change per % solvent
in air. Hydrocarbons and chlorinated hydrocarbons
are either without effect or, as in the case of di-
chloromethane, give irreversible bleaching. The data
obtained with 13 frequently employed solvents are
collected in Table 3. Contrary to our expectations,
the anaesthetic gases Forane and Ethrane (which are
ethers) do not affect the colour of the membranes. It
was also found that an increase in temperature leads

THF

LAcetone

Cioxan

AcQEt

- 100

—200

-300
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—&00

—-800 1 i i i

min

Fig. 3. Change of signal with time, obtained for air saturated with vapours of various solvents, at 18°.
THF, tetrahydrofuran; AcOEL, ethyl acetate; EtOEt, diethy! ether; EtOH, ethanol; MeOH, methanol.
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Fig. 4. Dependence of phototransistor signal on vapour concentration of several frequently used solvents.

(@) acetone, ( x) diethy] ether, (A) tetrahydrofuran, (¢) dioxan. (A) ethyl acetate, (+) ethanol, (Q)

methanol. The vapour—air mixtures were prepared by bubbling air through liquid solvent reservoirs at
a defined temperature. The initial values were obtained at 0°, the final values at 20°.

to decolorization, the process being irreversible at
above 60°.

The response time depends on the nature of the
solvent and the sample flow-rate. Figure 3 shows the
change in signal obtained as the sensor is exposed to
solvent-saturated air at a flow-rate of 60 ml/min. The
response to vapours of aprotic solvents is more rapid
than that to alcohols (which itself is quick enough to
be of practical utility in process control). Typical
response times (99% of final signal) are 30 sec for
acetone and 34 min for methanol. Interestingly,
after passage of pure air again, the initial value is
reached only after a much longer time (acetone ca.
2 min, methanol ca. 7 min). Thus, the recovery time
can range from 1 min (for diethyl ether) to 7 min (for
methanol). The response and recovery times both
depend slightly on the vapour concentration, but this
was not studied in detail.

The relation between vapour concentration in the
sample and relative signal change is shown in Fig. 4
for various vapour-air mixtures. There are large
differences in response, despite the similarities in the
chemical structure of the solvents.

Sensitivity

Given a signal resolution of 1 mV, the sensor is
capable of indicating ppm amounts of solvent va-
pours in air. Typical detection limits are 10 ppm for
n-butanol, 250 ppm for ethanol, 1000 ppm for diethyl
ether and 30 ppm for dioxan.

Tibre-optic approach

The change in the diffuse reflectance of the blue
membrane was measured by attaching the paper
membrane to the distal end of a fibre. The relative

signal change per % of organic vapour in the air
stream was, however, only half that obtained with the

optical sensor cell, where transmission intensity was
measured. Consequently, the resolution of the
fibre-optic sensor is somewhat poorer than that of
the conventional opto-sensor. The fibre-optic ar-
rangement was found to have no drift problems,
although no reference cell was used, the initial value
always being restored.

Response and recovery times were about half those
for the measurements made in the transmission
mode, although an almost identical flow-through cefl
was employed and the detection limits were almost
the same.

DISCUSSION

The sensor described here measures concentrations
of solvent vapours in air from the ppm level up to
saturation. It is therefore of potential utility in pro-
cess control and related fields. Its response depends
on the nature of the solvent. Long-chain alcohols are
more efficient colour “quenchers” than are short-
chain aicohols. Ethers and ethyl acetate are compara-
ble in their response, but chlorinated hydrocarbons
are without effect (or lead to irreversible decol-
orization). The lack of response of some anaesthetic
gases frustrated our initial objective, which was to
develop a sensor for these gases.

To the best of our knowledge, the colour-forming
capability of thermal printer papers is based on the
colour change of micro-encapsulated carboxylic acid
dyes, such as Crystal Violet, in their (colourless)
lactone form. When released by thermal action, they
assume the blue colour of the triphenylmethane dye.
The equilibrium between dye and colourless lactone
is known to be dependent on the polarity of the
solvent. No attempts have been made to improve the
material with respect to dye and solid support.

Although a number of tests are available for
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detection and determination of hazardous or toxic
gases, and a number of test kits are marketed by
various companies, we think that our vapour sensor
offers two decisive advantages. It allows continuous
measurement of vapour concentration and it can be
applied to a number of solvent vapours.

The sensors introduced here demonstrate the ad-
vantages of opto-sensors. The fibre-optic method has
considerable advantages in the detection of vapours
since fibres have no electrical links and therefore do
not present a risk in a potentially emplosive atmos-
phere. Since the transmission of optical signals via
fibres is possible over large distances, the instrument
can remain in the benign atmosphere of the labora-
tory, while the sensor head can be exposed without
risk to the environment to be probed.
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Summary-—A prototype of a self-contained multi-element optical waveguide sensor for detection and
identification of the constituents of gaseous or liquid mixtures has been fabricated. The device consists
of eight optical waveguides, each coated with a thin film known to react specifically with one or more
components in a multicomponent system. An array of eight sequentially-activated light-emitting diodes
is attached to the waveguide assembly in such a fashion as 1o activate each detection channel separately.
Fach waveguide is a fiber-optic coupled to a single high-gain, low-noise photomuitiplier tube or
photodiode/operational amplifier detector. The amplified signals can be displayed visually or input to a
microprocessor pattern-recognition algorithm. CMOS analog switches/multiplexers are used in feedback
loops to control automatic gain-ranging, light-level adjustment and channel-sequencing. Preliminary

experiments involving the monitoring of redox/pH changes are discussed.

Colorimetric and fluorimetric coatings for detection
and identification of gaseous species have been used
for over 100 years, one of the earliest being the
cobalt(Il) chloride moisture test.' A general review of
the literature up to 1966 is available in Ruch’s
annotated bibliography.? A more quantitative dis-
cussion of the various tests {without references) can
also be found in the Driger detector tube handbook.?
Generally speaking, the analyte of interest reacts with
a particular organic dye to produce a visible color
change, which can be monitored by absorption,
transmission or fluorescence measurement. High sen-
sitivity and specificity are the desired objectives but
compromises always have to be made.

The advent of optical fibres soon saw their appli-
cation as “light pipes” in conventional oxygen
determination (measurement of oxyhemoglobin),
dye dilution measurements,’ laser—Doppler velocity
measurement,® fluorimetry,” and physical sensors.31®
The recent use of fiber-optic waveguides for chemical
analyses is based, for the most part, on light-intensity
changes in an indicator material immobilized at or
near the “business-end” of the fiber, Single, dual,
multiple, bifurcated and trifurcated optical fibers are
used to carry probe-photons to and information-
containing photons from the analyte~probe interface.
Reviews by Seitz!! and Peterson er al.'* have sum-
marized the state of the art to 1984, the latter
focusing more on biomedical applications while the
former deals primarily with chemical sensors. Two
additional reviews of chemical microsensors in gen-
eral {optical waveguides being one type) are those by
Wohltjen"* and Hirschfeld er a7

Table 1 lists examples of species which have been
spectroscopically monitored by means of their inter-
action with a reagent phase immobilized on an
optical waveguide.
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The basic principle of the optical waveguide sensor
is chemically-selective induction of a refractive index
change at the waveguide/thin detector-layer interface
which effectively increases or decreases the eva-
nescent wave coupling into the external medium.”
This change is monitored as an increase/decrease in
waveguide transmiftance. Ease of miniaturization,
portability, low cost and low power requirements are
the driving forces behind the development of this
particular type of chemical sensor. Recent reports™?
have demonstrated its potential for detection of
certain vapors at ppr levels.

Waveguide assembly

In an extension of this principle, a prototype of a
self-contained multi-element optical waveguide sen-
sor for detection and identification of the components
of gas or fluid mixtures has been fabricated, The
device consists of eight optical waveguides, each
comprised of a 9-cm length of thin-walled (0.3 mm)
cylindrical glass capillary tube (0.8 mm bore), sealed
at one end. All cight waveguides are fitted into a
gasketed sampling chamber of low dead-volume. An
array of eight sequentially-activated light-sources
{LEDs) is attached to the waveguide assembly in such
a fashion as to activate each detection channel separ-
ately. Thin chemically-selective coatings are applied
to the exterior surface of each waveguide. In certain
cases, organized molecular assemblies are deposited
in stepwise fashion by successive Langmuir-Blodgett
(LB) dip cycles. Silane-coupling agents are used in
other cases, where a chemically-selective film is im-
mobilized on the glass surface. All the coatings used
at present rely on a color change caused by selective
adsorption and/or reaction, and this is monitored
by miniature 0.5-in. outer diameter end-on photo-
multiplier tubes or solid-state silicon diodes operating
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Table 1
Monitored

Analyte Reagent phase optical change Reference
pH Phenol Red/polyacrylamide Reflectance (reversible) 1S
pH Fluoresceinamine/cellulose Fluorescence (reversible) 16
CO, pH dye/CO,-permeable membrane Fluorescence 17
Moisture CoCl,/gelatin ATR/transmission 18
QOil in water Organophilic coating ATR/transmission 19
NH, Oxazine dye ATR/transmission 20
AP*, Mg?*t, Zn?* 8-Quinolinol-5-sulfonate Fluorescence 21
Halothane Decacyclene/silicone Fluorescence quenching 22
Bilirubin None Absorbance 23
IgG IgG-Ab Fluoroimmunoassay 24,25
0O, Hemoglobin Reflectance 26
Halide ion Quinoline indicators Fluorescence quenching 27
p-Nitrophenyl phosphate = Enzyme (phosphatase) Product absorbance 28

in either the photoconductive or photovoltaic mode
to measure the light intensity transmitted from the
appropriate LED.

Electro-optic configuration

As outlined in Fig. 1, two general detection ap-
proaches were taken (single and multiple detectors).
In this report, however, only the single-detector
version is discussed.

The electronic configuration for each channel is
depicted in Fig. 2. The current to each individual
LED is controlled by a discrete pulse transistor

(2N222) driven by an appropriate TTL pulse from a
single-board computer (SBC). Optical-fiber bundles
are used to couple the individual waveguide outputs
to a single photodetector. Separate potentiometers
are used to adjust the brightness of each LED, to suit
individual reaction, channel and detector character-
istics. Visible-radiation LEDs are used, two each for
the red, green and yellow, and one each for the
orange and blue regions of the spectrum. Except for
the blue-emitting type (Siemens LBD 5410), they are
of the standard GaP, GaAsP variety (Paccom Elec-
tronics, L-32 types). The photometric outputs vary
with the particular type of LED, in the general range
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Fig. 1. Multi-element detection strategies.



Multi-element optical waveguide sensor 97

+5-15v

Waveguide R

TTL
Flow-through cell
2N2222
1K
Sample chamber
LED ¥ \\:

=l Selective coating

Photodiode operational
amplifier

+V

Fig. 2. Electro-optic configuration of a single channel.

2-12 mcd. The bandwidths (FWHM) are about 32
nm (green), 46 nm (yellow, orange), 25 nm (red) and
70 nm (blue).

The drive transistors and the digitized (12-bit)
detector output are connected to a 6522 NMOS
interface adaptor situated in a 6502-driven AIM-65
microcomputer (Fig. 3).

An assembly-language algorithm (shown as a
flow-sheet in Fig. 4) is used to activate the individual
channels for selected on/off times and acquire and
store the digitized detector outputs for subsequent

cA2

PAO - PA7

R

processing. In the configuration used, the minimum
on-times for LED output stabilization are about
1-2 msec. In a typical data-cycle, a single LED is
activated and, after a suitable delay period, the
amplified detector output is digitized and stored in
memory. Shortly thereafter, the LED is deactivated
and the remaining channels similarly examined.
Attempts were made to pulse the LEDs at a faster
rate. However, as indicated in Fig. 5, reasonable
square-wave outputs were achieved only with switch-
ing times longer than ca. 1 msec. This is most likely
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Scope trigger
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Fig. 3. Microcomputer interface.
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Fig. 4. Flow-sheet for data acquisition and LED contrel. PAD = Port A data register; PADD = Port A
data direction register; DAQ = data acquisition routines.

a consequence of RC time-constant limitations in the
LED/current-limiting resistor combinations.

Display of signals from the various channels

For display purposes, the signals from the various
channels were output to an analog oscilloscope to
produce a bar-graph pattern, the individual bar
heights being proportional to the detector output for
the corresponding channel. This is illustrated in Fig.
6 for the 8-channel waveguide. Here, the optical
waveguide in channel 3 (channels labeled from left to
right) was coated with a 50-nm thick film of a

silane-coupled benzyl viologen dye derivative which
served as a redox indicator. The particular derivative
used was N,N’-bis(p-trimethoxysilyl)benzyl)-4,4'-bi-
pyridinium dichloride (or BPQ?*),*'* which was
known from earlier studies® to undergo a reversible
color change in the presence of a reducing agent (see
Fig. 7). It was covalently linked to the glass opticai
waveguide by soaking the waveguide for several days
in a 10% water/acetonitrile solution containing
several milligrams of the dye derivative. Surplus dye
and the solvent were removed by flushing with water.
The final coatings were observed to be extremely
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durable and maintained their effectiveness even after
months of exposure to ambient air. Upon exposure
of the 8-channel waveguide to a reducing solution
(70 mg/l. Na,§,0,), the colorless viologen film
became blue.

The light-beam from the red-emitting LED in
channel 3 was thereby attenuated as depicted in Fig.
6 (middle trace). The corresponding waveguide in
channel 6 was coated with an insoluble pH-sensing
dye film, some um thick. The active ingredient,
Alizarin Yellow, undergoes a yellow — red transition
at pH 10-12. This can be seen in Fig. 6 (bottom
trace), for the response when the reducing solution
has been purged and replaced by a basic (pH >10)
aqueous solution. The light from a green-emitting
LED in channel 6 is attenuated, while the light-

intensity in channel 3 resumes its original value as a
consequence of the oxidation, by dissolved oxygen, of
the viologen coating on optical waveguide 3, to the
colorless form. The response time for pH was 0.5 sec.

CONCLUSIONS

Multi-element optical waveguide sensors are
relatively simple devices which can ultimately be used
as small, portable chemical detectors/identifiers in a
gas or fluid environment. The diagnostic scheme
demonstrated here relies on a colorimetric change in
the coatings immobilized on the waveguides. Other
systems which hold promise for development as
chemical microsensors include:
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direction. In any case, it is not an overstatement to
say that there exists a variety of imaginative ap-
proaches to the ‘“hardware” design and fabrication of
optical chemical microsensors. Their chief limitation,
however, appears to reside in their ‘‘software”, i.e.,
the chemically sensitive and selective reagent coat-
ings. For the most part, traditional colorimetric/
fluorimetric assays have been employed in the ma-
jority of the current generation of optical devices,
which brings us to where we are today. As in most,
if not all chemical sensors, the Achilles heel is the
chemically sensitive/selective coating. Depending on
the number of different sensing elements used, the
selectivity problem can be solved. What remains to
be developed is the extension of sensitivity to the
sub-ppm region.
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Summary—Results are presented which clearly illustrate the possibilities and limitations of the use of
indicators immobilized on optical fibres, in the determination of pH.

In recent years a number of pH-probes for use in
agueous systems have been based on attaching an
immobilized colorimetric indicator to the end of an
optical fibre.! The indicator is usually immobilized on
a solid support such as polystyrene,? polyacryl-
amide® or porous glass beads,” by adsorption or
covalent bonding. The support is held in place at the
end of the optical fibre by some form of porous
membrane. Most of the pH-probes that have been
developed use immobilized acid-base indicators, such
as Phenol Red,’ Bromothymol Blue** and others,®
although a few have been based on use of a
fluorescent dye, e.g., fluorescamine.’ The optical
property measured (reflectance, absorbance or
fluorescence) depends on the configuration of the
device and the nature of the indicator.

The development of these fibre-optic pH-probes is
no more than an extension of the relatively simple
chemistry involved in the spectrophotometric deter-
minagtion of pH. The pH of a solution may be
determined spectrophotometrically by measuring the
concentration ratio of the undissociated indicator
species, HA, to the dissociated species A ~; the system
may be calibrated by making measurements in a
series of non-absorbing buffer solutions. Provided
that the total concentration of indicator remains
constant, an expression based on the Henderson-
Hasselbalch equation’ can be developed which relates
solution absorbance to pH.

pK, = pH + log[HAJ/[A™] (N

where pK, is the concentration indicator constant
and is related to the thermodynamic value pK, by

pK, = pK, + 108 ua/7a )

where y, is the activity coefficient of species x.

The reason for using equation (1) is that absorb-
ance measurements are a linear function of the solute
concentration and not its activity. It would be poss-
ible to determine pH spectrophotomeirically by
measurements at two different wavelengths, at one of
which only the dissociated form absorbs and at the
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other only the undissociated form. Measurement of
the absorbance at a single wavelength is simpler,
however. For example, if the absorbance of the
undissociated form of the indicator is negligible at the
selected wavelength, the equation

PK; = pH + log(A,. — 4)/4 3)

can be used, where A, is the absorbance at a pH
high enough to ensure complete dissociation of the
indicator and A is the absorbance at any given pH,
the total indicator concentration being constant.

The work described in this paper was undertaken
to determine the reliability of spectrophotometric pH
and pX; measurements in aqueous systems, and of
those made with immobilized indicators.

EXPERIMENTAL
Apparatus

Absorption specira were measured with a Pye-Unicam
PUBG00 UV/VIS spectrophotometer, interfaced with a BBC
microcomputer by the PUSG600 series scanning software
program.® The pH of the buffer solutions was measured with
a Corning 140 pH-meter with a combination electrode (RS
components 424-557). Solutions were kept at 25.0 + 0.1°,

Reagents

Solutions of Bromocresol Purple, Bromocresol Green,
Bromophenol Blue, Bromothymol Blue and Phenol Red
{Fisons), Cresol Red and Methyl Red (BDH) were prepared
in dilute sodium hydroxide solution as described by Bishop.?
The buffer solutions were made from Fisons and BDH
reagent-grade chemicals and distilled water. The pH buffers
(ionic strength of 0.01M) were prepared according to Perrin
and Dempsey.’® The indicator and buffer solutions were
stored in 100-m! polyethylene bottles.

Procedure

The pH of each buffer solution at 25.0° was checked
against NBS buffers by use of a glass electrode and a
standard potentiometric procedure.!’ For spectrophoto-
metric determination of pH 10 mi of buffer solution were
mixed in a stoppered sample-tube (to prevent evaporation),
with 1 mi of Phenol Red, Bromophenol Blue, Bromothymol
Blue or Bromocresol Purple, or 0.5 ml of Cresol Red, or
0.1 m! of Methyl Red solution. Addition of the indicator
caused no perceptible change in the pH of the buffer. Be-
tween measurements the sample tubes were kept sealed and
partly submerged in a water-bath maintained at 25.0 £ 0.1°.
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The spectrophotometer was progammed to record the
absorbance at every 2 nm between 300 and 700 nm. The
absorption spectrum for the appropriate reference buffer
solution was scanned and stored. The same cuvette (path-
length 1 cm) was used in recording the absorption spectrum
for the buffered solution of indicator. These two mea-
surements were repeated over a range of pH values. For
each pH, the logarithms of the transmittances of the sample
(buffer plus indicator), T,, and reference solution (buffer
only), T,, were printed out for each wavelength, along with
the difference log T, — log T, (i.e., the absorbance), enabling
the isosbestic point and absorbance at the analytical wave-
length to be accurately determined.

RESULTS AND DISCUSSION

Preliminary measurements

The precision of the spectrophotometer was
checked by measuring the absorbance of cobalt am-
monium sulphate solutions (36.69mM, in 1% vjv
sulphuric acid) at 500 nm against a water blank.
A series of ten replicates gave a relative standard
deviation (RSD) of 0.3%.

Determination of pK,,

For solution absorbance measurements, the inci-
dent intensity, I, is estimated by measurement of the
transmittance (T,) of a reference solution (a reagent
blank is commonly used) at the same wavelength as
the transmittance (7,) of the sample solution. When
an optical fibre pH probe is used, this method of
estimating T, is impracticable, and it becomes neces-
sary to use a wavelength at which the transmittance
of neither the acid nor the base form of the indicator
changes with pH, ie., the isosbestic point, or at some
wavelength at which neither form absorbs radiation.
The transmittance at this wavelength is assumed to
compensate adequately for any optical and instru-
mental variations. We decided to calculate the ab-
sorbance data by use of both the normal reference
intensity, /,, measured at the analytical wavelength
for the appropriate buffer solution, and the isosbestic
reference intensity I,. For a given indicator, the
isosbestic point showed a small wavelength shift (a
few nm in most cases), depending on pH, buffer
composition and ionic strength. In order to maintain
a reasonable analogy between the solution mea-
surements and fibre-optic measurements, the isos-
bestic point transmittance was recorded at a fixed
wavelength.
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To check the validity of this approach a series of
transmittance measurements was made for each of
the indicators at the selected wavelength correspond-
ing to the isosbestic point. The transmittance (f,) of
the indicator was measured in each of the buffers used
subsequently for pK; determination, along with the
transmittance {[,) for each buffer alone. Thus, for
each of the five indicators tested six [, and six [
values were recorded. The mean and standard devi-
ations for each group of six transmittance values were
obtained, and from these data the relative standard
deviation (RSD) was calculated. The RSD is a mea-
sure of the variation in the transmittance within each
group of measurements (I, or 7). The RSD valyes
for I shows the variation in transmittance of the
different buffers; those for I, show the variation in
transmittance of the different buffers plus any vari-
ation in the transmittance of the indicator arising
from a shift of the isosbestic point. Ideally, repeated
measurements of the transmittance for a given sol-
ution should be constant: measurements made with
cobalt ammonium sulphate solutions indicated that
there would in fact be an RSD of ~0.3%.

The mean and standard deviation for the five I,
RSDs were 3.0% and 1,3% respectively and those for
the 7., RSDs were 24% and 1.2%. A two-tailed
F-test failed to show a significant difference between
the two standard deviations, and a z-test failed to
distinguish between the means. In other words these
values appear to have been drawn from the same
population. Accordingly we can say that the vari-
ation in transmittance of an indicator at the selected,
fixed wavelength corresponding to its isosbestic point
was indistinguishable from the variation in the trans-
mittance of the different buffers in which the indi-
cator was present. Consequently, use of I, instead of
I for calculation of the solution absorbance is a
valid procedure.

The pK; values for the indicators were calculated
by using an expression similar in nature to equation
E)

pK; =pH +logl{4,,, ~ A)(4 ~ A )] D
where Ay, is the absorbance of the indicator at the
analytical wavelength and very low pH fie., the
indicator can be assumed to be totally undissociated).

The accuracy and precision of the pK; value

Table 1. Measured values obtained by using standard (*pK) and isosbestic {"pK ) wavelength references (ionic strength
0.01 M, temperature 25.0 + 0.1°C)

Indicator Wavelength, nm
concentration, spK, (standard  "pK (isosbestic ApK, =
Indicator M Analytical  lsosbestic  reference) + s.d.  reference) +s.d.  (pK.—"pK})
Bromopheno! Blue 54x10°° 590 494 359+ 007 403 +£0.04 —0.04
Bromothymol Blue S8 x 10 615 500 6.88 +0.19 6.84 £0.13 0.04
Bromocresol Green 52x107° 616 508 4.57 £0.03 4,69 £ 0.10 —0.12
Bromocresol Purple 6.7 x 1074 588 486 630 +0.05 6.17 £0.07 0.13
Cresol Red 50 x 1073 570 485 7.96 +0.09 7.82 +0.15 0.14
Methyl Red 3.7 x 107% 518 460 4.86 £ 0.05 498 +0.13 —-0.12
Phenol Red LIx167° 560 48G 7.65+0.04 755 +6.18 0.10
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Table 2. Results obtained for pK; with changing ionic strength, at 25°C

Ionic strength, M 001 0.10 050 1.00 1.50 200 3.00
Bromophenol Blue 394 441 437 440 442 445 451
Bromocresol Green 457 465 465 468 471 475 482
Bromocresol Purple 626 567 567 571 574 575 5.76
Methyl Red 490 504 508 513 531 507 S.01
Phenol Red 746 696 6.52 637 639 655 6.44

calculated from equation (4) depends on a number of
conditions.

(i) The path-length, concentration and ionic
strength of the indicator solution, and the tem-
perature, must be kept constant for all the mea-
surements.

(if) The solution matrix must remain the same for
each measurement (in practice this is impossible to
achieve when different buffer compositions are used).

(iii) The pH value used for the calculation must be
accurate.

The two sets of pK values obtained in this work were
analysed statistically to decide whether the use of
different reference intensities caused significant
differences." A t-test indicated that the difference
between the *pK; and ®pK; values (Table 1) at the
95% (P = 0.05) confidence level was not significant.
Thus, the isosbestic reference intensity /., can be used
to calculate pK, without introducing a significant
systematic error [if equation (4) is used].

Effect of ionic strength and temperature on the pK,
value

The spectrophotometrically determined pKX; value
is a function of the activity coeflicients, y, of the
dissociated and undissociated indicator species [equa-
tion (2)]. Consequently any factor that influences the
magnitude of yy, and y,_ will also affect the mea-
sured pK; value.

From the Debye-Hiickel equation,'s

AZL[T
14 Ba /T

where A and B are constants that vary with the
temperature and dielectric constant of the solvent, Z
is the charge of the ion i, 4 is the ion-size parameter,
and I the ionic strength, it is evident that the ionic
strength and temperature of the system affect the
magnitude of the activity coefficient, y, and thus the
pK, value calculated.

If the solvent matrix and system temperature are
kept constant then the effect on the pK, value of

~logy, = ©)

changing the ionic strength can be observed. The
results in Table 2 were obtained by varying the ionic
strength of a single buffer solution [of pH ~ pK]
(I =0.01M) for each indicator] from 0.01 to 3.0M by
introducing a background electrolyte (sodium chlo-
ride) into the buffer solution. The results show that
the change in ionic strength can affect the pK value
by as much as 1.23. Clearly it is important that the
ionic strength of the system under analysis should be
recorded, and that it should remain constant during
pH-measurement procedures.

In both the ionic strength and temperature studies
(which follow), the pK; values have been obtained by
using a conventional reference solution for the ab-
sorbance measurements. We have not attempted to
use the isosbestic point reference for calculation of
absorbance. The variation in wavelength of this point
with solution parameters would have entailed making
extra measurements to establish the correct wave-
length of the isosbestic point. It is worth noting at
this stage that such a procedure would be out of
the question for a sensor containing immobilized
reagents. Table 3 gives examples of the change in pK,
caused by a temperature increase of 5° (from 25° to
30°); the general increase in the pK} value is about
0.2.

Measurement of pH

Once the pK; value for an indicator is known,
equation (4) can be used to determine, from absorb-
ance measurements the pH of a solution containing
the indicator. This kind of measurement can be
performed without recourse to calibration if the ionic
strength, temperature and buffer capacity of the
solution are known. The effect of the first two of these
quantities has been described. The buffer capacity
will reflect the extent to which dissociation of the
acid-base indicator itself will influence the pH of the
solution. Results for a series of spectrophotometric
estimations of pH are given in Table 4. Methyl Red,
Bromophenol Blue and Bromothymol Blue were
used, and the pH estimations were made on the basis
of both calculated pK| values, i.e., *pK. and ®pK;

Table 3. Effect of temperature on the calculated pK; (+s.d.)

*pK;, equation (4)

*pK,, equation (3)

25°C 30°C 25°C 30°C
Cresol Red 796+0.09 830+0.15 7951005 8.13+0.04
Phenol Red 7.65+0.04 7.81+002 7.61+0.05 7.79+0.03
Bromocresol Green 4.57+003 4.77+0.03 4.57+0.03 4.71+0.03
Bromothymol Blue 6.88+0.19 7.094+0.02 6.82+020 7.04+0.01
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Table 4. Values for pH determined potentiometrically, and
spectrophotometrically with different references

pH, pH; pHS pHY pH”
Methyl Red 455 455 458 469 481
482 478 481 484 492
502 504 505 512 5.08
528 522 522 521 513
540 546 543 521 513
Bromophenol Blue 369 372 373 376 395
390 390 391 391 404
409 407 407 408 414
438 428 429 434 434
452 460 460 449 446
Bromothymol Blue 580 5.82 592 6.00 632
602 620 622 586 6.29
6.58 642 641 6.68 6.57
6.78 6.51 6.60 672 6.59
693 689 6.77 686 6.68
767 794 790 767 134

pH,, is the pH measured by standard potentiometric
procedures.

pH: is the pH (standard reference) calculated with equation
.

pH? is the pH (isosbestic reference) calculated with equation
).

pH? and pH_® are the pH values (standard and isosbestic
references respectively) calculated with equation (3).

[calculated by using equation (4)]. The ionic strength
of these solutions was kept constant at 0.01 M, and all
measurements were performed at 25.0 + 0.1°. Under
these circumstances variation of the wavelength of
the isosbestic point is caused solely by variation in the
pH. It was shown earlier that this does not have a
statistically significant effect on the measured pK;
value.

Although non-parametric statistical tests such as
the Wilcoxon signed rank test failed to demonstrate
significant systematic differences between the first and
second, and the first and fourth columns of Table 4,
it is clear that the spectrophotometric estimation of
pH to within 0.05 of the potentiometric value is
obtained in only a few instances. It should be borne
in mind that all these measurements were made at
carefully controlled ionic strength and temperature,
and with solutions of high buffer capacity. In addi-
tion, the conditions for spectrophotometric mea-
surement were good, and adequate correction for
non-zero background absorbance was made by the
use of equation (4). Suppose that instead we use

T. E. EDMONDS et al.

equation (3), in which the undissociated form of the
acid-base indicator is assumed to give a negligible
absorbance at the analytical wavelength. Then re-
arranging equation (3) gives:

A = Any /(1077 + 1)

where D = pH — pX;.

Values for pK; and pH calculated on the basis of
equation (3) are shown in Tables 5 and 4 respectively.
The initial absorbance data used to calculate the
results in Tables 1 and 4 [by equation (4)] are used to
calculate the results in Tables 5 and 4 [by equation
(3)]. Comparison of the results (Table 5) indicates
that the pK; values calculated by using the standard
reference are significantly more precise than those
calculated by using the isosbestic reference. The
difference (ApK, = pK,~pK_) between the two pK,
values ranges from —0.72 to 0.86. Statistical analysis
of the pK. values at the 99% (P = 0.01) level indi-
cates that the difference between the two is
significant. This result is expected because the Ay,
value is not negligible if the isosbestic reference is
used. However, statistical analysis of the *pK; (stan-
dard reference) values obtained by use of equations
(4) and (3) shows that there is no significant difference
between the values at the 95% level. Thus, the only
significant difference between all four pK; values for
each indicator occurs when the isosbestic reference
is used in conjunction with equation (3). The pH
results obtained by using equation (5) are also given
in Table 4. Again Wilcoxon signed rank tests failed
to establish any significant systematic differences
between the columns. However it is manifest that
there are large errors associated with these estimates
of pH, ranging from —0.52 + 0.33 when equation (3)
is used with the isosbestic point reference.

©®

Implications for use of fibre-optic pH-probes

It has been shown® that the response of a
fibre-optic probe based on immobilized acid-base
indicators can be described by the equation

log(L/1,,) =logr [~ KF/(107° + 1) M

where I is the transmitted power measured at the
analytical wavelength, I, the transmitted power mea-
sured at an isosbestic wavelength, r a constant (the
ratio of the incident power at the analytical wave-
length to the incident power at the isosbestic wave-

Table 5. Measured pK, values (+s.d.) obtained by using both standard and
isosbestic wavelength references, and equation (3)

spK, (standard  ™pK] (isosbestic ApK, =
Indicator reference) reference) pK, —"pK;
Bromophenol Blue 3.99 + 0.06 3.60 + 0.15 0.43
Bromothymol! Blue 6.82 +0.20 6.12+0.33 0.72
Bromocresol Green 4.57+0.03 4.20+0.14 0.49
Bromocresol Purple 6.30 +£ 0.04 5.71+0.07 0.46
Cresol Red 7.95 +0.05 7.12+0.40 0.70
Methyl Red 4924+ 0.04 5.70 £0.21 —0.72
Phenol Red 7.61 +0.05 6.69 £+ 0.61 0.86
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length), and X* a probe constant given by S¢&/, where
S is the total indicator concentration in the probe, /
is the effective path-length for the probe and £ is the
molar absorptivity of the indicator at the analytical
wavelength.

Equations (6) and (7) are identical in operation, if
not in form. The probe constant of {7) performs the
same function as A, in (6), and the necessity of
estimating other incident power in the case of a
fibre-optic probe introduces the constant r, and the
term [, in (7). If we make the assumption that r and
KF are constant for a given probe, and can be
determined in a straightforward manner (just like
measuring A,,, for a solution), then the errors in-
volved in the determination of pH by the fibre-optic
probes may be discussed in terms of the errors in pH
estimation that have been noted in the solution work.

First it is apparent that operation of a fibre-optic
probe is analogous to the determination of pH by an
indicator, with equation (3) for calculation and the
isosbestic point as a reference. Under these condi-
tions, in the conventional spectrophotometric mea-
surements, not only was the measured value of pK]
shown to be significantly different from the other
estimates of pK,, but also the largest range of
differences between potentiometrically and spec-
trophotometrically estimated pH values (from —0.57
to +0.33) was observed. The similarity between
equations (6) and (7) indicates that under the same
conditions, a comparable range in the estimation of
pH by a fibre-optic probe might be expected. The
results of Tables 2 and 3, although showing the
change in the pK, value with change in temperature
or ionic strength, are of direct consequence to pH-
measurement with fibre-optic probes, because of the
part played by pK; in the factor D of equation (7).
In fact this problem is compounded in the case of
fibre-optic probes. Not only do the solution parame-
ters affect the pH-estimation through variation in the
activity coefficients, but also through variation in the
wavelength of the isosbestic point.

Accordingly, direct use of a fibre-optic probe for
the determination of pH in an unknown solution with
an accuracy of 0.1 (let alone +0.01) is unrealistic.
Calibration of a probe with appropriate buffers may
be used to decrease the error, but this sort of ap-
proach runs counter to the principles of this kind of
sensor, viz. that the device should be dipped into a

solution and a reading taken that directly, rapidly
and accurately indicates the pH. Formulating appro-
priate buffers for one type of sample is tedious
enough, but if samples of differing ionic strength and
temperature are to be tested, yet another set of buffers
would have to be made up and the probe recalibrated.

We have not investigated pH-measurements with
indicators on samples of low buifer capacity. It is
evident from the theory of weak acids and bases that
a significant concentration of indicator species could
have radical effects on the pH of such a sample.
Finally, the probe constant of equation (7) depends
to a large extent on / and S. Proper control of / in the
context of probes based on indicators immobilized on
small beads or particles is not straightforward, and
small changes in geometry could have radical effects
on the probe response.

Unless the errors discussed above can be rigorously
compensated for, and fibre-optic probe construction
radically improves so that quantities such as the
effective path-length and total indicator concen-
tration can be rigorously controlled, the future of this
type of sensor appears to be very limited.
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Summary—A fiber-optic sensor has been prepared which responds to carbon dioxide at physiologically
significant concentrations. It is based on pH modulation by dissolved carbon dioxide in a sensing layer
of fluorescent dye. By use of a previously developed methodology by which the sensing chemistry is
bonded directly to the glass fiber tip, the miniature size of the sensor is preserved. This method involves
consecutive applications of solution polymers to the fiber tip rather than mechanical attachment of sensor
reagents. Preparations of polymer-immobilized dyes and polymer membranes are described.

The entry of optical fibers into the field of analytical
chemistry has extended the ability to perform real-
time analysis. A chemical species can now be detected
without separation from its natural matrix. Many of
these sensors operate by changes in the luminescent
properties of a sensing layer on interaction with the
analyte. This enormous potential for continuous
monitoring of physiological, biological and environ-
mental systems is now limited only by the ingenuity
required to convert chemical changes into lumi-
nescent ones. A second but exceedingly important
advantage of optical fibers is their very small size,
with typical diameters of 100-500 um. This feature
permits positioning in similarly sized locations. In the
development of fiber-optic sensor technology, it is
desirable to preserve continuous reversible sensor
chemistry and the miniature size of the sensors.

Numerous prototype sensors have already been
demonstrated that are based on immobilizing
fluorescent indicator dyes at the distal tip of the
optical fiber."”” With many of these, various mechan-
ical and adhesive methods have been used to fix the
sensor in the vicinity of the fiber tip. Our approach
is different in an important way: we have succeeded
in covalently bonding the sensor directly to the fiber
tip.>® The miniature size of the fiber is preserved and
the response times are greatly shortened. A
fiber-optic pH-sensor based on fluorescein immo-
bilized by using this method of attachment has a
response time of less than 5sec and is reversible and
reproducible.’

Other researchers have made gas-sensing
fiber-optic sensors in either of two designs: (1) the
reagent is mechanically fixed to the fiber tip, resulting

*To whom correspondence should be addressed.
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in a large device with slow response times*® or (2) the
indicator layer is fixed on a transparent “Plexiglas”
window in contact with the optical fiber.>'® Although
the latter arrangement gives fast response times,
neither approach preserves the miniature dimensions
needed for in vivo application.

It is well known that carbon dioxide will dissolve
in water, according to the equation

CO,(aq) + H,0==H,CO,==H* + HCO;

Since dissolution of CO, results in a change in
solution pH, the conversion of our fiber-optic pH-
sensor into a carbon dioxide sensor was a logical
extension. For such a sensor (Fig. 1) the pH-sensitive
fluorescent dye must be sequestered from the sensing
environment. Thus, a semipermeable membrane is
required to exclude protons and allow CO, to enter
the pH-sensing region, where it reacts with water in
the hydrophilic microenvironment of the dye-
containing polymer matrix, changes the pH and
thereby alters the fluorescence intensity.

We have extended our amplification technique to
the preparation of a CO,-sensitive fiber by the con-
secutive application of polymer material to the opti-
cal fiber tip. This device is of the size (300 um) needed
for in vivo venous, arterial or other biological lo-
cations, and compares favourably with a miniature
potentiometric CO,-sensing catheter recently de-
scribed for in vivo monitoring, which has an outer
diameter of 1.1 mm."

Three carbon dioxide sensors prepared in this way
will be described. They differ in the polymer and dye
materials used to construct the pH-sensitive layer: (1)
fluorescein copolymerized with acrylamide, (2)
fluorescein copolymerized with 2-hydroxyethyl meth-
acrylate (HEMA) and (3) hydroxypyrenetrisulphonic
acid (HPTS) adsorbed on acrylamide. They all use a
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pH-sensitive fluorescent dye

membrane

H*

CO2

CO2 + HoO = HpCO3 = H* + HCO3~

Fig. 1. Model of fiber-optic CO,-sensor.

coating of dimethylsiloxane—bisphenol A carbonate
copolymer as the semipermeable membrane used to
exclude protons from the sample itself.

EXPERIMENTAL

Instrumentation

The instrument used for measuring fluorescence with
optical fibers has been described previously.’ Briefly, a
Spectra-Physics Model 162A-04 argon-ion laser provides
the excitation radiation (typically 488 nm), which is passed
through a neutral density filter and a dichroic mirror to the
coupled fiber. The returning fluorescence signal (red-shifted)
returns via the same fiber, and is deflected through 90° by
the front surface of the angled dichroic mirror. This signal
beam is filtered (long-wavelength band-pass), focused, and
passed through a slit into a single-grating monochromator.
The resulting wavelength-dispersed signal is measured with
a photo-counting detection system (Pacific Instruments,
Model 126). The intensity of the fluorescence is measured in
photon counts per second as a function of time or of the
wavelength examined.

Materials

Glass-on-glass fibers (200/250 um), approximately 1 m
long, were terminated at one end with AMP connectors. The
other ends, from which a length of approximately 2 cm of
sheathing was removed, were washed in concentrated sul-
phuric acid and rinsed with distilled water. The connector
ends were polished and the stripped ends cut square, as
verified by microscopic examination.

Dimethylsiloxane-bisphenol A carbonate (DMS-BPAC)
block copolymer was obtained from Petrarch Systems,
Bristol, PA, sodium 8-hydroxypyrene-1,3,6-trisulphonate
from Molecular Probes, Eugene, OR, and fluoresceinamine
(Isomer I or II) from Sigma. All other chemicals were
obtained from Aldrich Chemical Co. and were used without
further purification.

Preparation of pH probes

The optical-fiber tips require treatment to activate the
glass surface with a polymerizable double bond. Three
different surface activation systems have been described.’

After surface preparation, the fiber tip can be converted into
a pH probe in any of the following ways.

1. Fluorescein copolymerized with acrylamide. This
method has been described before,® but we have found that
better results can be obtained by allowing the monomer dye
solution to stand for 12 hr prior to polymer initiation. This
allows the dye to become solubilized and greatly improves
the incorporation of the dye derivative into the resulting
polymer.

2. Fluorescein copolymerized with 2-hydroxyethyl meth-
acrylate (HEMA). To form the polymer, 2-hydroxyethyl
methacrylate (20 ml), ethylene glycol dimethacrylate (400
ul), acryloated fluorescein® (I ml of solution in tetra-
hydrofuran) and demineralized water (20 mi) are mixed and
allowed to stand overnight. Surface-activated optical fibers
are positioned in the monomer dye solution and ammonium
persulphate (15 mg) and riboflavin (15 mg) are added. The
system is kept in a nitrogen atmosphere and exposed to
white light from an 8-W fluorescent light bulb. Since the
polyHEMA is a more resilient polymer than poly-
acrylamide, the removal of the glass fibers from the polymer
gel can result in complete stripping of the polymer material
from the glass surface. Therefore, it is critical to remove the
fibers at an appropriate moment before gelation occurs.

3. Hydroxypyrenetrisulphonate (HPTS) adsorbed on
acrylamide. Allylamine (105 x1) and a dye solution (50 mg
of HPTS in 2 ml of waier) were added to the stock
acrylamide-methylenebisacrylamide solution® (100 ml).
Polymerization was initiated with ammonium persulphate
(15 mg). After the polymer had formed, the optical fibers
were removed and treated immediately with a membrane
material.

Preparation of carbon dioxide probes

The membrane coating was prepared with a 4% solution
of DMS-BPAC block copolymer in a mixture of dichloro-
methane and n-hexane (1:1). Before application, the pH
sensors were soaked in 1mM sodium bicarbonate solution.
For membrane treatment the DMS-BPAC solution was
pipetted onto the fiber tip, and allowed to dry at room
temperature for 24 hr. The membrane was then tested by
placing the sensor in different pH buffers and measuring the
fluorescence intensity., If the intensity signals were not
constant, the membrane was not pinhole free and the entire
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Fig. 2. CO, tests on sensor with acrylamide and fluorescein as the pH-sensing material: 1, = 488 nm,
1.5 uW; A, =530 nm.

process was repeated, including the soaking in bicarbonate
solution, Sometimes a third treatment was required. The
fabricated sensor was then stored with the fiber tip in water,
allowing rehydration of the sensor microenvironment.

Measurements

Before being tested with CO,, the integrity of the mem-
brane was checked by making fluorescence measurements in
different pH buffers. The sensor was then placed in a flask
of water through which nitrogen was bubbled. A mea-
surement was made and was assigned the value 0% CO,.
The sensor was then moved to another flask with carbon
dioxide bubbling through the water. Measurements were
taken until an equilibrium value was achieved. The sensor
was then returned to the first flask and measurements were
taken until equilibrium was re-established.

RESULTS AND DISCUSSION

Figure 2 presents a typical time scan of a
fiber-optic CO,-sensor tested with a 5% CO, gas
mixture (with nitrogen) bubbled through the test
solution. The initial fluorescence signal, 8.0 x 10* cps,
represents the intrinsic fluorescence of the sensor
microenvironment before introduction of CO,. When
CO, diffuses through the membrane it generates
protons and bicarbonate ions and the fluorescence
signal of the pH-sensitive dye is quenched. Equi-
librium is reached at 5.4 x 10* cps. The sensor is then
degassed by returning the fiber to the flask of water

with nitrogen bubbling through it and the
fluorescence intensity is re-established at 8.0 x 10* cps
as the original condition of the sensor micro-
environment is restored. In Fig. 2 the response to CO,
is 70% complete in 30 sec and at equilibrium in 60
sec. The recovery rate is similar.

A problem with the sensor has been a progressive
loss of fluorescence signal after cycling at high CO,
concentrations. At CO, concentrations of less than
5% the effect is mitigated and this loss is not expected
to be a severe problem in monitoring of phys-
iologically significant concentrations of CO,.

The data in Fig. 2 were obtained with a pH-sensing
material formed from fluorescein copolymerized with
acrylamide. If the fluorescein is copolymerized with
HEMA the intensity change at a given CO, concen-
tration is almost double that of the acrylamide-based
sensor (Table 1). We have observed this increased
dynamic range with the HEMA fiber-optic pH-sensor
as well, but cannot explain it.

A third CO,-sensor was prepared with the pH-
sensitive dye HPTS, adsorbed on and/or encap-
sulated in a cross-linked acrylamide matrix. This
approach was taken since formation of a derivative
of the dye had a detrimental effect on the sensitivity
to pH. The suitability of this dye for determination
of CO, by use of fiber optics has already been

Table 1. Relative response of different polymer-dye matrices to CO,, expressed as I/f, when
exposed to a CO, solution

Sensor material

CO,, % Fluorescein/acrylamide Fluorescein/HEMA HPTS/acrylamide
99.0 0.6 0.2 0.4
35 0.9 0.75 0.8
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described.'® When adsorbing the dye, however, it is
necessary to proceed immediately with the membrane
treatment. If sodium bicarbonate solution is to be
included it must be added during the polymerization
reaction, since the NaHCO, concentration has
been found to be an important parameter in CO,
response. '

QOur initial results indicate that the HPTS may be
the superior dye for the CO,-sensor as it has a more
dynamic response to the pH established by the car-
bonic acid/bicarbonate system. Because of the en-
hancement of the fluorescein response in the HEMA
matrix we are now trying to combine the HEMA with
HPTS.

The limiting factor in the development of this
sensor has been the membrane formation chemistry.
Numerous attempts were made to polymerize a silox-
ane prepolymer (carrying functional groups) onto the
pH-sensor polymer but the treatments needed had a
detrimental effect on the dyes. Several solvent-cast
polymer materials have been examined, but although
more successful than the siloxane approach, they
suffer from the following limitations: (1) acidification
of the pH-sensitive dye, resulting in a probe insen-
sitive to CO,, (2) mechanical weakness, producing
leaks, both immediate and eventual, (3) lack of
reproducibility in the coating thickness, (4) attack on
the membrane carbonate by base in the pH sensor.
The application technique can also be critical when
attempts are made to join hydrophobic and hydro-
philic polymer layers.

CHRISTIANE MUNKHOLM ¢! al.

CONCLUSIONS

In the preparation of this fiber-optic CO,-sensor,
we have preserved the miniature size of the fiber so
that its suitability for i vivo applications is not
compromised. The response is rapid and reversible,
and can be optimized by suitable choice of the
polymer and dye used for the pH-sensor material.
Once a dependable membrane system has been
incorporated into the sensor design, the possibility
of continuously monitoring subtle physiological
changes in dissolved CO, with a fiber-optic sensor
will be realized.
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Summary—A fluorimetric ion sensor based on fiber optics has been developed that employs Rhodamine
6G hydrophobically and electrostatically “trapped” on a Nafion film, The sensor is based on the
measurement of quenching or enhancement of the Rhodamine 6G fluorescence by various ions. It was
found that ions such as Co?*, Cr'*, Fe?*, Fe’*, Cu®*, Ni** and NH} rapidly quench the Rhodamine
6G fluorescence at an initial rate that depends on the concentration of the ion. This quenching is then
readily reversed by the addition of “reverser” ions such as H*, Li*, Na*, K*, Ba?*, Ca?*, Mn?*, Za?*
and Mg?*. Again, the initial rate for the attainment of the original fluorescence was found to depend
on the concentration of the reverser ion. Therefore, by monitoring the quenching directly the concen-
tration of quencher ions can be determined. In addition, by loading the film with quencher and monitoring
the initial rate of return towards the original baseline signal, it is possible to determine non-quenching

ions.

The area of fiber-optic sensors has bloomed over the
past five years. The recent advances and trends in
fiber-optic sensors have been described in several
excellent reviews.'"!® Assuredly, most of the interest in
fiber-optic sensors arises not only from their ability to
identify and determine chemical species, but also
from their potential in remote sensing. One of the
stumbling blocks in the development of effective
sensors has been finding immobilized reagent phases
which respond with sufficient sensitivity and se-
lectivity to the target analyte(s). Ideally, these
immobilized reagents should also have reversible
behavior and be very durable.

Narayanaswamy and Serilla?’ have developed a
reflectance-type sensor for the determination of
sulfide, with detection limits in the mM range. Other
reflectance-type sensors have been developed for
pH,"? ammonia'? and moisture.” Fluorescence sensors
have been described for determination of oxygen'®
and halide ions.’*!” Saari and Seitz have developed
a complexometric sensor for the determination of
beryllium that employs immobilized morin® and
offers detection limits in the uM range. The same
authors applied this sensor to the determination of
aluminium and again obtained detection limits at the
u#M level.” However, they noted interference from
Co*t, Mg?*, Cu** and Fe’*. Zhujun and Seitz have
described a complexometric fluorescence-based sen-
sor which utilizes 8-hydroxyquinoline-5-sulfonic acid
for the determination of AP, Mg**, Zn*+, Cd**,
Ca?*, Be?* and Sr®*.? Detection limits were again of
uM order. Unfortunately, the spectral character of
the complexes was such that mixtures could not be
resolved, aithough it was proposed that derivative
spectroscopy might be employed for this purpose.

*To whom correspondence should be addressed.
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Recently, Seitz and co-workers have described a
selective complexometric sensor for the deter-
mination of Na* that offers a detection limit of
20mM.® This sensor employed 8-anilino-1-naph-
thalenesulfonic acid, Cu(II}-polyethyleneimine and a
commercial sodium-selective ionophore immobilized
on silica.?! In this case selectivity was provided by the
selective ionophore.

In the present paper we describe a new fluorimetric
fiber-optic sensor for the determination of several
ionic species. The sensor employs as the reagent
phase a fluorophore trapped on a Nafion film. To our
knowledge, this is the first application of
Nafion-trapped species to fiber-optic sensing. Nafion
is a perfluorinated polysulfate polymer. It has been
proposed? that “ionopores” are formed within
Nafion as the solvent evaporates and the charged
sulfate groups agglomerate in the developing
film. These pores act as cation-selective *holes” in the
Nafion membrane. Cationic dye molecules can then
reside on the Nafion membrane with their or-
ganic portions hydrophobically bound to the bulk
membrane while their charged groups reside in the
ionopore.

Immobilization of Rhodamine 6G on Nafion is
especially attractive because the dye is both electro-
statically and hydrophobically bound to the Nafion
polyanion in aqueous solution. Furthermore, because
of the anionic character of Nafion, positively charged
ions are preferentially permitted to approach the
fluorophore, so anionic interferences are minimal.
Also, Nafion-based fluorimetric fiber-optic sensors
can be fashioned simply and rapidly, and are quite
durable.

In this study, ionic species such as Co?*, Cr’*,
Fe’*, Cu?*, Fe'*, Ni** and NH; were found to enter
the ionopores and to quench the fluorescence of the
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immobilized Rhodamine 6G. This is not too unlike
the effects observed previously for rhodamine dyes in
bulk solution.?® In contrast, ions such as H*, K*,
Li*, Na*, Ba?*, Ca®*, Mn?**, Zn** and Mg* did
not quench the fluorescence, but instead served as
“reversers” in that they displaced the quencher ions
and helped to re-establish the original level of
fluorescence. The reversers can easily be determined
from the initial rate of fluorescence increase after the
film has been loaded with a quencher ion.

THEORY

Fluorescence from the Nafion/Rhodamine 6G sen-
sor is quenched, as described above, by various
positive ions. In the case of the reverser ions, a
competition occurs for ionophoric sites occupied by
the quenching ions; reverser ions can kinetically
displace the quenchers and thereby regenerate the
original fluorescence signal.

The rate (d[Qn]/d?) at which the quencher diffuses
into the Nafion film, reaches the ionophoric sites,
and quenches the Rhodamine 6G fluorescence, is
described by the expression

M)k FiQ) )
where [Q] is the equilibrium quencher concentration,
subscripts S and N represent the ions in solution or
in the Nafion, respectively, k, is the rate coefficient
for the “transfer” of the quenching ion from the bulk
solution into the Nafion, and F is the fraction of
Rhodamine-laden ionophoric sites available to the
quencher ions. If the observed fluorescence intensity
as a function of time (d//dz) depends on [Qy], then:

d[Qn] ds

FTH —kza—t 2
where k, is a new proportionality constant that
incorporates the dependence of [Qy], F and k; on
d7/dt. Upon combination of equations (1) and (2) the
fluorescence intensity can be related to the quencher
concentration in the bulk solution ([Qs]) by

dr k,

T ©
At time 7 =0 the available fraction of ionophoric
sites within the Nafion (F) is constant (for a given
Nafion/Rhodamine 6G sensor) and (d7/d?),_, (the
initial rate of quenching) is given by:

drs
(I),f —k[Qs).- @

where k =k, F/k, and [Qg],., is simply the concen-
tration of quencher species in the bulk solution at
time zero. A similar equation can be derived for the

reverser ion:
ary
— =k’[R
(dt>’=o K [Rs}, oo ®)
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Fig. 1. Schematic diagram of the instrument. Mono. =
monochromator. Det. = photomultiplier tube detection.

where R denotes a reverser ion. Therefore, a plot of
(dI/dt),_, vs. quencher ion concentration or
(dZ/dt);_, vs. reverser ion concentration will be
linear. These linear plots can then be employed as
working curves for determinations of either the
quencher or reverser ions, respectively.

EXPERIMENTAL

Reagents

The analyte cations were obtained from readily available
reagent-grade materials. Initially, the chlorides were used,
but later studies showed little dependence of the response on
the counter-ion. All solutions were prepared in distilled
demineralized water. A 0.100M stock solution of each metal
ion was prepared and working solutions were prepared by
serial dilution. Rhodamine 6G was purchased (Exciton Co.)
and used as received. Nafion (perfluorinated ion-exchange
powder) was purchased as a 5% solution in a mixture of
aliphatic alcohols and water (Aldrich; cat. no. 27470-4).
Hydrofluoric acid (70: 30 HF : pyridine) was also supplied by
Aldrich.

Instrumentation

All absorption spectra were recorded on a Hewlett-
Packard model 8450 diode-array spectrophotometer.

Figure 1 shows a schematic diagram of the fiber-optic
instrument used in these studies. The excitation source
consists of an intensity-modulated xenon arc lamp system
(Varian EIMAC model PS 300-1 power supply and model
300-2 lamp unit). Early versions of the instrument employed
a continuous-wave argon-ion laser (Spectra Physics model
171), but satisfactory results were also achieved with the
xenon arc lamp. The xenon lamp intensity is modulated by
a square wave from a function generator (Krohn-Hite
model 1600 lin/log sweep generator). For all results
presented here, the average lamp current was 17 A (peak
current 22 A) at a modulation frequency of 150 Hz.

The excitation wavelength is selected by a 15-nm band-
pass filter centered at 500 nm. The filtered excitation light
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Ex. = optical fiber that carries exciting light to the

fluorophore. Em. = optical fiber that carries emitted

fluorescence radiation from the sensor to the photometric

system. Open space indicated between microscope cover slip
and fiber optic is an air-gap.

is then focused by a lens (focal length 60 mm) into one end
of the bifurcated fiber-optic sensor (Fig. 2). The sensor
consists of two identical 2-m lengths of 400-um diameter
UV-transmitting fiber (General Fiber Optics part no.
14-400), Similar results were also achieved with 200-um
diameter UV-grade fibers from Galileo Fiber Optics. The
distal ends of the fibers are cemented together with epoxy
resin (Epotek 320) within a 3-mm bore glass capillary. The
glass capillary extends 1 cm below the end of the excitation
and emission fibers, in order to ensure that the entire reagent
surface is illuminated by the exciting light. A microscope
cover slip is then glued (Superglue) over the opening of the
glass capillary as shown in Fig. 2. This cover slip serves as
a support for the Nafion/Rhodamine 6G membrane.

The fluorescence is collected by the second fiber optic
(Em. in Fig. 2) and led to a monochromator (Kratos model
GM 100-1) with band-pass centered at 550 nm. The re-
sulting photon flux is detected by a photomultiplier tube
{Hamamatsu mode! R928) operated at a biasing voltage of
~ 1000 V dc. The output from the photomultiplier is then
sent to a fast current-amplifier (Keithley mode] 840 Auto
Loc). The TTL output from the function generator serves
as the reference for the lock-in amplifier,

The output from the lock-in amplifier is directed to a
computer (Digital Equipment Co. model MINC 11/23)
which collects and analyzes the data by an interactive
BASIC subroutine. The program consists essentially of two
parts; (1) data collection (fluorescence intensity vs. time); (2)
least-squares fitting of the initial portion of the data set
(determination of initial rate).

Fiber preparation

The Nafion/Rhodamine 6G film is immobilized at the
distal end of the optical fiber by means of a variant of the
method proposed by Rubenstein and Bard.” The micro-
scope cover slip, attached to the fiber’s distal end, is first
treated with a 70% solution of HF in pyridine for 3060 sec.
(It is important to note that an HF treatment time of longer
than 2 min would result in both dissolution of the support
glue and destruction of the microscope cover glip.) This HF
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etching serves to produce a roughened surface which helps
the Nafion to adhere to the microscope cover slip.

The reagent phase is produced by pipetting (Rainin Inc.
pipet) between 25 and 50 u! of the Nafion solution onto the
microscope cover slip. The solvents are allowed to evaporate
at room temperature over a i-hr period and the sensor is
then rinsed repeatedly with distilled demineralized water.
The Nafion-coated cover slip is then quickly dipped in
1.00mAM solution of Rhodamine 6G in 10% ethanol, re-
moved, immersed in distilled demineralized water, removed
and allowed to dry in air for 10 min, and rinsed again with
water. For long-term storage, the fiber is immersed in water.
This sensor is simple to produce and quite durable and gives
a reproducible response over a period of several weeks,
in both acidic (1M hydrochloric acid) and basic (IM
ammonia) media. However, the film will separate or peel
from the cover slip if the sensor is allowed to become
completely dry,

General operation

For initial optimization, the detected Ruorescence signal
is maximized while the sensor is immersed in a2 water blank.
This optimization usually consists of simply repositioning
the excitation fiber with respect to the exciting light, or of
minor readjustment of the lock-in amplifier phase setting.
Following this initial optimization the system is stable
(long-term signal drift < $%) for weil over 4 hr.

For all the quencher ions studied, the Rhodamine 6G
fluorescence decreases at a3 rate that is dependent on the
quenching-ion concentration. Unfortunately, the quenching
is not reversed simply by replacing the sensor in water, but
must be reversed by the use of another jon (H*, Na* or
Li*) to displace the quencher. At first it might seem as if this
lack of immediate reversibility is a detriment, but in fact it
allows us to determine also those ions which reverse the
quenching process.

Let us first consider the case of an ionic species {Co?*,
Crt, Fe’*, Fe?+, Cu?*, Ni** or NH;) which quenches the
fluorescence. As the quenching metal ion diffuses into the
Nafion it reduces the Rhodamine 6G fluorescence. The rate
of this quenching is dependent on two parameters: the
solution concentration and identity of the quenching ion.
From the plot of fluorescence intensity os. time, the initial
rate (V) for the quenching process is determined and can be
related to the initial concentration of quencher. The original
fluorescence intensity can then be restored by immersing the
sensor in a solution of one of the reversing ions (H*, Na*
or Lit).

To determine the concentration of a reverser ion, the fiber
is first immersed in a solution of a quenching ion (e.g.,
Cu?*) and the fluorescence guenched. The sensor is then
removed from this solution, rinsed with water, and placed
in the reversing-ion sample solution. The rate at which the
fluorescence returns 1o its original level is again dependent
on the two parameters mentioned above {concentration and
identity of the ion). Consequently, the concentration of the
reverser ion can be determined from the initial rate for
restoration of fluorescence. A working curve of ¥, vs. ion
concentration can readily be constructed.

RESULTS AND DISCUSSION

Quencher ions

Figure 3 shows a typical time-response trace for
the sensor operating in the quencher mode. It is
apparent that quenching by 107*M Cu’* is very
rapid and requires less than 1 min to reach a nearly
steady-state level. Table 1 compiles detection limits
for all the quencher ions studied. The detection limit
was defined as that concentration of metal ion which
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Fig. 3. Time-dependence of quenching of immobilized Rhodamine 6G caused by 10-*M Cu®*.

Table 1. Detection limits
for quencher ions

Detection
Ion limit, uM
Co?* 0.74
Cr*+ 0.82
Fe’t 0.80
Cu** 1.2
Fe?* 1.9
Ni+ 2.1

gave an initial rate of fluorescence decay that was
twice the standard dewiation of the steady-state
fluorescence measured with the sensor immersed in
water. The linear dynamic range for the deter-
mination of quencher ions extends over more than 4
orders of magnitude. Table 2 shows the results from

Absorbance

Table 2. Statistical information for quencher-ion linear
working graphs

Correlation Std. error
Ion Slope Intercept coefficient (r?) of estimate
Co* 3.81 0.12 0.981 0.16
Cr+ 3.46 0.10 0.976 0.18
Fe’t 314 0.09 0.992 0.09
Cu?+ 2.83 0.08 0.973 0.17
Fe** 2.51 0.04 0.991 0.11
NiZ+ 2.10 0.02 0.997 0.13

a least-squares analysis of a working graph for each
ion. The detection limits parallel the initial rates
of quenching as follows: Co** >Cr** > Fe’* >
Cu?* > NH; > Fe?* > Ni**. Because these quench-
ing rates were dependent on the identity of the ionic
species we chose to explore this feature in more detail.

350

700

Wavelength {nm)

Fig. 4. Absorption spectra of quencher ions (1072M in aqueous solution).



Ion sensor based on fiber optics 117
Li
)
Z
B
c
2
£
@
o
c
]
[3]
(]
[
[
=]
3
=
-
2
S
[
x
| 1 | i |
0 40 80 120 160 200
Time (sec)

Fig. 5. Reverser-ion effect for 10~“M Li*; other reverser ions behave similarly. The quenching by 10~5M
Cu?* is being reversed.

Unfortunately, we did not find any physical par-
ameter that correlated well with the initial rate of
fluorescence decay caused by the quencher ion. For
example, the crystal ionic radii, the approximate
effective ionic radii, magnetic moments, and
fluorescence lifetimes for each of the ions with the
sensor do not correlate with the initial rate. Also,
energy transfer to the absorption bands of the ions
can be ruled out as a major contributor because of
the very weak absorbances of all the quenching ions
near 550 nm (Fig. 4). Rhodamine 6G has an emission
spectrum centered at 550 nm with 120 nm full width
at half maximum. Of the ions studied, Cr** would be
the most likely to exhibit energy transfer (cf. Fig. 4),
but no correlation was found between the degree of
spectral overlap and initial quenching rates.

Regardless of the mechanism(s) involved in the
quenching, it is clear that the quenching-based sensor
is quite rapid, has excellent sensitivity, and is simple
to operate. The instrumentation is rather simple to set
up and not very expensive. Interference from tradi-
tional fluorescence quenchers (halides) is non-existent
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Fig. 6. Initial slope of the plot of fluorescence intensity vs.

time (initial rate) as a function of the crystal ionic radii of

the reverser ions. The quenching by 10~*M Cu?* is being
reversed. Correlation coefficient is 0.932.
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because the ionopores of the Nafion film do not allow
the halide to approach within the Rhodamine 6G
interaction volume. For example, the bromide and
chloride of a given cation gave approximately the
same response.

Reverse ions

Figure 5 shows a typical response curve for a
reverser ion; in this case 107*M Li* is used to reverse
the quenching caused by 1075M Cu?*. Table 3 lists
the detection limits calculated for the reverser ions in
the same way as for quencher ions. In this mode of
operation the linear dynamic range of the sensor is
again over 4 orders of magnitude. Table 4 gives the
results from a least-squares analysis of the linear
working graphs. For completeness, the initial rate of
enhancement was studied in more detail in an effort
to gain insight into the mechanism.

The initial rates of reversal follow the order
Ba’* > K* > Ca’* > Na* > Mn?* > Zn** > Li* >
Mg?*, the same as the trend in both crystal ionic radii
and approximate effective ionic radii. Figure 6 shows
a plot of initial rate of enhancement vs. crystal ionic
radii,® for Cs*, K+, Na*, Li*, Ba’*, Mn?*, Zn?*

Table 3. Detection limits
for reverser ions

Detection
Ion limit, uM
Cs* 0.74
K+ 0.82
Na* 1.4
Lit 1.7
H+ 0.94
Ba?* 0.81
Ca’* 1.2
Mn?+ 1.5
Zn** 1.6
Mg+ 1.8
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Table 4. Statistical information for reverser-ion linear work-

ing graphs
Correlation Std. error

Ion  Slope Intercept coefficient (r2) of estimate
Cs* 3.82 0.13 0.991 0.21
K* 3.69 0.14 0.997 0.12
Na* 2.73 0.08 0.990 0.13
Li* 202 -0.02 0.975 0.27
H* 3.31 0.16 0.982 0.21
Ba?t 371 0.18 0.952 0.41
Ca** 293 0.16 0.966 0.42
Mn*t 242 0.01 0.967 0.33
Zn** 213 0.10 0.983 0.25
Mg?+t 181 -—0.12 0.976 0.32
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Fig. 7. Initial slope of the plot of fluorescence intensity vs.

time (initial rate) as a function of the effective ionic radii of

the reverser ions. Correlation coefficient is 0.745. The
quenching by 10~°M Cu?* is being reversed.

and Mg?* at the 107*M level. Clearly, a linear
relationship exists (correlation coefficient = 0.932)
between size of the ion and the rate at which it
restores the fluorescence intensity of Cu?*-quenched
Rhodamine 6G. Figure 7 shows a plot of the initial
rate vs. effective ionic radii®® for all the reverser ions
studied. In this case the correlation coefficient is only
0.745. Thus it appears that the size of the reverser ion
plays a critical role in the rate of the enhancement
(displacement) process; however, such a trend is not
readily apparent for the quencher ions.

CONCLUSION

The new sensor described can determine several ion
species, and is simple to make, easy to operate,
durable and rapid. Common measurement times are

20 and 70 sec for quencher and reverser ions re-
spectively. The worst relative standard deviations
observed were 4.5% for quencher ions and 5.8% for
reverser ions. Unfortunately, the sensor is non-
selective, but several of the ions have quenching or
enhancement rates which differ by 40-50%. For this
reason the sensor might be especially useful when
applied in a sensor array.?
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AN OPTICAL IONIC-STRENGTH SENSOR BASED ON
POLYELECTROLYTE ASSOCIATION AND FLUORESCENCE
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Summary—The optical ionic-strength sensor is based on an indicator phase consisting of an aqueous
solution of fluorescein-labelled dextran and polyethyleneimine labelled with Sulforhodamine 101 (Texas
Red), confined behind a dialysis membrane. At low ionic strength the polymers associate and the average
distance between the fluorescein and Texas Red is short enough for efficient energy transfer to occur. With
increasing ionic strength the polymers dissociate and the efficiency of energy transfer decreases. The
measured parameter is the ratio of the emission intensity at 520 nm, where fluorescein fluorescence is
maximal, to the intensity at 620 nm, where the Texas Red emission is strong. The increase in the intensity
ratio as a function of ionic strength is similar but not quite the same for different ions, suggesting that

the mechanism of response involves more than a simple ionic strength effect.

We are interested in developing reversible indicators
for use in fiber-optic sensors. These sensors offer
several potential advantages over electrical sensors,
including freedom from electrical interference and
better stability with respect to calibration. Recent
reviews provide a perspective of the field.!”

Because there is a limited number of reversible
indicators that have optical properties which change
on interaction with analytes, we have become inter-
ested in the possibility of developing more complex
indicator systems involving two or more components
which combine or dissociate as a function of analyte
concentration. We believe that this will provide a
useful response to analytes for which there are no
available direct indicators. Furthermore, by varying
the relative concentrations of the components of the
indicator system, it is possible to vary the effective
equilibrium constant and thus the range of analyte
concentrations sensed by the indicator.

The first reported reversible two-component indi-
cator designed for use in a fiber-optic sensor was the
glucose indicator system developed by Schultz et al.,*
in which increasing glucose concentrations bring
about the dissociation of fluoresceinated dextran and
Concanavalin A. The Concanavalin A was immo-
bilized outside the area illuminated through the fiber.
Dissociation allowed the fluoresceinated dextran to
diffuse into the zone of illumination, thus leading to
an increase in the observed fluorescence intensity.

Here we report an indicator system based on the
dissociation of two water-soluble polymers, dextran
(C¢H;,04), and polyethyleneimine (CH,CH,NH),.
At pH 7 and low ionic strength the dextran (dex)
and polyethyleneimine (PEI) associate. The effect
of added ions is to cause them to dissociate. The
primary interaction is between the added ions and the
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protonated amino groups on the PEL The reaction
may be represented as

dex-PEIH* + X~ ==dex + PEIH*-X".

Fluorescence energy transfer is used to obtain a
measurable optical parameter that is related to the
degree of association between the dextran and PEIL
One polymer is labelled with a fluorescent donor and
the other with a fluorescent acceptor. When the two
polymers are dissociated, the average distance be-
tween the donor and acceptor is too large for
significant energy transfer to occur. However, upon
association the distance decreases and energy is
transferred to the acceptor. This leads to a decrease
in donor fluorescence intensity and an increase in
acceptor fluorescence intensity. When fluorescence
energy transfer has been used for homogeneous
immunoassay,*® the parameter measured has been
the decrease in donor emission. However, in the
context of a sensor the ratio of donor to acceptor
emission intensities should be measured since this
parameter will not be affected by instrumental drift.

EXPERIMENTAL

Apparatus

The fiber-optic fluorimeter differs from the instrument
used in earlier work’ only in having a filter wheel in the
emission channel to allow rapid sequential measurements of
emission intensities at two different wavelengths. Otherwise,
the components include a tungsten-halogen light-source,
interference filters for wavelength selection, a bifurcated
fiber-optic bundle, and a photomultiplier as the detector.

Perkin-Elmer models 204 and MPF2A  spectro-
fluorimeters were used to obtain fluorescence excitation and
emission spectra. All pH measurements were made with an
Orion Ross combination pH-electrode coupled to an Orion
mode!l 501 digital Ionalyzer.
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Fig. 1. Diagram of sensor tip. F =common end of bifur-
cated fiber-optic bundle, H = holder for common end of
bundle, O = an O-ring that holds the dialysis membrane (M)
in place to separate indicator sotution (I) from the sampie.

Materials

Fluorescamine (FLRA), Rhodamine isothiocyanate
(RITC), and dextran (MW 1.89 x 10"} labelled with
fluorescein isothiocyanate (FITC) were obtained from
Sigma. The sulfonyl chloride derivative of Sulforhodamine
101 (Texas Red) was obtained from Molecular Probes.
Polyethyleneimine (PEI) with an average molecular weight
of 5.0 x 10* was obtained as a 50% w/w aqueous solution
from Aldrich. It is a highly branched polymer containing an
approximately 1:2:1 ratio of primary to secondary to
tertiary nitrogens. Response to various anions was tested
with reagent grade sodium salts.

Procedures

Literature procedures were used to label PEI with
FLRA,* RITC® and Texas Red.” Excess of reagent was
separated from the labelied polymer by dialysis. A 5:1 mole
ratio of Texas Red to polymer was used to prepare the PEI
for use in the sensor.

To prepare a sensor, 25 ul of a reagent solution 1.3uM
in dextran and 1.6uM in PEI and adjusted to pH 7.4 with
dilute hydrochloric acid were confined behind a dialysis
membrane (10,000 MWCO from Spectrum Industries) on
the common end of the bifurcated fiber-optic bundle as
shown in Fig. 1. Response of the sensor to various anions
was determined by inserting the common end of the sensor
in 10.0 ml of water and making a series of standard
additions of small volumes of 1.0M stock solutions of anion.
After each addition the fluorescence intensities at both 520
nm and 620 nm were measured. Reversibility of response
was confirmed by replacing the final salt solution with
water,

RESULTS

Choice of labelling system

Three donor-acceptor pairs, FLRA/FITC,
FITC/RITC and FITC/Texas Red, were evaluated
for use in the ionic-strength sensor. The FLRA/FITC
system has favorable characteristics for energy trans-
fer applications.'® However, PEI labelled with FLRA
was only very weakly fluorescent, presumably be-
cause the secondary amine groups on the PEI inter-
fere with the labelling reaction.!! FITC/RITC has
been used for homogeneous immunoassay applica-
tions based on energy transfer, in which the measured
parameter is the decrease in FITC emission intensity
when the FITC and RITC-labelled components of
the assay system are bound to each other.® RITC-
labelled PEI was observed to quench the fluorescein
emission efficiently when bound to FITC-labelled
dextran. However, the Rhodamine emission resulting
from energy transfer is weak and is barely observable
as a perturbation on the long-wavelength tail of the
stronger fluorescein emission.

LynN M. CHrisTIAN and W. RUDOLF SEITZ

Fluorescein/Texas Red was chosen as the
donor/acceptor system for the sensor because the
Texas Red emission maximum is at a longer wave-
length than that of RITC and thus can be more
readily distinguished from the tail of the fluorescein
emission.’? To maximize both the extent of energy
transfer and the intensity of Texas Red emission, the
PEI was labelled at a 5:1 Texas Red/PEI mole ratio.

Spectra

Figure 2 shows the fluorescence emission spectra
for FITC-labelled dextran by itself (curve 1) and in
the presence of Texas Red-labelled PEI (curve 2). The
large decrease in fluorescein emission accompanying
the addition of Texas Red-labelled PEI is evidence
that the dextran and PEI are binding to each other
sufficiently for efficient energy transfer to take place.
The Texas Red emission band at 600 nm is excited
partly by energy transfer from FITC and partly by
direct excitation at 488 nm, the wavelength used for
FITC excitation.

Figure 2 also includes the fluorescence emission
spectrum  observed when the solution of
FITC—dextran and Texas Red-PEI is made 1.0M in
sodium chloride (curve 3). The addition of the salt
restores the fluorescein emission intensity to nearly its
original value in the absence of Texas Red-PEI,
indicating that the added salt is causing the dextran
and PEI to dissociate. There is also an increase in the
emission at 600 nm, which is due to the long-
wavelength tail of the fluorescein emission rather
than to Texas Red emission. At wavelengths longer
than 650 nm, where the fluorescein emission is negli-
gible but Texas Red still emits, the emission intensity
decreases on addition of salt to the solution. This is
to be expected if the salt causes the dextran and PEI
to dissociate since Texas Red will no longer be excited
by energy transfer.

On the basis of the spectra in Fig. 2, interference
filters with transmission maxima at 520 and 620 nm
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Fig. 2. Fluorescence emission spectra for 1.3uM

fluorescein-labelled dextran by itself (1), in the presence of
1.6uM PEI (2) and in the presence of both 1.6uM PEI and
1.0M NaCl (3). Fluorescence was excited at 493 nm.
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Fig. 3. Intensity ratio as a function of ionic strength for added fluoride, chloride, nitrite, sulfite and
acetate.

were selected for the two-wavelength sensor mea-
surement: 520 nm is the wavelength of maximum
fluorescein emission, and although 620 nm is a longer
wavelength than that of the Texas Red emission
maximum, it was chosen because the emission ratio
of Texas Red to fluorescein is higher there than at
600 nm.

Towards the end of this study it was discovered
that the 488 nm excitation filter used for the sensor
measurement had a weak transmission band (6.7%
maximum transmittance) centered at 608 nm.
Because of the transmission overlap between this
band and the 620 transmission band of the emission
filter, the signal measured at 620 nm with the
fiber-optic fluorimeter was due primarily to scattered
excitation radiation rather than to Texas Red emis-
sion. Although the original goal was to use the
intensity of the acceptor emission as a reference
signal, the intensity of the scattered radiation also
serves as an adequate reference to compensate for
instrumental fluctuations.

Effect of added ions

Figure 3 shows the effect of added ions on the
520/620 nm intensity ratio. The variation in intensity
ratio with the log of the ionic strength is almost linear
at ionic strengths from 3.0mAM to 1.0M. The effects
of added sulfite, nitrite and chloride are similar. At all
concentrations the intensity ratios are higher for
fluoride than for the other inorganic ions, indicating
that fluoride is more effective at disrupting energy
transfer.

Acetate is even more effective than fluoride at
disrupting energy transfer, suggesting that hydro-
phobic interactions between the anion and pro-
tonated PEI may facilitate the PEI-dextran dis-
sociation. With acetate, an ionic strength of 0.1M is
sufficient to cause almost complete dissociation.

Higher ionic strengths cause only a slight further
increase in intensity ratio.

In all cases the response is reversible. The response
time is about 5 min. It mainly consists of the time
required for mass transfer into the reagent phase
and could be significantly reduced by improved
engineering.

DISCUSSION

We have demonstrated the possibility of using
fluorescence energy transfer to obtain spectral shifts
accompanying polymer—polymer binding. This
makes it possible to relate the measured parameter
to an intensity ratio. Accordingly, we feel that
fluorescence energy transfer is very well suited for use
with indicator systems based on competitive binding.

In principle this idea is broadly applicable. Select-
ivity can be obtained by modifying one of the poly-
mers with a selective reagent. Binding of analyte
would be detected through its effect on the
polymer—polymer interaction. In practice, however,
these interactions are affected both by pH and
ionic strength, severely limiting the scope of possible
applications. Furthermore, the complexity of
polymer—polymer interactions makes it very difficult
to predict the response for a particular system.
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Summary—The analytical potential of fluorescence-based optochemical sensors (optodes) has been
expanded by use of (1) electrochromic dyes incorporated in thin polymeric multilayers by means of
Langmuir-Blodgett film techniques, (2) enzyme-catalysed biochemical reactions and (3) antibody-linked
immunological reactions. Fluorescence optical biosensors have been developed for the determination of
electrical potentials (e.g., those produced by ion-selective membranes) and of hormones (e.g., thyroxine)
and metabolites (e.g., lactate, glucose, xanthine and ethanol).

During the past decade, research on and development
of sensors and their associated instrumentation have
gained increased attention because of advances in
data acquisition and processing offered by micro-
processors and microcomputers. Special emphasis
has been placed on the development of new sensors
for continuous monitoring of chemical and biological
substances. Fluorescence-based optochemical sensors
are of special interest because of their broad applica-
bility and technical advantages in connection with
fibre-optic spectrophotometric instruments. In partic-
ular, the fluorescence optical sensors “optodes”, in-
troduced by us in 1975,'? enable a variety of different
substances or parameters to be determined, e.g.,
oxygen, carbon dioxide, hydrogen-ion activity,’ ionic
strength® and related parameters such as osmolarity
or osmotic pressure. A fibre-optic catheter for intra-
vascular measurements of pH, pCO, and pO, has
also been described.’ With suitable fluorescent indi-
cators or chelate complexes, the activities of K*,
Na*, Ca** and Cl- may also be determined. Fibre-
optic fluorescence sensors have been described for
determination of ammonia, halothane, moisture and
enzyme activities.>® These examples clearly demon-
strate the great potential of optochemical sensors as
a basis for analytical determinations. We will discuss
the application of electrochromic dyes for measuring
electrical potentials, as well as enzyme-coupled bio-
chemical and antibody-linked immunological reac-
tions leading to the development of fluorescence
optical biosensors for the determination of hormones
and metabolites.

ELECTROCHROMIC DYES INCORPORATED IN
POLYMERIZED LANGMUIR-BLODGETT LAYERS
AS A BASIS FOR OPTICAL MEASUREMENT
OF ELECTRICAL POTENTIALS

Electrochromic dyes incorporated into plasma
membranes of living cells are able to monitor the
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electrical potential between two electrolyte solutions
separated by these membranes.*'® The physical prin-
ciple is based on the Stark effect, i.e., an electric-field
induction of a wavelength shift in the absorption
and emission spectra. As Graf er al'' showed,
the corresponding frequency shift can be well
approximated'*!* by

Av = — A,/ (he) (1

where Av = frequency shift, Aj =g, — 1, g, and
fiy = permanent dipole moments of the excited
and ground states, respectively, F,=-electric field
strength, A = Planck’s constant and ¢ = velocity of
light.

If a signal is to be detectable, equation (1) implies
that

(1) the transition moment of the dye should be
parallel to the electric field,

(2) the absolute field strength should exceed 10°
V/cm,

(3) the dye should show a large change in dipole
moment on excitation.

Therefore, the membrane layers used as dye matri-
ces require certain properties.

(1) They have to possess a high electrical resistance
and be very thin ( < 10 nm), because typical biologi-
cal potential differences are of the order of 100 mV.

(2) Since the transition moment of the dye has to
be oriented parallel to the electric field, the membrane
should have a highly ordered structure.

(3) To ensure stability and chemical resistance, the
membranes should be polymeric.

Graf** has demonstrated that all these features are
given by Langmuir-Blodgett (L-B) multilayers made
of long-chain diacetylenic acids such as pentacosa-
10,12-diynoic acid!® (Fig. la). In our work, electro-
chromic dyes were synthesized as described by Loew
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Fig. 1. (a) Structure of pentacosa-10,12-diynoic-acid.
(b) Structure of 12-POE.

and Simpson,'® and to obtain the high surface activity
necessary for using the L-B techniques, the side-
chains and polar headgroups were carefully selected.
Figure 1b shows the structure of trans-4-[4-(dodecyl-
oxy)phenylethenyl]- N-methylpyridinium iodide (12-
POE), which gave the best results.

Multilayer samples were built according to the L-B
technique described elsewhere.!”!® Fatty acids and the
dyes were spread on a clean water surface on a
commercial film balance and the resulting mono-
molecular film was reduced in area and transferred to
a solid substrate. Multilayers consisting of 9 layers of
ultraviolet-polymerized pentacosadiynoic acid and
one dye layer (in the middle) were built up on
platinum-coated semitransparent glass slides. As
indicated in Fig. 2, the electric field was applied by
means of two droplets of electrolyte solution in
contact with Ag/AgCl electrodes.

Optical measurements of fluorescence and electro-
chromism were made with an SLM-8000 S spec-
trophotometer. In this set-up, light entered the multi-
layer at an angle of 30° to the plane of the layer, and
the fluorescence was detected at an angle of less than
10°. Polymerized multilayers free of cracks and in-
homogeneities showed a resistance of about 1
GQ/cm?. Electric fields of approximately 10° V/cm
could be applied without electrical breakdown. Sam-
ples with these properties were suitable for electro-
optical experiments.

First, the difference spectrum, i.e., intensity
difference per wavelength unit with and without an
electric field applied, was compared with the first
derivative of the unperturbed emission spectrum.
Applying the theories of Liptay'? and Loew et al.”
enabled the difference spectrum to be fitted very well
by the derivative spectrum (Fig. 3). The wavelength
shift of the emission spectrum depended linearly on
the applied field strength up to 1.3 x 10° V/cm and

C1 CZ

Ag/AqC\ electrode

Electrolyte

Multilayer
Metal

Glass

Fig. 2. Set-up for electrical measurements on multilayer
samples' (C,, C, = Ag/AgCl electrodes).
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Fig 3. Difference spectrum and first derivative of the

emission spectrum of a multilayer sample of 12-POE (field

strength 10° V/cm).!! (Reprinted by permission of the
copyright holders).

reached a maximum value of 3.5 nm. As can be seen
in Fig. 4, no significant nonlinear dependence of the
electrochromism on the applied voltage could be
detected.

The signal-to-noise ratio in these experiments was
about 50, but could be improved by reducing the film
thickness and optimizing the optical detection sys-
tem, which in our experimental conditions collected
less than 0.1% of the emitted light. Optical detection
of electrical potentials by using electrochromic dyes
in combination with ion-selective membranes would
enable highly selective determinations of ionic activ-
ities to be made without the problems caused by the
reference electrodes needed for use with ion-selective
electrodes, and could be used in remote sensing.

FLUORESCENCE OPTICAL BIOSENSORS USING
ENZYME-CATALYSED BIOCHEMICAL AND
ANTIBODY-LINKED IMMUNOLOGICAL
REACTIONS

The concept of fluorescence-based optochemical
sensors can be extended to the determination of
biological substances such as hormones and metabo-

4r V4

AI(%)
)
T

T
nl\

Fig. 4. Calibration curve for optical measurement of

electrical potentials with electrochromic dyes incorporated

into L-B multilayers'! (F. = electric field strength; /=

fluorescence intensity). (Reprinted by permission of the
copyright holders).



Fluorescence optic sensor (optode) technology 125

ey
hese]

CE In

Fig. 5. Schematic representation of an enzyme optode,”

(C = cellophane membrane, E =enzyme gel layer, In=

indicator gel, T=PTFE membrane, S == screw, P, =

Plexiglas, W =washer, P =UV-permeable Plexiglas,
1 = inlet, O = outlet, r = reaction cuvette).

lites, if suitable biochemical and immunological reac-
tions are involved. For the sake of simplicity we use
the terms enzyme optodes and immune optodes,
depending on the biological reaction involved.

Enzyme optodes

By analogy with enzyme electrodes, enzyme
optodes'*>?' are optodes coated with suitable enzyme
layers that generate the signal to be monitored by the
optode. For instance, for the continuous monitoring
of glucose concentrations, glucose oxidase is immo-
bilized within a thin layer ( ~ 50 zm) of bovine serum
albumin cross-linked by glutaraldehyde. This thin
layer is directly attached to an O, optode by means
of an additional cellophane membrane (Fig. 5). The
measuring device consists of a flow-through cuvette
with the enzyme optode clamped to its side. The
O,-sensitive film consists of an indicator gel of 107:M
pyrenebutyric acid dissolved in bis(2-ethylhexyl)
phthalate, stabilized by addition of 1% ethyl cellulose
and covered by a 6.5 um PTFE membrane.

Provided that sufficient oxygen is available within
the sample, such a combined sensor allows the deter-
mination of glucose concentrations, since glucose and
oxygen diffuse into the enzyme layer, where glucose
is oxidized to gluconic acid. This biochemical reac-
tion consumes oxygen, generating a pQO, gradient
across the enzyme layer, corresponding to the
amount of glucose oxidized. When steady-state
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Fig. 6. Calibration curves of an enzyme optode for glucose
at different oxygen partial pressures of the medium?: (2) 100
kPa O,, (3) 80 kPa O,, {4) 60 kPa O,, (5) 40 kPa O,, (6)
20 kPa O,. Curve (1) shows the optode’s oxygen calibration.

diffusion conditions have been reached, the amount
of glucose determines the pO, within the O,-sensitive
layer of the O, optode (for theoretical considerations
see Liibbers ez al??) and, therefore, the degree of
fluorescence quenching, which is monitored photo-
metrically. Figure 6 shows calibration curves for a
glucose optode monitored at different oxygen partial
pressures in the medium, together with its oxygen
calibration curve.” The glucose calibration curves
(decreasing with increasing glucose concentration)
are almost parallel and can be closely approximated
by the equation

(o/1) =1+ KpO, — K’ gy @

where I and [ are the fluorescence intensities in the
presence and absence of glucose, K the overall
quenching constant, K’ the sensitivity for glucose,
pO, the oxygen partial pressure in the sample, and
e the glucose concentration.

The range of concentrations that can be measured
is determined by the pQ, of the medium, the enzyme
activity and the permeability of the outer cellophane
membrane. Since the activity of enzymes shows a
significant pH-dependence, the pH of the film also
has to be carefully adjusted to achieve maximum
enzyme activity. Moreover, traces of catalase have to
be included in the enzyme layer to remove hydrogen
peroxide, which would inhibit the glucose oxidase
activity. The 90% response time of such enzyme
optodes is about 1 min.

The principles of the enzyme optode for glucose
can be extended to other substances if suitable oxi-
dases are available. Examples are shown in Fig. 7 for
lactate, xanthine and ethanol.

An advantage of these enzyme optodes over en-
zyme electrodes is that the fluorescence optical
O,-sensor does not itself consume oxygen, so the
diffusion of oxygen across the enzyme layer is not
subject to the effect of any additional oxygen con-
sumption.

Moreover, the O,-sensor surface is not in direct
contact with biological fluid, so the calibration curve
is not affected by changes in the diffusion properties
of the O,-sensor membrane due to clogging by
proteins and other biomolecules. Finally, owing to
the transparency of the different sandwiched layers,
the pO, gradient developed across the enzyme layer
can be determined directly by means of a second
O,-sensitive indicator layer arranged in series, as
described in detail in the literature.

Immune optodes

Analytical methods for the determination of hor-
mones generally require specific reagents such as
antibodies or other receptors with a high selectivity.
Thus, the integration of the principle of fluorescence
immunoassays into the optode appeared to be of
interest. In our study with Reck and Himmelspach,
the applicability of an optode device for continuous
hormone measurements was tested with thyroxine
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Fig. 7. Calibration curves of enzyme optodes for lactate, xanthine, ethanol and glucose” monitored at

a pO, of 100 kPa. (In the case of ethanol measurements the influence of the diffusion properties of the

outer membrane upon the calibration curves is demonstrated by applying (1) a cellophane membrane and
(2) a dialysis membrane.

(T,) and its specific carrier, thyroxine-binding globu-
lin (TBG), as a model system. A favourable prop-
erty of this system is the specific 1:1 strong binding
of the ligand by the protein (K, = 4 x 10'°). Further-
more, the binding causes a marked quenching of the
protein’s intrinsic fluorescence, and this can be used
for optode measurements. The immune optode con-
sisted of two compartments separated by a semiper-
meable Visking dialysis membrane. One of these
compartments served as indicator chamber for TBG
solutions, and the other contained the sample, which
could be changed by continuous flow during mea-
surements. The indicator compartment was irra-
diated only during measuring intervals of about 5 sec
in order to protect the protein as far as possible
against photodecomposition by ultraviolet light. The
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Fig. 8. Time course of normalized fluorescence intensities

during a typical series of experiments with TBG as

indicator® using an optode inlet of 0.65 mm depth (4., = 290

nm, 4., = 340 nm). Indicator solution SuM TBG in 0.06 M

KH,PO,, 0.7mM EDTA, pH 7.4; T, solution (a) 1uM, (b)
2uM, (c) SuM; flow rate = 2 ml/min.

face of the device used for fluorescence measurements
was made of “Plexiglas”, which is transparent to
ultraviolet radiation. The preparation of T, solutions
and characterization of human TBG have been de-
scribed by Reck.”

Fluorescence curves obtained with different T,
concentrations in the sample chamber are shown in
Fig. 8. As can be seen, the intensity of the TBG
fluorescence decreased in all three experiments almost
linearly with increasing T, concentration. When the
TBG was nearly saturated with ligand, the cali-
bration curves levelled off. This result can be expla-
ined by the high association constant of the TBG-T,
complex, and the rapid and almost complete binding
of T, molecules within the indicator chamber. Hence,
when the binding capacity of TBG molecules is not
exhausted, the free T, concentration in the indicator
chamber is always rather low compared with that in
the sample chamber. Therefore, it can be assumed
that there is an almost constant flow of T, molecules
from the sample chamber into the indicator chamber,
which causes a linear decrease of the fluorescence
intensity with time at a given ligand concentration in
the sample chamber. Thus, the rate of decrease in
fluorescence is proportional to the T, concentration
of the sample for a given amount of TBG molecules
and defined diffusion properties of the dialysis mem-
brane. A change in the T, concentration within the
sample chamber produces a new steady state within
a few minutes. The rate of change in the fluorescence
corresponds to the new T, concentration, whether the
concentration is increased or decreased. Such dy-
namic experiments can be continued until saturation
of the binding protein is reached.
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Fig. 9. Time course of normalized fluorescence intensities

during a series of experiments with a SuM BSA solution

in the indicator chamber of the optode.?> (T4 solution (a)

1uM, (b) 2uM, (c) SuM; other experimental conditions as
in Fig. 8).

If other binding proteins with lower affinities for T,
are used instead of TBG, the linear range of the
immune optode is narrower. Figure 9 shows the effect
of replacing TBG by bovine serum albumin (BSA)
possessing a binding site with an association constant
of about 10° for T, and three or more sites of lower
affinity.?® Even the highest of these association con-
stants is about 4 orders of magnitude lower than the
association constant of TBG. As a consequence, the
change in fluorescence is a non-linear function of time
almost from the beginning. This is because lower
affinity of the BSA molecules for the ligand results in
accumulation of unbound T, molecules within the
indicator chamber, causing a decrease in ligand flux
across the dialysis membrane because of the smaller
T, gradients. Therefore, in Fig. 9 the curves level out
to constant fluorescence intensities, which represent
the equilibrium states determined by the correspond-
ing ligand concentrations within the sample chamber.
Neither method, however, can be used for continuous
measurements. In the case of TBG (and probably for
any other high-affinity binding protein) the dis-
sociation of the ligand receptor complex proceeds far
too slowly to allow monitoring of changing ligand
concentrations at thermodynamic equilibrium within
reasonable response times. On the other hand, choos-
ing a substrate with lower affinity for the ligand
would increase the time resolution but decrease the
sensitivity. This dilemma appears to be inherent in
the use of specific binding biomolecules in biosensor
systems. If fast measurements at or close to equi-
librium are desired, the binding must be weak in
order to avoid unduly long response times. Highly
selective but low-affinity monoclonal antibodies in
combination with sensitive reporter groups, as pro-
posed by North,?” might provide a promising way to
solve this problem.

In earlier experiments it was shown that the appli-
cation of fluorescence indicators, for instance to

measure pO,, pCO,, and pH, had distinct advantages
over the use of conventional electrodes, particularly
in regard to miniaturization, stability, and easy
handling. The fluorescence optical measurements
of small electrical potentials and the combination
with enzyme and immune reactions described above
demonstrate that the optode technique can be suc-
cessfully extended to a wider range of analytical
applications.
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Summary—Lipid membranes have been deposited on the surface of glass slides and quartz fibres for the
development of optical chemical sensors. The fluorescence properties of probes embedded within ordered
lipid matrices were sensitive to physical and electrostatic environmental alterations of the membrane
caused by various non-selective processes. This work reports criteria for surface deposition of monolayers
of phosphatidylcholine-steroid mixtures and stearic acid by Langmuir-Blodgett techniques. The
fluorophores 1-anilinonaphthalene-8-sulphonate and 12-(9-anthroyloxy)stearic acid were incorporated
into the monolayers for determination of the physical characteristics of the membranes. Interactions of
the membranes with the perturbing species phloretin and valinomycin in aqueous solution, and with
chloroform, n-hexane and N,N-dimethylaniline in the gas phase, are described. An evanescent-wave
intrinsic fibre-optic sensor based on lipid membrane excitation is reported.

Fibre-optic chemical sensors have received wide-
spread attention as dedicated sensitive and selective
devices capable of remote operation without
significant susceptibility to electronic and magnetic
interference.'* Extrinsic fibre sensors are by far the
most common type of such devices reported to date,
and consist of chemically selective solution cells
interfaced to optical waveguides. The fibre acts only
to transmit optical radiation to and from a chemical
reaction system. The selective reaction usually occurs
in a closed microscopic volume physically located in
close proximity to one end of the fibre. Innovations
in fibre-optic sensor research have recently appeared
in the area of selective chemical analysis for inorganic
ions or molecules by means of specialized reagents,*”’
but few advances in optical biosensor research have
been reported. The selective biochemical methods
which have been applied to fibre-optic sensing®® are
generally limited in their chemical applicability, and
also by physical restrictions such as low sensitivity
due to the limited path-length of miniature solution
cells. The work described here is directed towards the
investigation and development of a generic biosensor
based on the transduction of artificial chemoreceptive
processes in an intrinsic fibre-optic mode.

Previous work in the area of biosensors introduced
the manipulation of the properties of ordered bilayer
lipid membranes (BLMs) for implementation of a
generic transduction mechanism suitable for electro-
chemical sensing of selective receptor-binding events
taking place within the sensing membrane.'®'? The
binding of proteinaceous receptors with analyte

*To whom correspondence should be addressed.
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causes perturbation of the lipid membrane structure
and electrostatic fields, which in turn control the
permeability of the membrane for ions. The change
in ion current is related to the degree of perturbation
of the membrane by receptor complexation, and has
provided an analytical signal for analyte concen-
trations as low as 10~'*M in some cases.!!

Even though the BLM is ideal for sensitive re-
sponse, and assists in maintenance of an environment
suitable for maximizing receptor-binding activity, the
electrochemical transduction is limited by extreme
sensitivity to electrical noise and requires complete
structural integrity of the lipid membrane. It is
possible to avoid these practical limitations by non-
electrochemical analytical exploitation of the mem-
brane perturbation. The method of choice presented
here makes use of the high sensitivity of fluorescence
spectrophotometry and the ability of membrane-
embedded fluorophores to respond to perturbation of
the membrane potential and lipid molecular
packing/fluidity. The physical thickness of a lipid
monolayer or bilayer is less than 10 nm, and therefore
restricts the analytical utility which can be achieved
by adsorbing the layer on an optic fibre. However, the
membrane thickness is ideal for interaction with the
evanescent-wave which is generated by total internal
reflection in all optical fibres.!>!

THEORY OF INTRINSIC LIPID-MEMBRANE
OPTICAL BIOSENSORS

Intrinsic fibre-optic biosensors are based on the
coupling of selective chemistry with the optical radi-
ation available along the surface length of an optical
waveguide. At the points of total internal reflection,
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a standing wave of electromagnetic radiation can be
envisaged within the fibre. A useful property of this
standing wave is that its amplitude does not decay to
zero at the fibre surface, but has an external com-
ponent, known as the evanescent wave, which decays
exponentially along the Z-axis perpendicular to the
fibre surface. The intensity of the radiation, 7, is
related to the incident angle 8, a transmission factor
T(8,), and a characteristic penetration depth, d,:

I=T(0)exp(~2Z/d,) M

The term d, is related to the refractive index of the
fibre, n,, the refractive index of the external environ-
ment, n,, and the wavelength of the optical radiation,
A
d A
P 2mn,[sin? 0 — (ny/n )72

@

These relationships indicate that a significant in-
tensity of optical radiation can penetrate to depths of
a few hundred nm for wavelengths in the visible
portion of the electromagnetic spectrum. It is there-
fore possible to coat an optical fibre with a thin film
of selective reagent, and generate an analytical signal
by excitation of the reagent with an evanescent wave.
This system is ideal for adjusting the sensitivity of the
sensor by simply varying the length of coated fibre.
Furthermore, the selective chemistry takes place
only in a defined surface region, avoiding bulk sol-
ution interference, and permitting use of specialized
reagents which optimally operate as molecular
monolayers.

Perturbation of the fluorescence signal resulting
from a sensor of this configuration may be realized
either by surface interaction with a fluorescent
analyte or by altering the intrinsic surface-layer
fluorescence through analyte interactions. Since most
analytes do not fluoresce, the latter strategy offers
greater versatility. Fluorescence in membranes will
respond to characteristics such as structure and
phase, fluidity, hydration, electric fields, and accessi-
bility of fluorescent moieties to external quenching
agents.

This work investigated monolayer membranes of
phospholipid and stearic acid deposited onto boro-
silicate glass and quartz optical supports.'”>!” The
fluorophore 1-anilinonaphthalene-8-sulphonate was
incorporated to respond to hydration and potential
fields in the vicinity of the polar head-group region
of the membrane. The fluorophore 12-(9-anthroyl-
oxy)stearic acid was incorporated to study variations
in fluidity in the hydrocarbon region of the mem-
brane. Overall membrane structure was varied by use
of different controlled monolayer surface pressures
during membrane deposition. Exposure to membrane
perturbants and fluorescence-quenching agents, in
both gas and liquid phase environments, was also
studied.

EXPERIMENTAL

Chemicals

Phosphatidylcholine (PC) from egg yolk (Avanti Bio-
chemicals, Birmingham, AL, USA) and cholesterol (C)
(Sigma Chemical Company, St. Louis, MO, USA) were used
for making the phospholipid membranes. Stearic acid
(Sigma) was employed to prepare fatty acid membranes.
The fluorophores 1-anilinonaphthalene-8-sulphonate (ANS)
(Eastman Kodak, Rochester, NY, USA), 12-(9-anthroyl-
oxy)stearic acid (12-ASA) (Molecular Probes Inc., Eugene,
OR, USA), and the membrane perturbants phloretin and
valinomycin (Sigma) were all used as received, without
further purification. The membrane stimulants chloroform,
n-hexane and N,N-dimethylaniline, and all other solvents,
were of analytical reagent grade. All water was obtained
from a five-stage Milli-Q (Millipore® Water System)
cartridge-filtering system and had a specific resistivity of not
less than 18 MfQ)/cm. The surface silanizing agent octa-
decyltrichlorosilane (OTS) (Aldrich, Milwaukee, WI, USA)
was stored under anhydrous conditions.

Apparatus

A Lauda Model 1974 thin-film balance (Brinkman Instru-
ments, Toronto, Canada) was used in association with a
home-made film lift"® for deposition of lipid monolayers
onto glass and quartz surfaces. Glass wafers were cut to
dimensions of 0.5 x 3 cm from plain borosilicate microscope
slides of thickness 0.1 cm (Fisher Scientific, Toronto,
Canada). Quartz wafers, 0.8 x 6 cm, were cut from 1.5-mm
thick quartz plates (Heraeus Amersil, Sayerville, NJ).

Fluorescence measurements of the monolayer-coated
wafers incorporating ANS were made with a Turner Model
111 fluorimeter (Turner, Palo Alto, CA, USA). The wafers
were supported in a Pyrex tube which could be rotated to
provide reproducible excitation illumination angles. For
experiments with the fluorescence probe ANS, the primary
excitation filter chosen had a 50-nm band-pass centred at
360 nm, and the secondary emission filter had a 485 nm
short-wavelength cut-off. Gas phase experiments made use
of a capped Pyrex sample holder, which was connected to
a thermally regulated headspace vessel as shown in Fig. 1.
Syringes were used for reproducible sampling and quan-
titative transfer of small volumes of gas within the closed
assembly.

Fluorescence studies of stearic acid/12-ASA monolayers
deposited onto quartz wafers were performed with a pulsed
(300 psec) model LN 103 nitrogen laser operating at 337 nm
(PRA, London, Ontario, Canada). Fluorescence was ana-
lysed with a SPEX 17001 monochromator and an RCA
7625 photomultiplier tube operated at 2000 V. The output
was monitored by a gated integrator/boxcar averager sys-
tem (EG&G, PAR, Princeton, NJ) with 50 © input imped-
ance, interfaced with an Apple II computer. The detection
system was triggered optically by a fast photodiode.

The optical fibres used were commercial silica fibres of
400 um diameter (PCS 400, Tasso, Montreal, Canada). The
fibre-based fluorescence spectra were collected by using the
above-mentioned nitrogen laser, a Heath EU 700 mono-
chromator (Schlumberger, Mississauga, Canada), an R928
photomultiplier tube (Hamamatsu, Bridgewater, NJ), and a
P477415 power supply/photometer (Zeiss, FRG) operated
at 1 kV.

Procedures

The phospholipid solutions consisted of 2.5 mg of PC and
2.5 mg of cholesterol in 5.0 ml of hexane. These solutions
were stored under nitrogen in darkness at —20° when not
being used. The fatty acid solutions consisted of 2 mg of
stearic acid in 5.0 ml of hexane, and were stored in the same
way as the phospholipid solutions. The incorporation of the
anthroyloxy-labelled fatty acid probes into these solutions
was achieved by first preparing a 1 mg/ml stock solution of
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Fig. 1. Gas-phase sampling apparatus showing location of

the production of a headspace of known partial-pressure

and the sample-wafer housing illustrating the angular align-
ment of the excitation beam.

the fluorescent probe in ethanol. A fixed quantity of the
ethanolic solution (10-100 ul) was transferred to a separate
vial and evaporated to dryness under nitrogen. The residual
film was incorporated into the phospholipid or fatty acid
solution by addition of a fixed volume of the appropriate
hexane solution to the vial. Molecular ratios of lipid to
fluorescent probe in the range from 100:1 to 20:1 were
investigated.

The lipid solutions were characterized by production of
experimental pressure—area isotherms for lipid monolayers.
Approximately 70 pl of the lipid solution was added
dropwise (by syringe) over a period of 30 sec to the surface
of 900 ml of degassed water in a Lauda trough at fixed
temperature. After a period of 15 min (to allow the hexane
to evaporate) the monolayer was compressed at a speed of
0.9 cm/min until the collapse pressure was attained.

The glass wafers were cut by scoring with a diamond-
tipped scribe and then cleaving to the required size. The
wafers were then sonicated in a 2% aqueous solution of
sodium dodecylsulphate detergent for 1 hr, rinsed with
distilled water, soaked in chromic acid for at least 1 hr,
rinsed extensively with water and then stored in a dust-free
environment. The monolayer on the trough was initially
compressed to the desired surface pressure and allowed to
equilibrate for 15 min. Monolayers were cast onto glass
walfers at a surface pressure of 20-40 mN/m, which was held
constant during the entire casting procedure. A monolayer
was transferred to a wafer by immersing the wafer by means
of an automatic casting elevator at a speed of 0.85 cm/min
through the air—water interface at an angle of 90°. At the
end of the immersion the wafer was allowed to soak in

the aqueous phase for 5 min before being withdrawn at
0.85 cm/min.

The fluorophore ANS was introduced into the phospho-
lipid monolayers by two different methods. One consisted of
casting the monolayers onto the wafers from an aqueous
10-*M ANS subphase in the Lauda trough. The second
method consisted of casting a monolayer of PC/C on the
wafers from a water subphase, and subsequently soaking
these wafers in a solution of 10~*M ANS for 24-72 hr, the
wafers being manually lowered into the interaction vial, but
removed slowly with the casting elevator in order to allow
the water to drain completely from the surface.

All monolayer—coated optical components were stored in
a desiccator in darkness, but were not protected by low
temperatures or an inert gas atmosphere. Experiments to
observe the fluorescence from wafers consisted of sus-
pension of the coated glass in an aqueous solution and
introduction of the membrane perturbants valinomycin or
phloretin as concentrated methanolic solutions. The utility
of the fluorescent membranes as gas-phase sensors was
demonstrated by providing variable atmospheres containing
membrane perturbants and fluorescence quenching agents
such as N,N-dimethylaniline for the anthroyloxy probes.

The quartz wafers and fibres were first alkylated with
OTS.” The alkylated surfaces were characterized by
contact-angle measurements; the values found were near
90°, and were unaffected by subjecting the alkylated wafers
to the original glass-cleaning procedure.

Monolayers of stearic acid and 12-ASA were deposited
onto these surfaces from a Langmuir-Blodgett trough at
surface pressures of 13-38 mN/m. The stearic acid:12-ASA
ratio was 27:1. Deposition was monitored by observing the
trough barrier movement during operation at constant
pressure. Spectral and temporal data for the quartz wafer
surface-fluorescence were collected by inserting the wafer
into a fluorescence spectrometer. The laser beam was first
split by a quartz plate, a small portion of the beam being
sent to a fast (<nsec) photodiode which triggered the data
collection. The beam struck the sample at 70° to the normal.
The reflected beam was directed onto a fluorescent target,
to ensure reproducible alignment of the wafer. The
fluorescence was detected at 90° to the incident laser beam,
with averaging of 50 pulses for each data point to reduce
noise in the output. Measurements for optical fibres were
made with a similar instrument configuration, with the fibre
inserted into the path of the laser. This assembly did not
allow collection of temporal data.

RESULTS AND DISCUSSION

Monolayer compression

The pressure—-area isotherms of monolayers pro-
vide a facile method of physical structure character-
ization, and interpretation of molecular interaction.'?
The collapse pressures and corresponding areas,
as well as the average molecular areas at 16 and
32 mN/m pressure are summarized in Table 1. Each
of the compression curves showed zones of loose
association (low surface pressure), partial conden-
sation, complete condensation and then collapse as
the surface pressure increased.?

Consideration of the average molecular area data
provides an indication of chemical bonding inter-
actions within the monolayer as well as physical
volume criteria.”® At the lipid-to-probe molecular
ratios of approximately 22:1 used to obtain the
results shown in Table 1, it is apparent that the
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Table 1. Compression pressure-area results for lipid monolayer films at an air-water interface

Molecular area, nm?, at

Monolayer composition

{over water subphase), temperature Pressure collapse 32 mN/m 16 mN/m
PC/C, 26°C 0434002 044 +0.02 0.48 + 002
PC/C, 36°C 0.44 £0.01 0.45 +0.01 0.53 £ 0.01
PC/C, 107*M ANS in water subphase 26°C 0.38 £ 001 040 +0.01 0.51 £0.01
PC/C: 12-ASA (22:1 lipid-to-

probe molecular ratio), 26°C 0.47 + 001 0.50 +0.01 0.58 +0.01

12-ASA fatty acid probe is causing a distinct physical
perturbation leading to an expanded monolayer. The
physical area that would be swept out by rotation of
the 12-ASA probe in the plane of the monolayer
implies that the lateral projection of the bulky
anthroyloxy group should cause a general increase in
molecular area.

The action of ANS on the membrane indicates that
it may participate in a bonding interaction, since it
actually produces a membrane contraction rather
than simply a physical volume displacement. It is
difficult to identify the action of ANS on the mem-
brane since the probe is not fixed in location or
orientation, and can be distributed throughout the
ordered matrix. The charge which ANS may bring to
the surface of the membrane can dramatically alter
the surface dipolar interactions and local hydrogen-
bonding interactions which affect structure.!*®

The ANS and 12-ASA fluorophores may differ-
entially partition into domain structures, which are
likely to be present in the membranes described
in this work.?# Therefore the chemistry of the
fluorophores may be relatively complicated at the
molecular level and consequently analytical data
obtained from fluorescence lifetime or polarization
experiments may be questionable. However, the re-
producible compression curves indicate that reliable
average film properties can be obtained, and this
indicates that parameters such as total fluorescence
intensity and maximum emission wavelength should
be relatively consistent between experiments.

Monolayer deposition on plain wafers

Monolayer deposition of phospholipid and stearic
acid consisted of a three-phase cycle: immersion, a
5-min soaking pericd to allow free silanol groups on
the substrate surface to become deprotonated and
provide a negative charge on the surfaces of the
wafer,” and withdrawal.

The conclusion that only a monolayer was de-
posited during the casting sequence is based on
observations from

(1) monitoring of the casting;

(2) the transfer function ={loss of trough area)/
{substrate area);

(3) the wetting characteristics of the coated wafers.

During all casting sequences the movement of the
monolayer compression barrier was accurately moni-

tored by recording its position as it moved to provide
constant surface pressure. During the immersion and
soaking sequence, minimal movement of the barrier
was observed. Only during the withdrawal did the
barrier compress the film to maintain a constant
surface pressure. The transfer function found from 15
casting sequences (3-5 wafers coated per sequence)
was 1.2 £ 0.1. Ideally the transfer function should be
1.0, so a small amount of leakage at the moving
barrier or the measuring barrier probably occurred.

The wetting characteristics of the coated and un-
coated wafers with aqueous solution were observed.
Upon removal from solution the monolayer-coated
wafers exhibited either no wetting or the presence of
discrete droplets. The uncoated wafers exhibited such
a high degree of wetting that a thin film of water was
drawn up as they were removed. Hence the wetting
characteristics of the coated wafers indicated that
these had a hydrophobic external surface.

The observations above suggest that 2 monolayer
was deposited, with the polar (hydrophilic) head-
groups adjacent to the substrate surface and the acyl
chain {hydrophobic) region at the air-monolayer
interface. Diffusion measurements of bilayers and
monolayers of lipids on glass wafers have provided
evidence that a hydration layer exists between the
monolayer and the surface of the wafer.”? The mono-
layer lipid film may be held onto the wafer through
an interfacial potential due to the separation of
charge existing in the zwitterionic head-groups and
the negatively charged wafer surface.

Monolayer deposition on alkylated wafers

Deposition onto the alkylated wafers was similar
to that onto plain wafers, except that monolayer
transfer occurred only during insertion of the sub-
strate through the surface liquid in the trough. This
indicated that only a monolayer was transferred, and
that it was oriented with its acyl chains adjacent to
the wafer and the polar head-group region facing the
atmosphere.? Transfer ratios were close to unity, but
the values found were unreliable owing to monolayer
leakage and instability.

Relationship of fluorescence to membrane properties

The ability of a lipid membrane to act as a
fluorescent transducer implies that the membrane
structure must affect the characteristics of a suitable
fluorophore. Two primary physical characteristics
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Table 2. Fluorescence values for glass wafers coated with PC/C monolayers
and treated with l-anilinonaphthalene-8-sulphate

Relative fluorescence signal, of wafer in air at
various monolayer casting pressures

at at at at
Glass wafer 255 29.5 M6 376
preparation Uncoated mN/m* mN/m* mN/m* mN/mt
Cleaned 042 — — — .
PC/C monolayer s 0 0 4] 26+ 10
PC/C monolayer, e 18+5 2042 2631
wafer soaked in 52416
10~*M ANS 20+1 28%3F 375
PC/C monoloayer
prepared over R — — — 56+ 18

10~*M ANS subphase

*Excitation angle 45°,
tExcitation angle 50°,

which are interdependent and can be perturbed in 2
lipid membrane are the packing/fluidity parameters
and the membrane potential.’? Different degrees of
monolayer compression will alter these two par-
ameters and provide an indication of fluorophore
sensitivity to structural alterations of the membrane.
The principle of casting at various surface pressures
is based on the assumption that the monolayer’s
microstructure on the trough can be successfully
transferred to a wafer without alteration. Casting at
different compression pressures would therefore al-
low structurally different morolayers to be deposited.

Phospholipid monolayers deposited onto plain
borosilicate wafers and incorporating ANS gave the
fluorescence results in Table 2. In general, the fluor-
escence is expected to increase upon incorporation of
the molecule into the membrane.® This is due to the
decrease in polarity of the ANS environment, because
ANS responds to local levels of hydration, as well as
to polarity associated with the potential fields of ions
present in the vicinity of the probe. Increases in
fluorescence with monolayer pressure were attributed
mainly to further decreases in hydration of the probe
environment. The negatively charged ANS is prob-
ably located near the head-group region of the mem-
brane, and thus the decrease in hydration may be

interpreted as a decrease in the penetration of ex-
ternai solution into the membrane. In the head-group
region, the probe will also respond to changes in local
charge distribution, though the relative contributions
of this and the hydration effect is not known.

Changes in the partitioning of ANS into the mem-
brane were also considered as a source of variation
in fluorescence intensity. Increasing the surface pres-
sure increases the negative electrostatic charge on the
surface, and also the steric hindrance of the mem-
brane to probe penetration. Either effect would cause
a decrease in the amount of partitioning into the
membrane, and therefore these were not regarded as
major factors. One possible result of these effects
would be variation in the location of the ANS probe
molecules within the membrane, but this was not
discernible from the results.

Table 3 provides a summary of the trends observed
in the fluorescence signals from these wafers. All
values quoted in tables were obtained with a 45°
incident angle unless specified otherwise.

Though detailed interpretation of the results for
ANS fluorescence in phospholipid membranes was
not possible, measurable response to variations in
bulk membrane structure were observed. These
systems are therefore viable for transduction of selec-

Table 3. Fluorescence dependence on excitation radiation incident angle for glass wafers coated
with PC/C monolayers containing 1-anilinonaphthalene-8-sulphonate

Relative fluorescence for various incident angles

Glass wafer

preparation* 0° 15° 30° 60° 75° 90°
Cleaned, uncoated o | 3 36 34 1 1
PC/C monolayer 142 3+3 41+9 2849 242 242
PC/C monolayer, wafer

soaked in 107*M ANS -2 3 56 26 ~1 -
PC/C monolayer prepared

over 107*Af ANS subphase - | 7 53 45 1 -1
PC/C monolayer 12-ASA

(22:1 lipid: probe molar ratio} 10 35 > 104 R0 1 -2

*Monolayer cast onto wafer at surface pressure of 37.6 mN/m.

TAk 382E
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Fig. 2. Compression isotherm of a stearic acid/12-ASA

monolayer (27:1 molar ratio) on a 0.1M KCl subphase.

Labelled arrows indicate pressures at which samples were
deposited (see Table 4).

tive membrane receptor-binding events where similar
structural variations are induced.

Monolayers containing stearic acid and 12-ASA
in 27:1 molar ratio were deposited onto alkylated
quartz wafers to yield a characterizable system. This
system had 18-carbon n-alkyl chains bound to the
surface and covered with a monolayer of stearic acid
adsorbed with the fluorescent moiety anchored in the
interior of the hydrocarbon zone, and the head-group
at the exterior.

The monolayer was characterized by means of the
isotherm for its surface pressure vs. area per molecule
(Fig. 2), obtained with the Langmuir-Blodgett film
balance. The monolayer pressure during deposition
was controlled at the values indicated in Table 4 and
Fig. 2. Some structural information about the mono-
layer was gained by examination of the compression
isotherm. The prominent shoulder at a pressure of
15-17 mN/m is characteristic of monolayers of stearic
acid containing 12-ASA and is completely absent
when pure stearic acid is used. This shoulder there-
fore indicated a rearrangement of the monolayer
packing, which was somehow dependent on the pres-
ence of the anthroyloxy group. An inflection point
was observed at 36-38 mN/m. The increasing slope
on the higher-pressure portion of the curve indicated
a phase of lower compressibility. This suggested that
the monolayer underwent or completed a phase
transition from a fluid to a relatively solid phase.

Table 4. Fluorescence of stearic acid/12-ASA (27:1 mol-
ecular ratio) monolayers deposited onto alkylated quartz
wafers at the indicated surface pressures

Relative
Surface pressure, fluorescence,
Wafer mN/m %
A 12.8 61
B 19.2 18
C 25.6 100
D 320 85
E 384 88

100
1 D

> | E

2

S 50-

e i A c

-

L} 4

B

o et —————— s S
380 420 460 500 540
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Fig. 3. Fluorescence spectra of stearic acid/12-ASA mono-

layers (27:1 molar ratio) deposited onto alkylated quartz

wafers. Labels indicate the monolayer pressure during depo-

sition (see Table 4). Bottom curve indicates background

spectrum. Curves are averaged from 50 points, and cor-

rected for differences in surface density of the fluorophore
in the monolayer.

Monolayer collapse was observed at 51 mN/m, indi-
cating the pressure at which the monolayer was no
longer stable, because of shear of sections into multi-
layers or loss of material into the subphase.

The fluorescence intensity results shown in Table 4
and Fig. 3 indicate an emission response to the
structural assessments made above. Intensities were
corrected for differences in surface density (area per
molecule) between samples.

The pressure increase from A to B caused a
decrease in fluorescence. The most likely cause of
such a decrease is local concentration of the anthroyl-
oxy moiety, allowing the formation of dimers.? This
effect could occur by the partitioning of 12-ASA into
one phase of a multi-domain monolayer, or by the
formation of separate 12-ASA domains in the mono-
layer. The magnitude of the decrease suggests the
latter, and is supported by the extent of the re-
arrangement observed in the compression curve.
Consideration must also be given to the possibility
that deposition was simply less efficient at the surface
pressure of sample B, though transfer ratio measure-
ments did not indicate this.

This increase in pressure to point C caused an
increase in the fluorescence signal. This indicated a
redistribution of the 12-ASA molecules away from
localized concentration. The increase in intensity
relative to sample A indicated that this was a more
condensed phase, reducing non-radiative collisional
quenching of the excited 12-ASA molecules.
The differences between samples C, D and E were
negligible, suggesting that collisional deactivation did
not change dramatically upon increase of the pressure
beyond point C.

The lack of a shift in peak wavelength of the
spectra was consistent with the assumption that the
polarity of the environment of the fluorophore (the
hydrocarbon region of the membrane), did not vary
significantly.
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Fig. 4. Fluorescence decay curves of stearic acid/12-ASA

monolayers (27:1 molar ratio) deposited onto alkylated

quartz wafers. Labels indicate the monolayer pressure

during deposition (see Table 4). Bottom curve indicates

background. Curves are averaged from 50 points, and

corrected for differences in surface density of the
fluorophore in the monolayer.

Figure 4 indicates the temporal fluorescence curves
obtained from monolayers formed at different
compression pressures. The temporal curves were
difficult to interpret. The decay was multiexponential
in nature, and the large noise level inherent in the
nitrogen laser pulse prevented reliable curve fitting
analyses. Qualitatively, the decay of wafers C, D and
E showed a complex profile, indicating that the
12-ASA molecules were probably located in a variety
of local environments or domains. The extended
decay of wafer D suggested that a greater number of
domains existed in that sample than in those obtained
at higher or lower pressures. This was consistent with
the observation of an inflection point in the pressure
isotherm between points D and E. Sample C was
dominated by the fluid phase and sample E was
dominated by the more solid phase, giving each a
similar decay profile. Sample D, exhibiting domain
structures of both phases as well as interfacial
regions, indicates a more complicated decay profile in
terms of membrane structure, and may require a
distributed-lifetime treatment of the results.?

Membrane perturbation in solution

In order to test the alteration of the fluorescence of
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supported lipid monolayers as a function of per-
turbation of membrane packing/fluidity and electrical
potential parameters, the experimentation included
subjecting the membrane to interaction with the
dipolar potential-probe phloretin and the structural-
perturbant valinomycin. Phloretin (molecular weight
275) has a large dipole moment (u = 5.6 D) and is
known to align itself against the inherent trans-
membrane dipolar potential.'® Recent evidence has
also indicated that it may enter the membrane and
align near the surface at low concentrations, or may
penetrate deeply at higher concentrations, thereby
producing a structural perturbation. Valinomycin
(molecular weight 1111) is a cyclic polypeptide
capable of complexing and transporting Group I
cations through a lipid membrane. It has previously
been observed to cause significant electrochemical
signals due to its perturbation of the membrane
structure.” Table 5 summarizes the effect of various
concentrations of the membrane perturbants on the
fluorescence of ANS in ordered phospholipid
membranes. The detection limits for both phloretin
and valinomycin are consistent with their mem-
brane perturbation abilities as previously observed
electrochemically. '

The mode of fluorescence decrease is attributed to
a change in polarity of the ANS local environment.
This would be caused by a combination of structural
perturbation and introduction of polar species,
whether the perturbants themselves or accompanying
ions.

Membrane perturbation in the gas phase

The initial concentrations of the various gases
used for experimentation were >20 ppt (parts per
thousand, v/v) chloroform, 200 ppt hexane and 2 ppt
DMA. The response was noted as the gas sample was
drawn from the sampling flask through the wafer
holder and into the receiving flask. The membranes
used were PC/C monolayers containing a fluorescent
probe deposited onto glass wafers.

No response was obtained for the ANS-doped
monolayers for chloroform or hexane. The result for
the hexane system was consistent with the non-polar
nature of hexane. Chloroform is an established
quenching agent,”® and also had no effect on the

Table 5. Fluorescence response to phloretin and valinomycin of
1-anilinonaphthalene-8-sulphonate in phospholipid membranes* sup-
ported on glass

Relative fluorescence signal

Membrane perturbants Initial Chemical equilibrium (> 5 min)
Phloretin (10-°M) 11+2 10+2

(10°M) 14+3 542

(107*M) 12+2 241
Valinomycin (107%M) 101 2+1

(107°M) 11+2 S5+2

(10~°A1) 1211 842

*Lipid membranes coated at approximately 35 mN/m surface pressure,
monolayer cast over 107*AM ANS subphase.
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fluorescence. This provided support for the assump-
tion that the ANS was located near the head-groups
at the glass surface, and was shielded by the hydro-
carbon zone.

A large fluorescence increase was obtained from
PC/C monolayers containing 12-ASA, upon ex-
posure to air, chloroform and hexane. This response
was almost always transient, returning to the baseline
value within 1 min. This was observed for chloroform
concentrations as low as 25 ppt. The transient be-
haviour is probably due to a process such as a phase
transition, where the presence of interfacial regions
between phases causes an increase in fluorescence.
This transition would be expected to occur from a
more dense to a less dense phase on incorporation of
the organic molecules, altering the overall structure
of the membrane. Similar transient phenomena have
been observed for lipid membranes in electro-
chemical”’ and piezoelectric® experiments, where
transitory alterations in dipolar potential and micro-
viscosity occur on exposure of the membrane to
non-selective interaction with probes.

The reagent N,N-dimethylaniline (DMA) is a
known quencher of the anthroyloxy probes® and
caused a significant decrease in the fluorescence sig-
nal. Again the signal was transient, and a rapid
significant decrease in fluorescence over a period of
1 min was observed, followed by an increase in signal
to some steady state, usually less than the initial
fluorescence. The decrease in fluorescence may be
refated to the concentration of the quencher [Q] by
the Stern—Volmer equation:

%=1+ KQ) )

where X is the quenching constant, and F; and F are
the fluorescence intensities of the fluorophore in the
absence and presence of the quencher respectively.
The Stern—Volmer equation is only valid for purely
dynamic or collisional quenching occurring in the
absence of any significant inner-filter effects.”® The
inner-filter effect arises when the quencher absorbs at
the wavelength of either excitation or emission of the
fluorophore.

A Stern—Volmer plot for DMA is shown in Fig. 5;
a linear plot with a correlation factor of 0.89 was
obtained over a significant concentration range.

The fact that a linear plot was obtained rules out
any significant inner-filter effect. The Stern—Volmer
plot does not indicate whether dynamic or static
quenching is occurring.

An intrinsic fibre-optic sensor

The fluorescence results for stabilized phospholipid
monolayers coated onto glass wafers clearly indicate
that significant analytical signals can be derived from
membrane perturbation processes. The equipment
used for these experiments was very limited in sensi-
tivity, and demonstrated that an ample signai could

1040 -
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1000

[DMA] (parts per thousand)

Fig. 5. A Stern—Volmer plot for the fluorescence quenching

agent N,N-dimethylaniline. The fluorescent matrix was

a monolayer of phospholipid containing 12-ASA (22:1

molecular ratio of lipid-to-probe} deposited at 35 mM/m
onto a borosilicate plass wafer.

be obtained from monolayers with a total area of less
than 3 cm?.

Figure 6 shows a fluorescence spectrum obtained
by evanescent excitation of a 12-ASA/stearic acid
monolayer on an alkylated silica fibre. This spectrum
indicated that the results of the wafer experiments
described previously should be applicable to fibre-
based sensors. Note that the blue component now
observed in the spectrum is probably due to intrinsic
fluorescence of the fibre, which is of lower quality
material than the wafers used.

Some of the instrumentation used in this study was
large and expensive, which made it less desirable for
most sensor applications. Such a complete study is
necessary, however, as it allows for optimization of
future, simplified and less expensive systems, and
anticipates technological developments which may
make measurements such as fluorescence lifetimes
possible on a miniaturized instrument.

Sensitivity of fluorescence to membrane structural
parameters has been demonstrated. True biosensor
development requires the further demonstration that

100
50

I {relative)

O e e o
380 420 480 500 540

Wavelength {nm}

Fig. 6. Fluorescence spectrum obtained from the stearic
acid/12-ASA monolayer deposited on a 400-um alkylated
silica fibre at 30 mN/m. The large underlying blue com-
ponent is the intrinsic fluorescence of lower quality quartz,
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receptor-analyte interactions can induce structural
variations of this nature. Further work is proceeding
towards the permanent deposition of lipid mem-
branes onto fibres, and the development of new
receptor molecules capable of extensive membrane
perturbation.
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Summary—Rare-earth metal chelates used as fluorescent labels for immunoassays possess extremely long
fluorescence lifetimes and permit the effective use of time-resolved detection. This is very important in
fiber-optic fluorimetry, a technique that ordinarily exhibits large signal backgrounds from back-scattered
radiation. With time-resolved detection to reject the back-scattered radiation, the limit of detection for
Eu 2-naphthoyltrifluoroacetonate is 10~>M, nearly three orders of magnitude lower than for the
fiber-optic measurement of the most common fluorescent label, fluorescein isothiocyanate. Commercially
available reagents labeled with an europium chelate are used to demonstrate the potential utility of
time-resolved fluorimetry in fiber-optic immunoassays. Rabbit immunoglobulin G (IgG) is covalently
bonded to the distal end of quartz optical fibers prior to exposure to anti-rabbit IgG labelled with
europium chelate. The limit of detection for the assay is approximately 0.1 gg/ml.

A number of fiber-optic devices have been developed
for bioanalysis.!"'? Though practical and routine use
of these devices for in situ measurements of biochem-
icals has not been realized, there is promise that
reliable fiber-optic sensors will be developed that can
be implanted in living systems to provide sensitive,
site-specific, and rapid (or preferably continuous)
analyses for biochemicals.

Design features for various types of fiber-optic
sensors have been described and reviewed.®'*!* Sen-
sors which measure the intrinsic absorbance, scatter-
ing, or fluorescence of the analytes of interest are
generally referred to as “optical” sensors.”* Better
analytical selectivity is achieved with fiber-optic
“chemical” sensors (FOCS), which employ an immo-
bilized reagent phase.® The spectroscopic signals ob-
tained with FOCS are the result of specific inter-
actions between the immobilized reagents and the
analytes. The interaction must be reversible if con-
tinuous monitoring is to be accomplished. Immo-
bilization is achieved by a variety of methods, includ-
ing trapping of reagent within a membrane,'*"" direct
covalent bonding of reagent to the distal end of the
fiber,'® and incorporating the reagent into a polymer
phase that is covalently bonded to the fiber’s distal
end.'? The method of immobilization and the amount
of reagent phase can influence the FOCS response
characteristics.%1218

When compared to multiple (bifurcated) fiber de-
signs, sensors that utilize a single optical fiber to
transmit excitation radiation to the sample, and

*To whom correspondence should be addressed.

signal radiation from the sample to the detector, have
the advantages of better signal collection efficiency
and smaller size. The latter attribute can be important
in their eventual in vivo use. Unfortunately, single-
fiber sensors are usually plagued by high optical
background levels. This is due to the fact that a
significant amount of excitation radiation is refiected
at the fiber faces and is not easily rejected by spatial
filtering. Attempts to circumvent this back-scatter
radiation problem have included employing high
rejection-ratio double monochromators'? and grind-
ing fiber faces at angles that minimize the reflected
optical background.” Limitations to these correction
techniques include the low throughputs of double
monochromators and the difficult, irreproducible
nature of “angling” small quartz surfaces.

Recently, the principles of solid-phase immuno-
assay have been applied to FOCS design.!®#222
The fiber and immobilized receptors form a
fluoroimmunosensor (FIS), that can be used to per-
form in situ fluoroimmunoassays. The FISs offer the
potential for excellent analytical selectivity by ex-
ploiting the specificity of antibody-antigen reac-
tions.?* FISs have been developed for direct assays of
natural fluorophores® and for competitive binding
assays.?! Furthermore, it should be possible to design
FISs to perform “sandwich assays” and, by using
relatively low avidity antibodies to improve response
times, for continuous monitoring.

Fluorescein isothiocyanate (FITC) is the most
commonly used labelling fluorophore in
fluoroimmunoassays.” Though FITC has a reason-
ably large fluorescence quantum efficiency, it has the
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disadvantage of possessing a relatively small Stokes
shift (approximately 30 nm). Hence, simple spectral
rejection of back-scatter radiation is not very efficient
and large optical background levels have been ob-
served in our previous FIS work, particularly when
intense laser radiation was employed for excitation.

An alternative type of fluorescent label, rare-earth
metal chelates, offers some unique and important
characteristics for fluoroimmunoassays.”*2>* The
metal chelates which are used most often in
fluoroimmunoassays are those of Eu(III) and Tb(IIT)
complexed with B-diketones and EDTA derivatives.”
Excitation with these labels involves absorption in the
near-ultraviolet spectral region by the ligand. This is
followed by energy transfer from the ligand’s excited
singlet state, through its triplet state, to the resonance
levels of the rare-earth ion. The metal-ion emission
exhibits a narrow band in the green-red visible
spectral region. Concomitant with this energy trans-
fer process is an unusually large Stokes shift (typically
200-300 nm) and an extremely long emission lifetime
(typically 0.1-1.0 msec). The former characteristic
facilitates efficient spectral rejection of the back-
scattered radiation, while the latter characteristic
permits virtual elimination of optical background,
including sample matrix fluorescence, by the use of
time-resolved detection. This time-resolved technique
has been used in performing very sensitive—
fluoroimmunoassays of a variety of antigens.20
Unfortunately, assays using these metal chelate labels
do have problems, the most significant of which are
fluorescence quenching by water in the solvation
sphere of the rare-earth ion, and the general in-
stability of complexes of rare-earth ions. These
problems can necessitate fairly complicated assay
procedures.

In this paper we report our preliminary in-
vestigations of fiber-optic measurements with Eu-
chelate labels and time-resolved detection. Temporal
rejection of back-scatter from the fiber optic is shown
to be effective and allows much more sensitive mea-
surements for Eu 2-naphthoyltrifluoroacetonate than
for FITC. Commercially available immunochemicals
labelled with rare-earth chelate are used to demon-
strate the potential utility of time-resolved
fluorimetry in FIS measurements.

EXPERIMENTAL

Materials

Sheep anti-rabbit immunoglobulin G (IgG) labelled with
Eu-chelate, enhancement solution, wash concentrate, and
assay buffer were purchased from LKB Instruments, Inc.,
Gaithersburg, MA. The composition of the enhancement
solution was 1.0 g/l. Triton X-100, 6.8mM potassium
hydrogen phthalate, 0.1mAM acetic acid, 50u3f tri-n-
octylphosphine oxide (TOPO), and 15uM 2-naphthoyltri-
fluoroacetone. Rabbit IgG and ovalbumin were purchased
from Cooper Biomedical Inc., Malvern, PA. 3-Glycidoxy-
propyltrimethoxysilane (GOPS) was acquired from Aldrich
Chemical Co., Milwaukee, WI. All other reagents were
supplied by Sigma Chemical Co., St. Louis, MO.
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Fig. 1. Diagram of apparatus used for FIS measurements.

Multi-mode fused-silica 600-um core diameter optical
fibers (numerical aperture = 0.22) were obtained from Math
Associates, Westbury, NY. These fibers were cut into 75-cm
lengths and terminated at one end with an SMA connector
(Math Associates). The ends were then successively polished
with 15-um, 3-um and 0.3-um lapping film,

Apparatus

A Perkin-Elmer 650-40 spectrofluorimeter was used to
evaluate the IgG binding capacity of FIS sensors. All
time-resolved fluorescence measurements with optical fibers
were performed with the apparatus shown in Fig. 1. A
Lambda Phyzik Model 50B excimer laser (308 nm) was
used as the excitation source. The laser was operated in this
work at 20 Hz and produced 10-nsec duration output pulses
of approximately 20 mJ energy. The laser radiation was
focused by a 38-mm diam. (f4.7) lens, L,, through an iris
opening of approximately 2 mm. The iris aperture served to
limit the beam diameter and reduce the incident power to
levels that did not damage the optical fibers. The radiation
was then passed through a custom-made dichroic filter, D,
(Newport Corporation, Fountain Valley, CA), with 90%
transmission at 308 nm, and focused by a 25-mm diam. (/' 2)
lens, L,, onto the incident end of the fiber optic. The
Eu-chelate fluorescence (i =613 nm) arising from ex-
citation at the distal end of the fiber, was partially collected
by the fiber, transmitted to and collimated by L,, and
reflected by the dichroic filter (reflectivity = 60% at 613 nm).
The collimated radiation was focused by a 25-mm diam.
(f4) lens, L,, through a modified chopper (Ortec Model
9479) onto the entrance slit of an Instruments SA, Model
H-10, monochromator (f 3.5). Photocurrents generated by
a cooled (~ —25°) RCA C31034B photomultiplier tube
(PMT), operated at 1800 V, were measured by either a
Pacific Precision Instruments Model 126 quantum photo-
meter in the current or photon-count mode, or by an EG&G
Model 165 boxcar detector. Data were collected and
recorded on a strip-chart recorder.

The chopper modification involved replacing the stock
aperture wheel with one that contained a single 1/15th sectar
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aperture. Thus, operation at 20 Hz resulted in a 3-msec
optical gate. The synchronous output of the chopper was fed
to a laboratory-built delay circuit, which then triggered the
laser. The temporal relationship between the chopper gate
and laser pulse was adjusted with the delay circuit. The
delay timing was optimized by placing the distal end of the
fiber alternately in Eu-chelate solution and in solvent and
adjusting the delay to maximize the signal to background
ratio. The size of the imaged signal at the chopper wheel was
slightly less than 2 mm and this resulted in an effective
gate-opening time of about 100 usec. Detectability with this
gated detection system was ultimately limited by timing
jitter, which was approximately a few hundred pusec, as
observed with an oscilloscope at the synchronous output of
the laser.

Procedures

Fiber silanation with 3-glycidoxypropyltrimethoxysilane.
The outer claddings of the fibers were stripped back 3 mm
from one end in order to expose the silica core. The stripped
ends were then rinsed first in hot nitric acid, then with
distilled water, and submerged in 10% agueous GOPS
solution at 90° for 3 hr. The pH of the solution was
maintained at 3 by additions of 1M hydrochloric acid. The
“GOPS fibers” were then dried overnight at 105°.

Fiber activation and protein attachment. The GOPS fibers
were immersed in 0.1M periodic acid for 1 hr at room
temperature to oxidize the GOPS, then washed with distilled
water and phosphate-buffered saline (PBS), pH 7.4, before
being suspended for 24 hr at 4° in polypropylene vials
containing 1 ml of 5-mg/ml rabbit IgG. During this time,
covalent bonds between the aldehyde groups of the oxidized
GOPS and the amino groups of the protein were formed by
Schiff’s base reactions. The fibers were then placed in 1 ml
of PBS, and three 2-mg portions of NaBH, were added at
15-min intervals, to reduce the Schiff’s bases. The fibers
were finally stored in a 1% solution of ovalbumin in PBS
at 4°,

Determination of fiber binding capacity. The plastic clad-
ding on the optical fibers was stripped from the core in order
to expose 1-cm sections of fiber. Rabbit IgG was bonded to
the sections by the procedure described above. After incu-
bation of the sections in a 0.01-mg/mi solution of Eu-chelate
labelled anti-rabbit IgG for 48 hr at 4°, the sections were
rinsed with PBS and placed in 1.5 m! of the enhancement
solution. It was assumed that this long incubation resulted
in complete saturation of the fiber surface with anti-rabbit
IgG. In the enhancement solution, the Eu jon dissociates
from the antibody-bound chelate and forms a highly
fluorescent chelate with the 2-naphthoyitrifluoroacetone
in the enhancement solution. The binding capacity was
determined by  measuring the resulting Eu
2-paphthoyltrifinoroacetonate fluorescence (4,, =337 nm,
dem=613 nm) with the Perkin-Elmer 650-40
spectrofluorimeter and comparing it with a standard curve.
A value of 1 ug of labelled IgG per cm? of silica fiber surface
was obtained.

Comparison of limits of detection by conventional FITC
and time-resolved Eu-chelate fluoroimmunoassays. Limits of
detection for FITC were determined for standard cuvette
and fiber-optic measurements. Excitation was provided by
a Spectra Physics Model 171 Argon ion laser (4 = 488 nm,
30 mW). For the cuvette measurements, the laser radiation
was focused by a 25-mm diam. (f 2.0) lens through a 1.0-cm
cuvette. The FITC fluorescence (4., = 523nm) was col-
lected at 90° with a 25-mm diam. (f 4) lens and imaged onto
the entrance slit of the monochromator. Photocurrents
generated by an RCA 1P28 PMT, operated at 700 V, were
measured. The instrumental arrangement shown in Fig. |
and described above was used for the fiber-optic measure-
ments, except that the laser, dichroic filter, lenses and PMT
(see above) used were suitable for the measurement
of FITC. Calibration plots prepared with standard solutions
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of FITC in pH-9.3 borate buffer, were obtained and
limits of detection were determined as the concentration
yielding a signal that was twice the noise obtained with a
blank.

By similar procedures, with the laser and optical com-
ponents described above, the limits of detection for Eu
2-naphthoyltrifluoroacetonate were also determined for
standard cuvette and fiber-optic measurements. Three
different forms of signal recovery were employed: (1) elec-
tronicaily gated detection with a boxcar, (2} optically gated
detection with a photometer and (3) optically gated de-
tection with a photon counter.

Time-resolved fluorescence measurements with FIS. FISs
prepared in accordance with the aforementioned procedure,
were incubated in varying concentrations of anti-rabbit IgG
labelled with Eu-diazophenyl-EDTA for 14 hr (overnight)
at 4°, The sensors were then rinsed with and stored in wash
concentrate until needed for use. The sensors were then
coupled to the apparatus shown in Fig. 1, and the fibers
were inserted 1| mm into 1.5-mm diameter micro-wells,
drilled in a Teflon pad. The micro-wells were filled with
10 p! of enhancement solution. The fibers were left in this
position for 1 min, then moved back to a predetermined
position, and the fluorescence was measured after a 1-min
interval. Each fiber was then removed from its micro-well
and both fiber and micro-well were thoroughly washed with
enhancement solution. The fiber was returned to the well for
measurement of the optical background.

RESULTS AND DISCUSSION

The data presented in Table 1 illustrate the efficacy
of time-resolved detection in improving detectability
in fiber-optic fluorimetry. No immunochemicals were
employed in the initial study. The limits of detection
for cuvette measurements demonstrate the excellent
sensitivity of laser fluorimetry. Although the optical
systems (lasers, lens, etc.) and detectors were different
for the FITC (conventional) and Eu 2-naphthoyl-
trifluoroacetonate (time-resolved) measurements, the
limits of detection are comparable and extremely low.
The Eu-chelate molar absorptivity at the excimer
laser output (308 nm) is approximately 40% of its
value at 4_,,. Furthermore, the pulse-to-pulse energy
reproducibility of the excimer is rather poor
(£ 5-10%). If these factors are corrected, the time-
resolved detection of the Eu-chelate might exhibit a
fower limit of detection than that for FITC.

The time-resolved cuvette measurements were per-
formed with a boxcar detector. Considering the ex-
tremely long lifetime of the Eu-chelate it was a

Table 1. Comparison of limits of detection
Eu 2-naphthoyl

FITC* trifluoroacetonatet
Cuvette 4 x 10-14pf 8 x 10~1M®
Fiber optic 7% 10-1°M Ix 10-3M®
2x 10-12°
{ x 10712M°

*Excitation by argon ion laser, 488 nm, 30 mW. Emission
at 520 nm, monitored with photometer.

}Excitation by excimer laser, 308 nm, 206 Hz, ~20 mJ/pulse.
Emission at 613 nm, monitored with (a) boxcar detector,
(b) optical gating and photometer, or (c) optical gating
and photon counter.
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relatively simple matter to temporally reject the laser
specular scatter and the Rayleigh and Raman scatter
of the solvent. A l-usec delay and 1-usec gate
window were employed with the detector. Moreover,
the specular scatter occurring at the cuvette walls
was easily rejected spatially by imaging the path
of the laser beam through the cuvette onto the
monochromator so that the fluorescence passed
through the entrance slit but the specular scatter was
blocked.

As discussed previously, spatial rejection of back-
scatter radiation is not easily accomplished when
fiber-optic measurements are performed. Thus, a
larger optical background was observed for the
fiber-optic case, and this partially accounts for the
much poorer limits of detection when measurements
were performed by placing the distal end of an
untreated fiber in the fluorophore solutions. The
fluorescence collection efficiency is also poorer for the
fiber-optic case. It is interesting that the time-resolved
measurements with the boxcar detector resulted in
very poor detectability. Electronically gated detection
with the boxcar is not effective in the fiber-optic case
because the intense back-scatter radiation coincident
with the excimer laser pulse is not spatially filtered
and tends to “blind” the PMT. When the boxcar
gate opens, the PMT response to the Eu-chelate
fluorescence is severely damped. Detectability is im-
proved by several orders of magnitude, and is much
better than for the fiber-optic FITC measurement,
when optical gating is used with the chopper arrange-
ment shown in Fig. 1. Background levels were very
low (approximately 100 cps for photon counting and
2 nA for the dc photocurrent measurement). Thus
further electronic gating was not necessary and,
owing to the low radiation levels, slightly lower limits
of detection were observed for the photon counting
case,

Reducing the timing jitter for the optical gating
should improve the limits of detection. The low
background levels given above were achieved by
adjusting the temporal position of the optical gate to
block all the back-scatter radiation coincident with
the laser pulse. This results in a reduction of signal,
since much of the fluorescence during the first few
hundred psec following the laser pulses is blocked. By
using more sophisticated mechanical shutters or
electro-optical gating it should be possible to reduce
the jitter and thereby improve detectability.

A standard curve was prepared for the fiber-optic
measurements of Eu 2-naphthoyltrifluoroacetonate.
A correlation coefficient of 0.9998 was obtained over
the range from the limit of detection to 7 x 107"M.
In this work the linear dynamic range is limited by
photometer saturation and not by fluorescence inner-
filter effects.® The input stage of the photometer
contains a diode clamp circuit that protects the
instrument from damage, by shunting large input
currents to ground.

The excimer laser used in this work has several
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disadvantages. The high powers (>1 MW at the
output of the laser) associated with short duration
pulses eventually damaged the opticai fibers and,
more critically, tended to photodegrade the samples.
Measurements were performed by exposing the
sample to the laser for 3-sec intervals so as to
minimize the degradation. This made it necessary to
use relatively short (1 sec) detector time-constants.
Noise levels for the non-immunochemical mea-
surements discussed above were determined as the
standard deviations for peak signals resulting from
multiple laser exposures of the solvent. The high peak
power and low repetition rate of the laser resulted in
large peak signals with a low duty cycle ( ~ 2%). This
contributed to the photometer saturation problem
described above. Finally, the pulse-to-pulse and long
term stability of the laser was poor, thereby con-
tributing to noise and calibration problems.

A CW helium—cadmium laser would be more
appropriate for these measurements. Its 325-nm
output is closer to the 4, of the Eu 2-naphthoyl-
trifluoroacetonate absorption than is the 308-nm
output of the excimer laser. The helium-cadmium
laser is characterized by moderate power (typically
~ 10 mW) and excellent stability. It could be syn-
chronously modulated at a few hundred Hz to pro-
duce stable time-resolved signals with a fairly high
duty cycle.

Several sandwich assay kits based on time-resolved
fluorimetry are commercially available. In a solid-
phase sandwich assay a “first” antibody to the anti-
gen of interest is immobilized on a substrate, incu-
bation with the antigen is effected, then a “second,”
fluorescently labelled, antibody is added. In some
cases the antigen and second antibody can be added
simultaneously. The second antibody is specific for a
different antigenic determinant than is the first, and
the two antibodies together sandwich the antigen.
After appropriate washing steps, the fluorescence of
the labelled second antibody is measured. The sand-
wich assay procedure could easily be adapted to FIS
measurements, with the possibility of performing the
initial incubation in vivo.

For any given sandwich assay system, adaptation
to FIS measurements would require systematic opti-
mization of the immobilization and incubation
procedures. To avoid such complications in these
preliminary studies we employed a single
antibody—antigen system. We had previously demon-
strated that rabbit IgG could be covalently bonded to
fibers by the GOPS procedure, while maintaining
significant activity for polyclonal FITC-labelled anti-
rabbit IgG.? The binding capacity, ~ 1 pggfcm?, of
the Eu-chelate labelled immunochemicals used in this
work (see experimental section) is comparable to that
obtained in the previous work, and corresponds to
approximately 10~ > mole of Eu-labelled antibody on
the sensing portion of 600-um fiber. As our mea-
surements are performed (see experimental section),
this corresponds to the antibody on the end and the
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first mm of the sides of the fiber. Except for the fact
that antigen, instead of the first antibody, was cova-
lently bonded to the fiber, the procedure for the
time-resolved FIS measurements described here is
similar to that which would be employed in an actual
sandwich FIS assay.

The analytical characteristics which are of greatest
interest in this FIS developmental work are the
sensitivity, reproducibility and dynamic range of the
FIS measurements. Qur preliminary experiments
were aimed at assessing these characteristics for the
simple immunochemical system investigated.

The antibody-bound Eu-chelate used in this work
does not have a sufficiently high fluorescence quan-
tum efficiency to be used directly for measurement.
Instead, after incubation, the Eu is released into an
enhancement solution which contains another chelat-
ing agent, 2-naphthoylirifluoroacetone, as weil as
surfactant and other compounds which serve to
exclude water from the Eu solvation sphere, and
thereby increase the fluorescence signals. Detection
limits for Eu in this enhancement solution (see Table
1) are much lower than those reported for direct
measurements that involve a single ligand for protein
conjugation and for fluorescence measurement.”

The amount of Eu released into the enhancement
solution depends on the FIS experimental conditions,
but is ultimately limited by the modest binding
capacity of the fibers. Assuming that several Eu-
chelate molecules are bonded to each labelled protein
molecule,” the amount of Eu bonded at saturation is
approximately 10" mole. For reasons of sensitivity
it is advantageous to restrict the released Eu to a
small volume of enhancement solution at the distal
end of the fiber. Several approaches were investigated
before settling on the micro-welt technique used in
this work. The micro-well was nearly filled by the 10
! of enhancement solution. The release of 10~'2 mole
of Eu then resulted in the formation of a 10-'M
solution of Eu 2-naphthoyltrifiuoroacetonate, Satur-
ated fibers, when placed in 10 ul of enhancement
solution, yielded signal levels which were roughly
equal to those of the 107'M Eu-chelate standard
solutions used in the non-immunochemical work.

Reproducibility for time-resolved FIS mea-
surements was evaluated by incubating eight pre-
pared fibers overnight with 0.005-mg/ml Eu-chelate
labelled anti-rabbit IgG. The incubated fibers were
sequentially aligned in the apparatus shown in Fig. 1,
the bound Eu was released into 10 u} of enhancement
solutions, and the fluorescence signals were measured
with the photometer. Once the signal measurement
was complete the fiber and micro-well were throughly
washed with enhancement solution, the micro-well
was filled with fresh enhancement solution and the
background measured. With the present arrangement
it is difficult to center the fiber within the micro-well.
To compensate for signal variations resuiting from
changes in laser power, fiber position and other
factors, we filled the micro-well with a dilute Eu-
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Fig. 2. Standard curve for measurements of Eu-chelate
labelled anti-rabbit g€, Each data-point is the average of
four measurements.

chelate standard solution after the background was
determined, and a normalization fluorescence signal
was measured. Sample signals, S, were then deter-
mined by using the equation.

If“”b
Sl b
I

n

U

where I, I, and I, are the fluorescence, blank and
normalization signals, respectively. The relative stan-
dard deviation of the sample signal for the eight fibers
was 19%. Both chemical and physical factors con-
tribute to the creation of noise in these mea-
surements. The chemical factors include the re-
producibility of silanating and activating the fibers,
bonding protein to the fibers (quantity and condition
of the bonded protein) and the incubation step. The
physical factors include the reproducibility of the
laser output, coupling the fibers and positioning them
in the micro-wells. By consideration of these factors
we are exploring methods for improving the re-
producibility of FIS measurememts.

Utilization of FI8Ss for actual assays will require the
use of calibration graphs. The standard curve shown
in Fig. 2 was obtained for incubations with standard
solutions of Eu-chelate labelled anti-rabbit 1gG over
the range from 0.5 to 20 ug/mi. The signal-to-noise
ratio {S/N) for the lowest concentration standard (0.1
pg/mi} is approximately 2, with the noise determined
as the standard deviation of the blanks in the re-
producibility study. Although these measurements
were performed with 300-u1 sample volumes, we have
previously demonstrated the ability to perform com-
petitive binding FIS measurements with sample vol-
umes as small as 10 p1.*' Working with 10-41 sample
volumes, the absolute limit of detection would be
approximately 6 fmoles. The actual amount of bound
anti-rabbit IgG is probably considerably less than
this.

In conclusion, we have demonstrated the efficacy of
time-resolved detection in improving detectability in
fiber-optic fluorimetry. Rare-ecarth metal chelates,
with their extremely long flucrescence lifetimes, offer
advantages as fluorescent labels for immunoassays.
We have presented preliminary data indicating that
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sensitive, low-volume, in situ immunoassays can be
performed with rare-earth metal chelate labels and
fiber-optic time-resolved fluorimetry.
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FIBER-OPTIC BIOSENSORS BASED ON
FLUORESCENCE ENERGY TRANSFER
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Summary—A new optical homogeneous biochemical method for the assay of glucose has been developed,
based on fluorescence energy transfer between a glucose analog, dextran labeled with fluorescein
isothiocyanate (FITC—dextran), and a glucose-receptor protein, Rhodamine-labeled Concanavalin A
(Rh—ConA). When FITC—dextran binds to Rh—ConA in solution, and is light-activated, the FITC label
transfers its absorbed energy to the Rhodamine label, which then emits light according to its own
characteristic fluorescence spectrum. When glucose is added to this solution, the FITC fluorescence
intensity increases as FITC—dextran is released from the Rh—ConA and is replaced by glucose. Thus it
is possible to determine glucose concentrations directly from the level of FITC fluorescence.

One of the key elements in the diagnosis and manage-
ment of disease is the measurement of (a) specific
endogenous substances which either control homeo-
static mechanisms or reflect the malfunction of these
mechanisms and (b) the blood concentrations of
drugs used to remedy the disorders. Most clinical
analytical methods are based on techniques which
require blood samples to be withdrawn from the
patient and taken to laboratories for analysis, and
consequently only periodic information is available.
Because of the skills needed for their performance,
most such analyses cannot be done outside the labo-
ratory, e.g., in the home or workplace.

There are a number of reasons for an intense
interest in developing simple, accurate, and rapid
clinical assays which can be used by non-analytical
chemists, e.g., physicians, nurses, patients. In the
intensive care setting, where there is a high level of
expertise, there is a need for continuous monitoring
of blood for metabolites (e.g., glucose) and relatively
toxic drugs (e.g., methotrexate, gentamicin). There is
also an increasing need for patient self-monitoring,
such as blood glucose by diabetics, and at the inter-
mediate level, clinical analysis to be performed in the
doctor’s office to help in rapid diagnosis.

Until very recently, most approaches for miniature
continuous biosensors have been based on electro-
chemical detectors. These can be broadly classified as
potentiometric or amperometric devices.!? The usual
electrochemical biosensor consists of a “‘biochemical”
layer containing enzymes, organelles, or cells which
are held in place in front of an electrode by a dialysis
membrane. The literature is extensive, the groups of
Rechnitz’ and Suzuki® being particularly prolific.

*To whom correspondence should be addressed.

145

Recently, increasing attention is being given to minia-
turization of these electrochemical sensors by use of
thin-film integrated circuit technology.*”’

There are several problems with electrochemical
sensors that have not yet been overcome, however.

1. For potentiometric detectors there is usually
persistent drift of the working-cell potential with
time, resulting in a need for frequent standardization
with solutions of known analyte concentration.

2. The effect of consumption of analyte in the
measurement is aggravated for amperometric devices
because of the limitations in diffusional transport
between the transducer compartment and the de-
tector element.

Thus, enzyme electrodes have had only a “minor
impact on medical measurement”,? because the use of
electrochemical biosensors has mainly been in off-line
systems where samples can be alternated with
standards.

A primary focus of our research on biosensors has
been to utilize an optical analytical method that will
be an alternative to the electrochemical biosensor for
on-line concentration measurements. There are some
inherent 