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RECENT DEVELOPMENTS IN THE ANALYTICAL
CHEMISTRY OF RHENIUM AND TECHNETIUM
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Department of Chemistry
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1. INTRODUCTION

Rhenium is perhaps the least abundant of all
the naturally occurring elements in the earth’s
lithosphere. Its richest occurrences seldom exceed
concentrations of about 10 ppm. in certain mo-
fybdenites, sulfidic copper ores, or platiniferous
materials. Its economic concentration and isola-
tion, therefore, are dependent upon the existence
of large-scale operations having other primary
aims. The natural element of atomic mass 186.2
consists of the two isotopes Re '35 (37.1%) and
Rel®7 (629%).

It does not appear that any primordial techne-
tium exists; the available artifact material is
isolated from the partially-cooled fission products
of uranium or plutonium reactors. Thermal fission
Tc®? (from Mo®? —532 Te ?P™M—4) is relative-
ly abundant (6% yield) and is monoisotopic with
an atomic mass of 98.906. Its specific activity of
20 pc/mg ( 1y, is 2.12 X 10° yr) is substantial, but
it decays by a weak (0.29 Mev, maximum) beta
emission to give an inactive Ru product.

Two interesting situations arise from these
circumstances. The increasing use of nuclear ener-
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gy sources may soon make man-made technetium
the more abundant of the two elements. Mean-
time, increasing applications are being found for
rthenium in specialty and high-temperature alloys,
electrical and electronic contacts and filaments,
thermocouples, and catalysts. Ironically, techne-
tium might substitute for it for some of these
purposes and is known to be a useful corrosion
inhibitor, but its radioactivity precludes most
practical applications (reactor-produced palladium
of 1/200 this activity, however, is likely to have
wide usage). .

A second paradox is that, although some
emphasis has been given in the literature to the
importance of methods for separating technetium
and rhenium, reflection indicates that this is an
exercise of more academic than practical import.
Technetium does not occur in nature with rheni-
um, and rhenium is not significantly present in
fission products.

Chemical interest for compounds of these two
elements and the literature that has resulted- from
that interest have increased greatly in the past
decade. 2 A large proportion of this literature
concerns hydrides, carbonyls and #-compounds,
mixed oxides in fused melts, (HI) and (IV)-state
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cluster compounds, complex (V)-state chelates,

and similar esoteric areas sometimes, but not very
frequently, of analytical interest. At another ex-

treme are numerous rather empirical reports of
color-forming reactions of limited sensitivity and
selectivity and some claims that rather unexciting
separations have been effected by extraction,
paper chromatography, etc. While analytical in
character, many of these do not provide enough
novelty or advantage to justify recounting them.

More than a decade ago it was shown that
pertechnetate is rapidly reduced by concentrated
hydrochloric acid to give a (V)-state; dilution and
further standing form the (IV)-state, and the
likelihood of oxo-species and of a photochemical
dependence was also pointed out. Further studies
confirming these aspects have since been reported.
Nevertheless, a surprisingly large number of recent
papers describe electrochemical studies, liquid-
liquid extractions, chelations, paper chromatogra-
phy, etc. of pertechnetate ion in such media as 8
and even 10 M hydrochloric acid. Other studies on
the rate of hydrolysis of TcXs™?species seem to
give no attention to the effect of light on such
systems.

A similar difficulty concerns the fact that acidic
pertechnetate solutions are rather rapidly reduced
in contact with mercury. While this observation
has been restated several times since it was first
reported seven years ago, a number of subsequent
electrochemical and polarographic studies are of
dubious value because of its neglect. The loss of
volatile HTcO4 from acidic media suggests another
obvious necessity for experimental precautions.
The fact that these points require mentioning is
illustrated by the appearance of more than a dozen
papers in the past decade which suffer from their
neglect. The magnitude of the “communications
gap” is as frustratingly evident within this narrow
area of chemistry as it is elsewhere.

Some analytically significant new information

has appeared, however, since the writing eight to
ten years ago > * of specialized treatments on the
analytical chemistry of these two elements. At the
same time, a really broad and flexible choice of
good methods does not yet exist for either of
these elements, and many of the older methods
retain their importance. Evidently, a critical con-
temporary discussion of the analytical chemistry
of these two elements should include reference to
those useful older methods which have not been
adequately displaced, as well as some attention to
new chemistry which is potentially useful for
analytical purposes.

II. ELECTROANALYTICAL

A. Redox Potentials

The redox behavior of technetium and rhenium
species in solution is not very clearly or fully
defined. Many pure compounds can be isolated
representing the various oxidation states of these
elements. Thermodynamic data for some of these
compounds permit the calculation of idealized
potentials. However, the oxidation states below
(VII) exist in solution as covalently bonded
chelates or complexes, cluster-ions, etc. rather
than as simpler positive jons. The correct formula-
tion of many of these species is not known with
certainty and the (VI) and (V) states, especially,
are prone to give disproportionation reactions.
Polarographic-and similar techniques clearly evince
the irreversibilities of most of the redox couples
whose potentials are observable in solution. Many
such potentials are reasonably reproducible and
have practical utility as formal potentials applica-
ble for carefully specified media.

The following reduction potential diagrams rely
largely on work by Cobble®® and may be
compared with the diagram for manganese.
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Perthenate and pertechnetate are very impor-
tant and stable species in aqueous solution; they
are not strong oxidants as is permanganate. Both
(VD) and (V), generally in complex structures, can
occur in solution; they often have only transient
existence because they disproportionate to give
the (VII) and (IV) states. All of the (IV) and
higher states tend to retain some oxygenation; in
the absence of complexing anions, the (IV) states
separate as hydrous TcO, or ReO,. Cluster ions
and metal-metal bonding characterize most of the
(II1), and many (IV), state species. The (III) states
of both elements can exist in solution but are
rather strong reducing agents and subject to
oxidation by air. No soluble representatives
(excluding cluster species like Re;Clg™ ) of (II)
states, corresponding to manganous ion, are
familiar in the aqueous chemistry of these ele-
ments. Technetium and rhenium hydrides while
not impossible in alkaline media, are not likely to
be of importance in aqueous solution chemistry. It
is not yet clear if such known compounds as
K, ReHy possess even the short-term stability in
dilute aqueous acid which is required to explain
the “rhenide” of Lundell and Knowles.”*® The
utility of the potential diagrams is somewhat
limited by the absence of any (V) or (III) species
and of any soluble ionic (VI) or (IV) species.

(6 M HCl, 25°)  Re(VII)

In the sense of practical formal potentials,
Henze and Geyer? have reported data obtained
with platinum indicator and saturated calomel
reference electrodes for the thenium 7/5/4 couples
in 6 to 12 M hydrochloric acid, and the 7/4 couple
in 2.5 to 10 M sulfuric acid. The components
(below VII) of the couples were prepared by
electrolytic reduction of 0.02 M perrhenate solu-
tions and mixed in various proportions to test the
Nernstian character of the results. The potential
for (Cox/Creg) = one is taken as the formal or
standard value. All couples show more or less
deviation from the Nernstian- behavior expected
on the basis of the initial ratios of the concentra-
tions of the species present. It was suggested that
the species involved are ReQ;Cl, ReOCls~?,
ReClg~2, and (in H;S0;) ReO,~ and ReO;72.

The results appear to be reasonable and to have
some practical value in spite of the numerous
issues which can be raised about their meaning and
interpretation. The species, as formulated, may
represent an oversimplification; the effects of such
equilibria as 3(V) = (VII) + 2(I1V) have not been
evaluated, and it is improbable that many of these
potentials represent equilibrium values. Referred
to N.H.E., the measurements in 6 M hydrochloric
acid give:

+0.52 Re(v) 10:38 _ re(1v)

+0.46

In 12 M hydrochloric acid, some values are +0.85
volt for Re?Sand +0.56 for Re*’% An older value
estimates 0.3 volt for the Re*couple in hydro-
chloric acid.

No comparable data are available for techne-
tium, but we may cite +0.72 volt for Tc¢’/%in a
medium 1 M in sulfuric acid and 3 M in hydro-
chloric acid. This is the 50% point in a one-step
potentiometric titration of technetium (IV) with
cerium (IV) and has the dubious virtue of lying
near to one’s best estimate of a reversible value. A
comparable value of +0.73 volt may be estimated

338 CRC Critical Reviews in Analytical Chemistry

for Tc?’S in 1.3 M sulfuric acid and 0.4 M hydro-
chloric acid.

Accordingly, few reliable thermodynamic or
reversible values are available that relate to de-
finable solution species commonly encountered.
This situation largely reflects the imperfections in
our knowledge of the species actually present in
various media for all oxidation states below (VII).
The irreversibility or non-thermodynamic charac-
ter of the potential measurements which are
encountered in practice is well illustrated by the
polarographic behavior of media involving these
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elements. Observable potentials will generally de-
viate by more than 0.5 volt from any reasonably-
based estimate of the standard potential values
(see Table 1).

B. Electrodeposition

It is possible to bright-plate either Tc or Re
metal from an acidic solution of its MO, salt; the
current efficiency is generally poor but the depo-
sition is reasonably quantitative (98% complete or
better). In the absence of suitable complexing
agents there is a strong tendency for the separation
of insoluble MO, to intervene. The electrodeposi-
tions of these metals do not provide very promis-
ing weighing forms since both are subject to
surface oxidation. Moreover, these depositions
require the application of relatively energetic (i.e.,
negative) cathode potentials and are, therefore,
very non-selective. Polarography indicates that the
overpotentials for evolution of hydrogen on Tc
and Re are rather low; hence macroelectrolyses
from acidic media will always include concurrent
discharge of hydrogen. It also seens to be quite
difficult to realize completely quantitative deposi-
tion into (or onto) a mercury cathode, and it is
doubtful that the product is a true amalgam.

Lundell and Knowles’ and the Tomi&eks!®
have described slow (or faster at 70° C) deposi-
tions from perrhenate in 5% H,S0, solution on
platinum electrodes at applied voltages of about
2.3 V. The first authors electrolyzed for 24 hours
at room temperature and employed anode com-
partmenting. In spite of precautions in washing
and drying, air oxidation of the deposited rhenium
leads to high (ca. 4%) results. Henze and Geyer'!

studied the electrolytic reductions of ReO4~ on
platinum and on mercury, in hydrochloric and in
sulfuric acid. They claim to have achieved reduc-
tions to metal, not necessarily quantitatively, on
platinum from hydrochloric acid less concentrated
than 6 V;and some separation of ReO;, especially
from sulfuric acid, was noted. Shropshire'? ex-
amined the macroelectrolyses of ReOy in 4 M
sulfuric acid on platinum and on mercury cathodes
at ca. —0.3 and —0.6 V, respectively. Reduction
proceeded only to the (IV) state in both cases,
giving colloidal ReO, on platinum and a violet-red
Re0;72(?) solution with mercury. This behavior
was presumed to result from a disproportionation
[3(VD) — 2(VIl) + (IV)] that followed a one-
electron reduction to (VI) in each case, but that
was catalyzed on platinum. Commercial electro-
depositions have usually employed sulfuric acid
baths, which give largely metallic deposits from
higher concentrations of acids, and more oxide at
lower acidities. In either case, the deposits are
annealed in hydrogen at 800° to 1,000° to
produce pure metal.

The behavior of technetium is not conspicu-
ously different. The isolation of the first gram of
this element included an electrolytic deposition
step from pertechnetate solution in sulfuric acid
onto a platinum cathode, giving more dioxide than
metal. Holt'? has described the conditions for
depositions from this electrolyte, noting the diffi-
culties of obtaining a pure metal and of avoiding
the formation of non-reactive intermediates. A
patent (to the A.E.C.) by Box'? describes the
addition of oxalic acid, tartaric acid, or another

TABLE 1

Observed Redox Potentials vs. Estimated Standard Potentials

Estimated E°,

Polarographic Process E,, vs.S.C.E. E,, vs. N.H.E. vs. N.H.E.
" Re(7/4) 4 N HCIO, -0.38 -0.14 +0.5
a/0?7) 2N KCI -1.43 -1.19 +0.3
Te (7/4 or 7/3) 1 NHCIO, +0.06 +0.30
1 N HCI -0.05 +0.19 +0.8
1N¥H,80, -0.12 +0.12
/s 1 N LiCl -0.78 -0.54 .
(7107 2 NKCl -1.14 -0.90 +0.5
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polycarboxylic acid, to sulfuric acid for plating
either as metal or oxide. On copper electrodes
from 0.7 M oxalate and 0.45 M sulfuric acid, over
99% of technetium metal is plated at 1.0 to 1.3
Afem?® from a pertechnetate solution. But from
0.4 M oxalate and 1.9 M sulfuric acid it is the
oxide that is deposited.

Detailed discussions of the behaviors of these
elements in a mercury-cathode separation are not
available. Apparently, extensive, but non-
quantitative, depositions into mercury occur from
dilute nonoxidizing acidic media in both cases.
Older work of Furman et al.!® showed erratic and
incomplete depositions of rhenium from dilute
sulfuric acid solutions of uranyl salts, but this
electrolysis is strongly influenced by the
potential-buffering effect of the uranium (IV/III)
couple. Rulfs et al.'® ~'8 have commented on the
extensive chemical reduction of pertechnetate by
mercury in acidic media, which gives large

amounts of soluble -lower-oxidation states and
some deposition of technetium metal. Technetium -

which is electrodeposited into mercury appears to
have a particle size of the order of 500 A
diameter,'® which 1s rather large to qualify as a
true amalgam.

Majumdar and Bhowal'® achieve reasonably
quantitative: deposmon ‘of thenium metal onto a
platmum cathode by electrolyzing a solution of a
rhenium (IV) complex at pH 9-10. Perrhenate is
prereduced to the (IV)-state in acid media by
heating with iodide; an excess of EDTA is added
and ‘the pH adjusted. The (internal) electrolysis
employs an attackable anode of “pure zinc and is
claimed fo provide a separation from molybde-
num. The deposited rthenium is rinsed with water,
then ethanol. Weighing follows brief drying at 80
to 90° C with no special precautions noted. .

Neither the rhenium nor the technetium which
can be deposited more or less quantitatively on
platinum or copper cathodes is attractive as a
weighing form. The indirect measurement of the
isolated deposit,. which was suggested by the
Tomiceks' ® for rhenium, might be applicable for
either element. They dissolved the metal in pre-
neutralized hydrogen peroxide solution giving
HReQ,. This strong acid can be titrated with
standard base. The preparation of uniform thin
electrodeposits of Tc®® or of Re!86> 188
(resulting, for example, from neutron activation of
natural rhenium) onto cathodes of confined area
could be of interest for radiochemical counting.

340 CRC Critical Reviews in Analytical Chemistry

These isotopes are relatively weak beta emitters,

and their radioassay in solutions containing fluo-
rescing materials, highly colored species, or high
concentrations of salts, presents some difficulties.
Alternatively, if such deposits could be achieved

_on an appropriate cathode (pyrolytic graphite?),

they might be used in concentrating these ele-
ments in preparation for such techniques as
activation analysis.

C. Potentiometric Titrations
1. Miscellaneous Methods

The dissolution of electroplated Re metal in
neutral hydrogen peroxide giving perrhenic acid
may be followed by titration of this strong acid
with a standard solution of base. Using internal
indicators, much better results have been obtained
by this procedure than by attempting to weigh the
readily oxidized deposit of metal. Obviously, a
glass electrode and pH-meter can be employed for
the titration. Conductometric titration might be
advantageous in other circumstances; the equiva-
lent conductance of perrhenate ion is 54.95 at
infinite dilution at 25°. A fresh deposit of
technetium metal should be susceptible to assay

by the same sequence of reactions, although it is
.slightly more resistant to attack by neutral hydro-

gen perioxide (insoluble in ammoniacal peroxide,
and totally unattackable according to erroneous
older reports).

It is possible to determine tetraphenylarsonium
jon by titration with standard iodine solution in

.the presence of a moderate excess of iodide,

using sodium chloride to decrease the solubility of
the orange product: :20

PhyAst + I*— (PhyAs)(I,)

" Using platinum and saturated calomel electrodes, a

reasonably sharp (AE =ca. 140 mV) potentio-
metric end point is reported for this reaction. The
indirect determination of perrhenate or "pertech-
netate, after precipitation by an excess of stan-
dardized tetraphenylarsonium reagent, can be
based on such a potentiometric back-titration to
measure the excess of reagent. This procedure has

" ‘never become very popular, however.

2. Redox Methods for Rhenium
Many of the commonly available forms of the
lower states (e.g., ReClg~2, ReO; )and Re;Cl,73)

¢
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can be determined by direct titration with such
strong oxidants as cerium(lV) sulfate. But the
reaction is very slow in most cases and it is more
convenient to react with an excess of standard
oxidant, followed by back-titration with a mild
reductant solution such as iron(Il). The principal
alternatives for assay of the perrthenate(VII) state,
by

(a) Prereduction to a well-defined lower
state, removal of pre-reductant, titration with
oxidant, or

(b) Direct titration to a reproducible low-
er state with a standard solution of reductant,

-have been rather fully explored without conspic-

uously successful result.
. The Tomiceks®! studied a number of metals
and- metal amalgams as possible pre-reductants.

“The -principal results of this study, portions of

which were later examined by Lazarev,?? are
shown in Table 2. Mild reduction may yield
approximately, rhenium (V) or an “equivalent”
equilibrium mixture of this with the IV and VII
states. Stronger reduction gives the (IV) state.
There is little tendency to stop at the (III) level,
but this might be favored by additions of phos-
phoric, pyrophosphoric, or polycarboxylic acids.
“Apparent” lower states probably include the
doubtfully characterized hydrido form, which can
be obtained quantitatively (#2%) and which re-
quires 8 equivalents per mole of rhenium for
reoxidation to (VII).

None of these treatments results in the repro-
ducible production of an integral lower oxidation

level. It is known that such agents as zinc (Jones
reductor) can lead to the partial deposition of
insoluble ReO, from some of these media. The
Walden- silver reductor with 0.6 to4 M hydro-
chloric acid and at 25° to 45°C gives no evidence
of reduced product in the effluent but does give
some evidence that insoluble Ag;ReCl; is formed
within the reductor. The separation of such
insoluble forms, equilibrium mixtures of dispro-
portionating species, the cluster-ion (III) forms,
the presence of some hydrido. species, and small
initial losses of volatile HReQ, are among the
many reasons why apparent non-integral reduc-
tions may be found.

The reduction of perrhenate with standard
solutions of very strong reducing agents, such as
tin(Il), titanium(II), vanadium(Il), or chromi-
um(ll), in'1 to 4 M hydrochloric or in 0.5 M
sulfuric acid has been claimed?? to result in the
more or less stoichiometric production of rheni-
um(IV). Stable potential readings on platinum are
achieved only rather slowly, however; some work-
ers prefer chromium(Il) to tin(Il) and this in turn
to titanium(III) but claim that the reproducibility
is good with either of the first two titrants.*
Reduction with chronium(Ill) in 8 to 10°M
hydrochloric acid is claimed to form rheni-
um(I1);?>3 brief aeration has been used to destroy
an excess of added chronium(Il) and evidently also
oxidizes any thenium(III) to rhenium(IV).2® 1t is
possible that one could select conditions under
which this sequence of reactions could be made to
yield thenium(IV) quantitatively prior to titration

 TABLE2

Perrhenate Reductions

Reagent Medium
Bismuth amalgam 80% H, S0,
45% H,S0,
Cadmium amalgam 35% H,S0,
Lead amalgam 10% HC1
Zn amalgam (saturated) 40% H,S0,
(dilute) 40% H, SO,
(very dilute) 80% H, SO,
(saturated) 10% HCI
Metallic cadmium 5% H,50,
Metallic zinc 5% H,S0,
10% HC1

Average Number of Equivalents
Per Mole of Perrhenate

2.2 £0.1
3.1 0.1
3.1 0.3
3.1+0.2
4.7 £0.1
3.0 0.1
22+0.1
7.83+0.1
2.9 0.1

8.0 0.2
79 £0.2
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with a standard solution of strong oxidant. The
preparation_and storage of-standard solutions of
any of these very powerful reducing agents is, of
course,” inconvenient. A more serious criticism is

- the fact that methods based on their use are

necessarily somewhat non-selective.

3. Redox Methods for Technetium

Very much the same type of difficulties as
those just enumerated surround the possibilities
for redox titrimetry of technetium. This similarity
is evident from the results of Rulfs and Pacer®®
who examined a series of prereductants (Table
3). Silver or zinc reductor-columns are inapplicable
due to the separation of Ag,TcCls or TcOz,
respectively. The fact that iron(Il) can reduce
pertechnetate to (IV) and even to (III) in high
concentrations of phosphoric acid®” is not easily
used, since

(a) a mixture of technetium(IV) and (I1I)

is usually obtained.

(b) reoxidation with oxidants is very slow,
and

(c) the technetium(lll} is subject to par-
tial air-oxidation.
There is little danger of reducing perrhenate with
iron(II), but such a possibility (especially, if
phosphate is present) must be borne in mind when
ferrous ion is used as a back-titrant in indirect
procedures for technetium, as when techne-
tium(IV) is oxidized with excess cerium(IV) and
the latter is back-titrated. '

Reduction with sulfite in acidic solutions is
inconveniently slow, but quantitative after some
hours, giving an “equivalent (IV)” product [which
could be a sulfito complex of technetium(lII) or
(V)]. Reduction by tin(lI) may proceed below
technetium(V), but any lower state can be poten-
tiometrically titrated together with the excess
stapnous ion, after which technetium(V) is oxi-
dized to (VII) by, for example, cerium(IV) as
shown in Figure la. Equilibrium is not rapidly

TABLE 3

Behavior of Technetium(VII) with Reductants

Oxidation State
of Technetium in

Reductant Medium Product Remarks
Ag column 1 M HCI (') Ag, TcCl, deposits in the
3MHCI @av, 111 column
Ascorbic 1-4 M HCI1 v, 1v) Red color, very slow reduction
acid
FeSO, 5-50% H,PO, (1V)—(I11) Slow equilibrium
NH,SCN 4 M HCI ) Deep red, very stow
NaNO, 2 MH,S0,, (Vi) No evidence of reduction
3 MHCY, or in 30 min, or after
3MH,PO, heating
+ 1 MH,S0,
Na, S0, 2MHCI + av) SO, is boiled out after standing. Product is.
0.8 M H,S0, is a red (IV) complex; reaction is extremely
slow but quantitative
SnCl, 0.4 M HCI + \%) Usable with potentiometry,
1.3MH, 50, see text
Zn 3MH,S0, TcO,, Much material retained in
column (10 mesh)l M H,S0, + 3MHCl <(il) column, widely variable
4 MH,PO, Tc° results
Zn (30 mesh 3IMHC aw) Quantitative, but TcCl™* is only
or powder) 1 MH,50, sluggishly reoxidizable
Zn-Hg column 4.5 M HCI (v, 11 Green, partially reoxidized

342 CRC Critical Reviews in Analytical Chemistry

in air, TcO, in column
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established during this titration, and the mea-
surement requires reading the volume difference
between two equivalence points.

It is possible to form technetium(IV) in mixed
mineral acid by using finely divided (<30 mesh)
zinc, and without the separation of TcO, which
occurs in column reductors. This procedure is
inconvenient, however, and the direct titrimetric
reoxidation with cerium(IV) gives a sluggish po-
tentiometric response, Figure 1b. It is much more
convenient to add a measured excess of standard
cerium(IV) and back-titrate with standard iron(Il).
This titration can be conducted rapidly (either

potentiometrically, or using ferroin indicator) and
without danger of beginning any reduction of
technetium(VII) by iron(Il) prior to the reaction
of cerium(IV).

Crouthamel*® described the potentiometric ti-
tration of technetium(VII) with titanium(lIl) in
12 M sulfuric acid. A transient potential break is
obtained corresponding to the (V) state, which
slowly disproportionates to (VII) and (IV). But
the greater titrant consumption and a more se-
curely located equivalence point correspond to the
formation of the (IV) state.
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FIGURE 1. Titrations of reduced technetium species with approximately 0.05
M Ce(S0O,),, at platinum and saturated calomel electrodes: A. After prereduc-
tion of approximately 0.004 Af technetium with excess stannous chloride in 0.4 M
hydrochloric acid—1.3 M sulfuric acid medium. B. Preformed TcCl,~ in 1 M

sulfuric acid—3 Af hydrochloric acid medium.
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D. Polarographic Methods
1. General Considerations

- The polarographic behaviors of both elements
have been rather fully explored. Useful (~ +1%)
classical d.-c. polarographic ‘methods exist for
both of the MO,~ forms in the usual concentration
range (roughly 2 X 1073 to 5 X 1075 Af). The initial
3- or 4- electron reduction waves occur in 4N to
IN mineral acid media at sufficiently positive
potentials (Ey;=ca. —0.4 to ¥0.0 V vs.S.C.E)
to provide reasonably selective procedures. All of
the observed reactions are irreversible; the me-
chanisms of some of these have been studied. The
reliable use of these methods demands an under-
standing of some of their idiosyncrasies. It is
especially important that precautions be taken to
minimize the effect of the two sources of error
which have already been mentioned.

The usual polarographic preliminary deaeration
by bubbling nitrogen through the test solution can
easily lead to losses from acidic media of 0.5 to
1.0% of the volatile HMO, forms of these ele-
ments. In the case of HTc®?0, this would
represent an undesirable hazard and a contamina-
tion problem, as well as a serious source of error.
Any contamination is easily eliminated by trap-
ping the effluent in dilute alkaline solution. Some
combination of the following measures may be
adapted to lessen the error from this source:

(a) Thermostat the solution at 10 to 15°C
and use a minimum amount of nitrogen bubbling.

(b) Trap the.effluent and determine its
technetium or rhenium content (e.g., colorimetri-
cally) to be applied as a correction.

(¢) Precondition the nitrogen by presa-
turating in a prebubbler containing a similar
solution.

(d) Standardize the conditions of pre-

treatment, accurately measure the loss under these
conditions, and apply a fixed correction factor to
the data. :
In view of the second serious source of error, it is
important that mercury be carefully removed from
the cell between runs and that the dropping
electrode not be inserted during the deaeration
process.

Salaria, Rulfs, and Elving'® noted an appar-
ently significant decrease in the height of the first
polarographic wave of pertechnetate, especially in
acids more concentrated than 1 Af, after contact
with mercury. Later experiments'” showed a
small amount of technetium metal in the mercury
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and a large decrease (or even the total disappear-
ance) of the first wave; even a subsequent wave
can be decreased by more than 20%. The situation
is worsened in more concentrated acids, and for
hydrochloric acid as compared to sulfuric acid.
The same result obtains in perchloric acid media!®
and even led to the erroneous prior conclusion
that pertechnetate in perchloric acid was not
polarographically reducible to about —1.0 V vs.

S.C.E??
Evidently, reductions such as

TeOy~ Te(v, IV)

Hg, H+

occur extensively and rather readily in approxi-
mately 13f solutions of acids and also, though
more slowly, in acids even more dilute than 0.1 Af,
They may yield still lower states (I, 0) on longer
contact. The presence of hydrochloric acid, in
particular, favors this reduction (by forming
Hg,Cl, 7). For this reason there should be no
contact with mercury during pretreatments such as
deaeration; polarography at a dropping mercury
electrode should be conducted as expeditiously as
is possible, and hydrochloric acid at a concentra-
tion of 0.1 M or above is not desirable as an
electrolyte (obviously, serious leakage from S.C.E.
junctions could be just as harmful when other
acids are present). It is not known, and would not
be expected, that perrhenate is subject to any
similar reaction.

Some of the more important examples of the
polarographic waves which will be discussed are
shown in Figure 2.

2. Polarography of Rhenium

Lingane®® and. Rulfs and Elving®! examined
the reduction of perrhenate ion in acidic and
neutral media, as well as the anodic oxidation®32
of Lundell’s “rhenide.” The latter retains consid-
erable academic interest but has not yet been
reexamined and interpreted in the light of present
knowledge of hydrido species and cluster inter-
mediates. It would rarely occur as a system of
interest for analytical purposes. Some more recent
studies have reexamined perrhenate reductions in
acidic and in neutral salt media, as well as the
reductions of ReCls_* (IV) and of Re;Clo(III) in
hydrochloric acid.

The early studies showed that approximately
0.2 to 3 mA solutions of perrhenate in 2 M
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FIGURE 2. The general appearance of the polarograms

of A. pertechnetate in 0.1 M perchloric acid; B. per-
rhenate in 4 M perchloric acid; C. pertechnetate in 2 Af
potassium chloride; D. perrhenate in 2 M potassium
chloride. Most of these waves are diffusion-limited; all are
irreversible. Numerals indicate the number of electrons
transmitted; consult the text for details. \

potassium chloride show a large wave at —1.42 \%
vs. S.C.E., which is closely followed by catalytic

hydrogen-discharge. The plateau may be

diffusion-limited, but the wave is highly irrevers-
ible (£3,4=Ey/a=-0.09 V). The n-value calculated
from the classical Ilkovic equation is approximate-
ly eight but would lie closer to seven using the
expanded forms of the IlkoviC relation.>3 Appar-
ent values above eight are reported by these and
later workers?® for perrhenate concentrations below
0.2mM. Recent workers®® report that the re-
duction involves seven electrons at —1.44 Vin 1 M
KCI and 0.5% gelatin. They include concentrations
as low as 0.02 mM and calculate a transfer

coefficient of 0.135.
In the light of all of these studies it seems

reasonable to conclude that an irreversible but
diffusion-limited seven-electron reduction of
ReO;~ to the metal does occur at about —1.43 V
vs. S.C.E. in 1 to 2 M KCI. The overpotential of
hydrogen on rhenium (or on mercury partially
coated with rhenium) is undoubtedly much less
than on pure mercury. Therefore, neither the
graphical extrapolation and subtraction of residual
current (especially on an irreversible wave where
the potential may be 0.2 volt more negative on the
plateau than at the toe) nor a subtraction based on
a run in pure background electrolyte-(with no
rhenium on the electrode surface) will give an
appropriate correction. The relative effect of the

failure to subtract the current which can result
from the reduction of water or hydrogen ion at
potentials on the plateau is greater with low-
concentrations of perrhenate, thus giving appar-
ent n-values as high as 10 and more. Actually, the
effect of this factor is difficult to predict quantl-
tatively since:

(a) The surface concentration or act1v1ty
of the reduced rhenium will vary with the concen-
tration of perrhenate in the solution, and

(b) The local concentration of available
hydrogen ion is also affected by the reaction

Re0,” + 8H' + 7e” —Re® + u4H,0

and may be affected seriously if its bulk concen-
tration is small. C

More detailed studies of the comparable reduc-
tion of pertechnetate even suggest that differences
exist between potassium and lithium chlorides as
electrolytes, and clearly evince the expected com-
plexity of such a multielectron process. Though
the height of this wave is measurable prior to the
subsequent rise of current, and despite the fact
that it is fairly closely proportional to the concen-
tration of perrhenate over a reasofiable range, its
application for analytical purposes is not.to be
recommended. In any case, the selectivity of a
process which occurs -at as negative a potential as
—1.4 V would not be very attractive with many

types of samples.

Van Ngoc®® has described perrhenate reduc-
tions in sodium acetate at pH values between 6
and 12; in 1.3 M sodium acetate at pH 7.5 the
waves are at —1.42 and —1.64 V. Compared with
the use of neutral KCl media, this system seems to
give smaller waves at equally negative potentials
and a behavior which is even more variable with
environmental changes. Unbuffered solutions are
well known to be ill suited to work with half-
reactions that consume hydrogen ions, as these
must. ;

Early workers®®>3! and Ziemba®® studied the
reduction of perrhenate in hydrochloric, perchlo-
ric, and sulfuric acid media. All agree that a wave
with an apparent n-value of 3 at—0.38 +0.02 V vs.
S.C.E. in 4 M perchloric acid is analytically useful.
With any of these acids, the first polarographic
reduction wave shifts to more positive potentials
as the acid concentration is increased from 1 to 8
M. In general, the value of iy/C is constant over a
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wide range of perrhenate concentrations if the
acidity exceeds about 2.5 M. Surface-active agents,
such as gelatin, suppress the wave.

The behavior in hydrochloric acid more con-
centrated than about 2.5 M is quite acceptable,
but £y,, is about 0.1 V more positive than in
equally concentrated perchloric acid media. This
complicates the precise measurement of the wave

height because of the poor definition of the toe of

the wave due to early inception of the formation
of calomel. Ziemba describes two waves at —0.16
and —0.36 V vs. S.C.E. in 4 M sulfuric acid, which
might be an advantageous medium for some
samples. These waves tend to show minima,
especially at lower electrolyte concentrations,
which distort the limiting current plateaus near the
electrocapillary zero. %3¢ Nevertheless,\ the
proper plateau level is clearly defined.

For most purposes, 4 M perchloric acid would
seem to be the best supporting electrolyte. There

_is a small shift in E,,, with perrhenate concentra-

tion, from —0.360 V at 0.08 mM to —0.394 V at
1.00 mM. Although iy <h,,, the temperature
coefficient of the wave height is abnormally
low.3! It is not known to what extent a soluble
(IV) product such as ReO5% may exist in perchlo-
ric acid. It does not seem to be possible to obtain a
full subsequent wave for the rhenium(1V) to (1II)
step, and the separation of some hydrous form of
Re0,3” may account for some of the peculiarities
of this wave. Oscillopolarographic studies in 2 M
hydrochloric acid at a hanging-drop electrode3®
show the 3-electron reduction to be stepwise
rather than smooth, and the overall diffusion
control is complicated by rapid disproportionation
of an intervening (VI) or {V) state to regenerate
perrhenate. Yet its properties are suitable for
analytical purposes:

- Selectivity:
Sensitivity: I= 7.064at25°C
Reproducibility: (i3/C) <t2% relative (0.08
— 1.0mM)

The latter paper®® also discusses the polaro-
graphy of ReClg 2(IV) in hydrochloric acid mgdia.

Muenze®® has examined the coulometric and
the d.-c. and a.-c. voltammetric behaviors of the
cluster (III) compound Re3Cly in solutions con-
taining hydrochloric acid and sodium chloride, in
which it is present as Re3Cl;,%~. On the d.-c.
polarogram he finds as a primary process a wave
involving two electrons per rhenium atom:
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El/2 ="-0.38V vs. S.C.E.

Re301123- + Ge= Re3Clg6- + c1-

A secondary reaction is

ReCly,3” + RegClg®™ — 2Re,C1g’” + 301”

In other words, the equivalent oxidation states
of the rhenium in three variants of the cluster
species are 3,2, and 1.

3. Polarography of Technetium

The d.-c. polarographic reduction of pertech-
netate from neutral salt solutions (0.1 — 2.0 M
lithium chloride, potassium chloride, or potassium
sulfate has been examined by a number of
workers.! ©2 2% 40 The observed behavior in neu-
tral, and more alkaline, media has been further
probed by coulometry.!®'7 a.-c. polarography,*®
and simple and double-potential-step chrono-
amperometry.*!

In 2 M KCl it has been claimed that the
reduction is similar to that of perrhenate:!» 29
there is an irreversible (slope) wave at a highly
negative potential (but one about 0.2 V more
positive than that for perrhenate), and its calcu-
lated n-value is about 8.5, assuming diffusion
control, for pertechnetate concentrations below
0.1 mM. Indeed, the n-value is 7 if a better value is
used for the diffusion coefficient of pertechnetate
(see 18). Other work, however, shows that the
value n = 7 does not clearly conform to the
plateau which may be discernible prior to the
hydrogen-discharge which follows.*® This work
shows a well-separated two-electron step at about
—0.8 V, corresponding to (VII) — (V). A poorly
defined (V) —(IV) step (sharper in alkaline
media) may precede the subsequent reduction to

metal,
In alkaline media Astheimer. and Schwochau*®

found a rather well-defined two-electron wave at
—0.8 V followed by a one-electron wave at —1.1
v: (VII) — (V) - (IV),

This agrees with the report of Salaria, Rulfs, and
Elving!® that a coulometrically confirmed three-
electron process occurs beyond —0.85 V, but
these workers! ¢ also found that 4 electrons were
transmitted at about —1.15 V. Kissel and Feldberg
examined the mechanism of the early step, finding
in the presence of gelatin
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(1) (VII) + e~ — (VI) (primary, followed by

(2) 2(VI) = (VII) + (V) (rapid)

In the absence of gelatin, the two-electron step
occurs directly. But coulometry and chrono-
amperograms confirm that n = 3 at potentials less
negative than —1.0 V. Although insoluble TcO,
tends to separate at this Tc(IV) stage, they also
have found that an additional (fourth) electron is
transferred near —1.1 V.

In neutral and alkaline media pertechnetate
shows behavior still more complicated, and
somewhat less reproducible, than that of perrhe-
nate. Such supporting electrolytes are not very
attractive for analytical purposes.

Reductions in acidic media give a rather
well-formed first wave which shifts with pH:

51/2 = A~ o.llu PH,

0y

where A is +0.06, +0.05, and +0.12 V, respec-
tively, for perchloric, hydrochloric, and sulfuric
acid. Surprise has been expressed that the average
shift observed with pH agrees so well with the
value calculated from the dependence on 0.05915
log(H")® , or 0.118 pH, predicted thermodynam-
ically for the half-reaction TcO,~ + 8H*+
4e — Tc*3 +4H,0, but as the reduction is irre-
versible, as shown by its slope, this means merely
that the number of hydrogen ions consumed in the
rate-determining step is very nearly equal to twice
an, . Coulometrically, this wave accords with n =
4,16 18pyt the (VII) — (IV) and (IV)— (11D)
stages are sufficiently resolved that with careful
control of potentials one can obtain a coulometric
n-value of 3. A subsequent wave at —0.93 con-
tinues the three-electron reduction to metal,
Tc(Ill) + 3e~—> Tc(0).As a result of rapid prior
chemical reduction of pertechnetate to intermedi-
ate states by contact with mercury in acid,
however, the data in hydrochloric and sulfuric acid
media often show wave I (4 electrons) to be no
larger than wave II (3 electrons). The comparison
is further complicated by the fact that the (IV)—
(III) stage may appear, in part, as a separate
drawn-out wave between these two.! ¢ In perchlo-
ric acid media, however, the relative heights are in
better agreement.!® For five runs at pH 1 to 4 in
perchloric acid,*? the ratios of (1I/I) were 0.70,
0.77, 0.72, 0.74, and 0.73 in good agreement with

the expectation of 3/4. At pH < 1the agreement
is poorer for two reasons:

(a) The extent of chemical prereduction is
greater, and

(b) There is a larger contribution from the
reduction of hydrogen ion to the height of wave 11
(since H: is larger, and the presence of elemental
technetium decreases the overpotential for hydro-
gen evolution).
At pH >4.5 only a single three-electron wave is
found at about —0.8 V, although this tends to
separate into (VII) — (V) followed closely by
(V) — (IV), as discussed earlier. From other evi-
dence, however, an initial four-electron step ap-
pears to persist up to about pH 6 in acetate-
buffered tripolyphosphate media.%?

The use of a background electrolyte containing
0.5 M potassium chloride together with enough
hydrochloric acid to give pH=2 has been recom-
mended! 7 for pertechnetate concentrations within
the range 0.2 to 0.01 mM. A well-formed first
wave at about —0.17 V has a diffusion current
constant of 11.9 £0.1. In view of the less rapid
occurrence of chemical prereduction,*? approxi-
mately 0.1 M perchloric acid would seem to be a
still better supporting medium. Even here,'® the
principal limitation on the accuracy and precision
of measurements will relate, primarily, to the
extent to which pre-contact of the solution with
mercury has been avoided. Nevertheless, all indi-
cations are that such a procedure can be valid to at
least £1% relative. The peak-heights from a.-c.
polarography may be less reproducible (and are
mainly studied for the wave at —0.8 V in neutral
media), but could be advantageous in terms of
their better resolution from some interfer-
ences.*©

E. Amperometric Titration

Nitron perrhenate and pertechnetate are too
soluble to provide a good basis for amperometric
precipitation titrations. The use of tetraphenylar-
sonium chloride for this purpose is more promising
but has not been conspicuously successful. Rulfs
and Mitchell** attempted the amperometric titra-
tion of 0.03, 0.3, and 1.2 mM pertechnetate using
4.7 to 50 mM solutions of tetraphenylarsonium
chloride in a variety of supporting electrolytes.
Typical conditions employed 0.4 M potassium
chloride and 0.1 M hydrochloric acid at a fixed
potential near —0.4 V vs. S.C.E. The best end
points seemed to be more than 2% premature and
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the reproducibility was often poorer than *5%.
Precipitation is inconveniently slow at 15°, 25°,
or 40°, and the behavior of the dropping electrode
is erratic: the capillary tends to become plugged
and the drop time to alter. The tetraphenylsti-
bonium salt is more insoluble and might provide a
better basis for such a method.

In a series of papers,*5~4® Gallai, Rubinskaya,
et al. have described amperometric titrations of
rhenium (VII) with chromium (II), titanium (11II),
iron (II) in phosphoric acid, and vanadium (Il).
While the methods appear to give relatively crude
results, two variants will be briefly described here.
The principles involved would appear to permit
some degree of selectivity and the methods should
be susceptible to refinement.

In a solution containing 2 M sulfuric acid and 2
M phosphoric acid, vanadium (II) reduces per-
rhenate to rthenium(IV). With a graphite indicator
electrode potentials of 0.5 to 0.8 V vs. S.C.E.
permit one to see the anodic (oxidation) current
of the excess vanadium (II) titrant beyond the
equivalence point. At +0.8 V the anodic reoxida-
tion of the rhenium (IV) product also contributes,
and a potential of +0.5 V is preferable. The
presence of an eight fold excess of vanadium (IV)
can be tolerated if one uses 2 M sulfuric acid
containing EDTA as a medium. The precision
shown, however, is only £6% for 0.5 mg, and £2%
with 5 mg, of rhenium.*8

Perrhenate is reduced to rhenium (V) by iron
(II) as the titrant in several electrolytes, but a
mixture containing 8 M phosphoric acid and 10 M
sulfuric acid is recommended. At a platinum or
graphite microelectrode the anodic current from
excess iron (II) titrant is observed at +0.8 V vs.
S.C.E. At this potential there is no need to remove
dissolved oxygen, and the presence of a relatively
large amount of iron (IIl) in the sample is not
detrimental. It is also claimed that the presence of
equivalent amounts of molybdenum (VI) is per-
nissible and can also be measured since this is
titrated stoichiometrically to give a “break” prior
to the Re titration. Generally, the results reported
are as poor as+30% for 0.1 mg of rhenium or+3%
for 2 mg, but a precision as good as +0.12% is
claimed with 5mg. These comparisons include
variations in the supporting-electrolyte composi-
tion which affect the sharpness of the end point.
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F. Coulometry

A number of workers have studied the direct
coulometric reduction of pertechnetate, !¢ 18:2%
41, 43,49 and the reduction of perrhenate with
electrogenerated titanium (III) has been report-
ed.3°® For analytical purposes the use of acidic
media, usually containing phosphate or polyphos-
phates, has been favored.

Sheytanov, Chavdarova, and Konstantinova®®
describe the indirect coulometric reduction of
thenium (VII) to rhenium (IV) with cathodically
generated titanium (III). The supporting electro-
lyte contains 8 M sulfuric acid, 0.2 M phosphoric
acid, and about 0.6 M TiOSQ4, and is maintained
at a temperature of 85°. Unfortunately, it is
necessary to pregenerate about two-thirds of the
requisite amount of titanium (III) in the cell
before adding the rhenium sample. Such a restric-
tion virtually dictates the need for a preliminary
trial run prior to each determination on a new
sample. The relative error is less than 1% with 0.4
mg of Re and less than 0.2% with 4 mg.

The controlled-potential coulometric reduction
of acidic pertechnetate solution giving a three-
electron or (at very slightly more negative poten-
tials) a four-electron process, has been examined
rather closely in relation-to élucidating polaro-
graphic behavior.! 6-18: 24,49 Since it is difficult
to cleanly discriminafe the three- from the four-
electron process, especially in the presence of
_complexi'ng anions such as phosphate, it seems
desirable to select conditions to insure complete
four-electron reduction to the (IH) state; this in
spite of the tendency for this product to react
with dissolved oxygen to regenerate (IV). The
need for thorough deaeration of the test solution
by bubbling inert gas invites some loss of volatile
HTcO,. The use of a stirred mercury cathode,
even in weakly acidic media, invites the occurrence
of some direct chemical reduction:

o

g
Te(VII) IV, TV, 02y 4 Hg,*?

4)

Conceivably, coulometric conditions can be cho-
sen such that subsequent electrochemical reduc-
tion of the resulting mercurous ion will take place
during the run. This should result in a perfect
compensation for any error from (4), providing
that no products below the (III) state were
formed. (This is not always the case; see 17). In
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dilute non-complexing acidic media, TcO, rather
than Tc,0; separates at the conclusion of a
four-electron reduction due to reoxidation of the
(1) state by hydronium ion or air??" which
occurs very readily in the absence of strong (1II)
complexation,

Terry and Zittel* describe the study of a
specific coulometric system for analytical pur-
poses. As a background medium they recommend
a buffer system of pH 4.7 containing about 1 M
ammonium acetate with 5% (w/v) of tripolyphos-
phate (NasP3;0;,). A controlled potential of
—0.70 V vs. S.C.E. is suitable and falls well out on
the plateau of the four-electron wave at this pH
value. The authors employ 5 ml of stirred mercury
as cathode with about 13 ml of test solution. Inert
gas is passed throughout the electrolysis, due to
the sensitivity of the (III) product to air reoxida-
tion to (IV). The (IV) = (III) transition in the
buffered polyphosphate appears to behave almost
reversibly, and Ey,, is —0.48 V at pH 4.7.

Procedurally, the deaerated supporting medium
is pre-electrolyzed at —0.70 V until the back-
ground current drops to 0.1 mA. The test solution
is added and pre-reduced at —0.20 V until the
current again drops to 0.1 mA. It is this step which
eliminates possible interference by oxidizing
agents such as cerium (IV), chromium (VI), and
manganese (VII). The coulombic requirement for
reduction at —0.70 V is then measured until the
current again falls to the 0.1-mA. residual level,
The time? for reduction is also noted and a
background correction equal to 10~*#coulombs is
deducted from the total quantity of electricity
consumed.

The presence of equal or larger amounts of
perthenate, or of many other ions, is not harmful.
Fluoride and nitrate interfere seriously, however,
as do iron (III), molybdenum (VI), ruthenium
(1V), uranium (VI), and vanadium (IV). A prelim-
inary distillation of Tc, O, from silfuric or per-
chloric acid would eliminate most of these inter-
ferences, as well as the strong-oxidant types
mentioned above. With 0.5 to 5 mg of technetium,
the authors modestly claim merely that the rela-
tive error is less than 1% and that the relative
precision is better than £0.5%, although the
possibility for appreciably better performance is
also evident from their data.

Some of the experiments described in connec-
tion with the development of this method are of
interest in relation to interpretations of polaro-

graphic behavior. In unbuffered tripolyphosphate,
the observed shift in Ey,, between pH 4.0 and
about 6.0 (first three runs of Table 1, ref. 43)
would be consistent with an equation very similar
to one given above for reductions from mineral-

. acid solutions :

E = 0.0 - 0.11, pH

1/2

which would correspond to a reversible four-
electron process requiring eight protons. From pH
6.5 to 9.0, however, some transition occurs and
above pH= 9, a pH-independent wave is found at
E,;; = - 0.80 V. The data of Table 23 show a
diffusion current constant, 7, of the order of 12 to
13, which is reasonable for a four-electron process.
However, the values of iy/C vary by more than
15% for tenfold changes in pertechnetate concen-
tration (in the absence of the acetate buffer),
which also reflects the tendency (which is border-
line at the pH of 6 used here) for an alternative
(three-electron?) process to occur. The I-value is
lowest for the highest concentrations of pertech-
netate.

This interpretation is consistent with other
observations ' ¢°1® for d.-c. polarography in min-
eral acid media, except that the comparable
transition in processes occurred over a different
pH range. In the other mineral-acid media
(sulfuric, hydrochloric, or perchloric acid), a
pH-dependent four-electron wave is found at pH <
3.5. Above pH = 4.0 this is replaced by a
pH-independent three-electron wave with a half-
wave potential near—0.80 volt. '

The data of Terry and Zittel (Table 3) show a
decrease of pH (e.g., from 7.0 to 5.5) upon
electrolysis of about 6 peq of pertechnetate in
Nas;P30;0 media. An increase of pH would be
anticipated with the occurrence of reaction (3). A
part of the decrease could result from liberation of
the protons associated with the phosphate species
present at pH 7.5, when an uncharged Tc'''PO,
product (or its cluster-ion analog) is formed. Other
work?” does indicate the existence of an un-
charged Tc(I1I) species in (ortho)phosphoric acid.
In the experiment cited, a gain of only about 0.08
peq of proton is involved. Equally plausible,
however, is the leakage of some 1 N H,SO,
through the frit of the compartmented working
anode. . .

Minor modifications in the procedural details of
this method might” well result in significant im-
provement in its reliability. It is probable that a
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safer alternative could be found to the use of
commercial grade tripolyphosphate, although
there is no clear indication that its use is a source
of any serious difficulty. As the authors point out,
background current of 0.1 mA for a 10-minute
reduction corresponds to a blank correction of
0.06 coulomb. This is a substantial fraction on the
1.56 coulomb needed, e.g., to reduce 0.5 mg of Tc
(VII). It is not likely, however, that it can be very
substantially decreased at —0.7 V on a cathode of
good area. Trace impurities such as iron, which can
cause cyclic consumption of current, should cer-
tainly be absent. A neutral pertechnetate solution
could be more safely deaerated (without loss of
HTcO,) just prior to addition to the deaerated
buffer, and out of contact with mercury.

The time for deaeration within the cell and
pre-electrolysis at —0.2 V in contact with mercury
could be detrimental to the accuracy of the
method. The chemical reduction (Equation 4)
which may occur would not be self-compensated if
any resulting Hg,*? is pre-reduced at —0.2 V prior
to the “run” at —0.7 V. From this point of view,
elimination of this pre-electrolysis (not of the
electrolyte buffer, but after the sample addition)
may be advisable. For 13 runs using 2 to 10 mg of
‘Tc the authors’ data (Table 4%3) would seem to
show a definite negative bias averaging 0.66%
relative. The error for 25 runs with 0.5- to 1.5- mg
samples appears to be much smaller and random in
direction. It does not exceed the relative standard
deviation which is as good as #0.2%. Some
experience®! with the chemical reduction of
pertechnetate on mercury surfaces, especially in
very dilute acids or at pH 3 to 4, indicates that a
small but disproportionately greater extent of
reduction occurs with higher concentrations of
pertechnetate. This method would appear to be
capable of refinement such as to give a relative
error and/or standard deviation smaller than 0.2%
with 0.5 to 5 mg of technetium.

11I.  SPECIES AND
SPECTROPHOTOMETRY OF
(VII) AND LOWER STATES

A. Miscellaneous Chemistry and Spectrometry

The solution chemistry of rhenium and tech-
netium species is relatively complicated, and the
numerous species already established and postu-
lated are rapidly being added to and reinterpreted
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by newer studies. Some of the effect of these
advances on the interpretation of electroanalytical
behavior is evident from the prior discussion, but
their effects on the reevaluation of older spectro-
photometric data are even more drastic. In this
section a concise discussion of the ultraviolet and
visible spectrophotometry of the important
(VII)-state species of these elements will be pre-
ceded by some comment on newer species formu-
lations affecting the interpretation of spectra of
states other than (VII), some analytically impor-
tant spectrophotometric methods, and some de-
velopments in the infrared region.

Older data on the vapor pressures of Re, O,
and HRe0,5% and of Tc, 0, and HTcO,% have
been supplemented by additional measurements
on H,0-HReQ, systems>%-5¢ One paper®®
would be of some interest in connection with the
distillation of HReO, from sulfuric acid. An-
other®S indicates that an aqueous solution con-
taining 41 weight percent of HReQ, boils at
103.5%; and significant amounts of rhenium were
not detected in the vapor when the concentration
of HReOy; in the liquid phase is lower than about
65 weight percent. However, 9% of HReQ, is
found in the vapor when its concentration in the
liquid phase is 93 weight percent. The danger of
loss of HReQ,4 from hot aqueous acids appears to
be much less than with HTcO,. The heptaoxides
M, O, avidly acquire water to form the very strong
HMO; acids.

At concentrations below 1 M and within the pH
range O to 14, there is little evidence for aqueous
species other than the normal tetrahedral MO,
ion.2” The per-yl ion MOj3" may exist in strongly
acidic media, associating with halide when present,
as MO3;X. Bromide or iodide, however, results in
rather rapid reduction to give MX¢~2 In the case
of Tc (but not in that of rhenium), 12 M
hydrochloric acid reacts almost quantitatively to
form a (V) state, possibly TcOCls2. It is possible
that an intermediate equivalent to (VI) exists as
(TcO3), (TcOCls), accounting for the transient
blue color when impure TcO5Cl is prepared by
addition of hydrochloric acid to pertechnetate in
18 M sulfuric acid.2? Recently, Colton®’ has
reported the preparation (in the “dry” way) of the
compound TcOClj;.

Intermediate (V)-state sales containing rhenium
as ReOCls~%can be isolated using stronger reducing
agents than chloride ion. With such agents (e.g.,
iodide or limited amounts of hypophosphite), or
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by dilution of the hydrochloric acid in the case of
technetium, the reaction

3 Te(V) — Tc(VII) + 2Tc(IV)

occurs and yields the (IV) state as the ultimate
product. Stronger reduction is necessary to form
the (III) state which is not common in aqueous
chemistry (recall, however, the cases cited under
Polarography and Coulometry), but is best known
as variants of cluster-ion species like Re;Cly.
Species like ReClg™ can be supported in relatively
dilute acid, but TcClg~2 rapidly forms TcO,2H, 0
in hydrochloric acid more dilute than 0.1 M.

Rulfs and Meyer followed the gradual titration
of aqueous ReCls~? with dilute sodium hydroxide

solution, observing the changes in conductance
and in pH throughout the titration.?” The pH
remains relatively constant until four equivalents
of hydroxyl ion have been added and rises sharply
thereafter. The conductance rises more or less
steeply during the addition of three equivalents, is
nearly constant from this point until four equiva-
lents are added, and then rises steeply again. The
latter increase may be ascribed to the addition of
uncombined hydroxyl ion, but the almost equally
sharp increase of conductance (with constant pH)
for the first three equivalents of OH™ must be
explained in terms of other ions.

The behavior is illustrated in Figure 3 and can
be rationalized in terms of the following sequence
of reactions:

1. ReCl,~2 KOH [ReC1, (OH)(H,0)1~ + k* + 201~

H,0
2. _KOH _ [rec1, (OH) (H,0),1° + K* + 201~
Ho0 2 2' %2772
2
3. KOH_ [Re(OH),(H,0).1* + K* + 201
H R
20
., ﬂ.[ke(on) (H,0),1° + Xt + B0
HO -
2 n
Re0, *+ 2H,0 + 2H,0
5. KOH_ g+ + OH™ (excess).

The introduction of K and OH™ beyond stage 5

contributes a total 272 units to the equivalent
conductance, which is not much different from

the total of 226 resulting from K" and 2 Cl-in
stages 1 to 3. Smaller distinctions within the first
three stages result from the differences of equiva-
lent conductance among the successive complex
species of rhenium, stage (2) in particular showing
a smaller increase of conductance since the result-
ing complex is uncharged. Step 4 involves little
change in conductance since it merely substitutes
the equivalent conductance of potassium jon for
that of the univalent complex ion that it replaces.

The quantitative formation of ReCls™? by
reduction with hydrazine in hot hydrochloric
acid®® or with chromous chloride?® permits its
spectrophotometric determination (¢ =1.2 X 10*
at 281.5 nm); if necessary, this may be preceded
by a cupferron extraction of molybdenum.>® The
procedure is rapid and reasonably sensitive and

selective, and the reproducibility of the ReClg?
spectrum seems to be very good. For the compar-
able Tc species € ~values near 1.9 X 10* and 1.1
X 10% at 234 and-338 nm, respectively, have been
given. Older concern for some possible tendency
for photocatalyzed air oxidation®® has been ex-
amined by Kanchiku.6®-%2 It is concluded that
photoaquation occurs, giving a series of mixed
aquochlorocomplexes of technetium (IV) which
have distinctively different absorption behavior.
The technetium (IV) initially formed by these
reductants (in contrast to the technetium (V) that
is the main product of direct reduction by
hydrochloric acid alone) retains the TcClg—?
structure in 12 M hydrochloric acid, but exposure
to ultraviolet light in 8 to 3 M hydrochloric acid
results in gradual stepwise transitions down to
[TeCl3(H,0)3 1. Some difficulties will therefore
attend any attempts to reproduce such spectra for
analytical or other purposes. Figure 4 shows the
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main features of the spectra of ReClg™ and the
comparable TcClg™2 in contrast with the spectrum
of the aquated Tc(IV) species, [TcCla(H;0) 1,
though it may be noted that this spectrum of
ReClg~? differs from that now accepted by some
authors.®®

Despite the occasional interference of mo-
lybdenum, the thiocyanate spectrophotometric
methods for rhenium and technetium have good
sensitivity and remain widely used. It is clear that
both (V) and (IV) state compounds exist for both
elements, and many different formulations have
been advanced for the major species. Bailey and
Kozak®? prepare the (V) form [Re(SCN)¢]~ ina

fused melt and recognize only this and the (IV)
form [Re(SCN)¢]-? as products of aqueous re-
ductions of (VII), either by thiocyanate alone or
with tin (II). They find no evidence of oxy-
thiocyanates. The detailed study of Crouthamel??
recommends use of the more intensely colored (V)
forms (¢ = 4.5 X 10* at 430 nm for rhenium and
5.2 X 10% at 513 nm for technetium) in approx-
imately 60% acetone.

The a-furildioxime reaction with a (2) lower
state of rhenium, proposed by Meloche, Martin.
and Webb®? is about as sensitive as the thiocyanate
method and is equally useful. It involves reduction
with stannous chloride in 0.8 N hydrochloric acid

o

0 2

EQUIVALENTS oF WKOH

FIGURE 3. Conductance and pH during titration of K, ReCl, with potassium

hydroxide solution.
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and 26% acetone, and gives a red-purple complex
absorbing near 532 nm with € = 4.1 X 10*. The
interference of molybdenum is obviated by ex-
tracting that element with ethyl xanthate into
chloroform. Dahlby and Waterbury®® include a
separation by distillation and determine 0.01 to
0.2% of rhenium in plutonium with relative
standard deviations of 1.4 to 0.4%, respectively.
They have also applied the method to samples
containing rhenium at concentrations as high as
8%.

In recent years, the reactivities of many dyes
(including Orange R, toluidine blue, and methyl
green, among others) with perrhenate have been
noted.®® The resulting complexes are soluble in
benzene or ethylene chloride and have molar
absorptivities of the order of 10°. Tarayan and
Vartanyan®” form a methylene blue complex with
perrhenate at pH 4 to 5 using a twenty fold excess
of reagent. The complex can be extracted into
ethylene chloride and has a molar absorptivity of
1.1 X 10° at 645 nm. To date, a comparable

reactivity with pertechnetate (which seems most
likely to exist) has not been reported.
Jezowska-Trzbiatowska et al.®® contribufe
some interesting observations and interpretation
concerning the magnetic and spectroscopic pro-
perties of the d°, d?, and ¢* (VII, V, and 1V state)
structures, The ReCl 2 is interpreted as being the
strongest (with MnClg? being the weakest) com-
plex of the (IV) series, and the discussion empha-
sizes the weak crystal field bands more than the
analytically familiar strong charge-transfer absorp-
tions. The octahedral (IV) d> structures have
paramagnetic susceptibilities explained by the
three unpaired electrons of the half-filled lower
I, ¢ orbital. The weak visible-region absorptions of
the d*> (V)-species, TcOCls~? and ReOCls~2, are
shown. One of the weak (e-ca. 5) TcOCI;
absorptions at 16,700 cm~! would appear to be
coincident with the strong 595-nm band of “im-
pure” TcO,;Cl, 27 and some other similarity is
noted (recall earlier discussion, paragraph 2). The
hexacoordinate d* (V) compounds of rhenium and

 ABSORBANCE

1
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NANOMETERS

FIGURE 4. Absorption spectra of MCl, ~* solutions and the diaquotetrachloro Tc(IV) species.
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technetium are uniformly spinpaired and diamag-
netic, although ReQ," types may have a very weak
paramagnetism. This is also true of K,ReOCl,
which was formerly claimed to exhibit consider-
able paramagnetism. The tetrahedral @° (VII) ions
are but weakly paramagnetic.

While rarely of special value for quantitative
inorganic analyses, spectrophotometry in the in-
frared region possesses potentialities for imparting
structural (as opposed to simple qualitative analy-

tical) information on inorganic compounds that
are similar to those it has for organic ones.

Especially with respect to rhenium and technetium
structures, recent improvements in this area must,
however, be characterized as being more numerous
than real. The literature contains many contra-
dictory interpretations, and the number of reliable
ancillary x-ray structural determinations is just
beginning to become adequate to clarify some of
these conflicts. The subject remains too full of
unresolved issues to permit giving it more than a
passing notice here.

There is a long history of Raman-infrared
studies of crystalline perrhenates and pertechne-
tates and comparisons of their spectra with “per-
turbed” spectra in concentrated solutions. Busey
and Keller®® offer one explanation for the ap-
pearance of only two, of four, Raman lines in
aqueous pertechnetate. Peacock (ref. 2, p. 37) lists
some older assignments. The following examples
may be cited:

Vibrational wave-numbers, cm™ !

Yy v V3 Vg
TcO4 912 (very weak) (913) 326
ReO; 971 (331) 918 343

None of these values should be used without
consulting the contemporary literature.®?» 70
Canterford, Colton, and Tompkins’' have sum-
marized some useful generalizations on the posi-
tions of terminal M=0 as compared with bridging
M—O frequencies. Recent x-ray structural data by
Krebs et al. for Re; 07 7 and Tc, 0,72 can now
be compared with interpretations of the infrared
and Raman spectra of Re,0,7* and HReO, 7> A
profusion of rather contradictory infrared data has
been reported for rhenium and technetium (V)
chelates and complexes. It has rather tenuous
analytical interest and is too inconclusive to be
usefully presented here.
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B. Spectrophotometry of (VII) Species

The principal features of the familiar visible
spectrum of MnO,~, the doublet at 525 and 545
nm with a shoulder near 565 nm, are reflected in
the absorptions of TcO4~ and ReQ4” in the
ultraviolet region (the 310- and 202-nm perman-
ganate peaks are important but less familiar). The
pertechnetate doublet at 244 and 248 nm is well
enough resolved to be recognized as being com-
posite, and the 287.5-nm peak is clearly separated.
The perrhenate doublet at about 204 and 206 nm
will be observed as a single peak at 205 nm on
most instruments; the higher wavelength peak, at
227 nm, is rather well defined. The important
features of these spectra are shown in Figure 5,
although the characteristic vibrational (fine)
structure is not shown. The electronic transitions
responsible for the principal bands have been
assigned by Viste and Gray’® and are listed
elsewhere.’® A few comments on (VII)-spectra,
including infrared spectra, have been included in

section A above.
It seems well established that technetium (V),

probably as TcOCls™2, is a principal and rapidly
formed product of the reaction of pertechnetate
with 12 M hydrochloric acid. It is likely, therefore,
that the formation of pertechnetyl, which is
reported to occur on addition of hydrochloric acid
to pertechnetate in concentrated sulfuric acid,
gives rise to some contamination by technetium
(V). Accordingly, the reported spectrum?®”? of the
compound prepared in this manner is not likely to
represent that of the pure material ( see comments
in section A). The bulk of this preparation,
however, can be back-extracted from chloroform
into dilute aqueous base, reverting to pertechne-
tate in the process.

Measurements?? based on the rates of acid-
catalyzed sucrose hydrolysis, of the acid strengths
of HReO, and HTcO4 give acid dissociation
constants greater than 10®. In earlier attempts to
measure the more moderate values which had been
anticipated for these constants, the spectropho-
tometric behaviors of the MO~ species were
examined in increasingly concentrated solutions of
perchloric or sulfuric acid. Significant transitions
in the spectra begin to occur with acid concentra-
tions greater than about 7 M. Transitions to MO;",
including MO, (OH), may be involved. But a large
proportion of the change is ascribed to the
formation of Re; 0, or Tcy 0.

No significant changes occur in the ultraviolet
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spectra of aqueous pertechnetate or perrhenate
over wide (approximately 1073 to 0.2 M) concen-
tration ranges, nor over the range of pH from 0.3
to 12.27 This extensive “Beer’s law” study in-
volved the use of 0.01 mm to 5 cm cell paths, the
use of absorbance readings from 0.1 to 1.0, and
some differences in slit-width settings between
runs. Hence, the reproducibility (e.g., of ca. 1%
relative), for the 244- and 248.nm peaks of
pertechnetate of the molar absorptivities is cer-
tainly not directly indicative of the optimum pre-
cision or accuracy which should be expected of
analytical applications confined to a more re-
stricted concentration range. There is but
limited justification, however, for reporting exper-
imentally measured e-values in the literature with
the implication that they have absolute meaning
within, say, one part in 6,000. This is especially
true for the doublet peaks, for which the data are
critically dependent on band width.

Within these restrictions, we may cite the
following generally accepted values of molar ab-

sorptivity for aqueous solutions of perrhenate:
5940 *60 at 205 nm and 3600 50 at 227 nm;
for pertechnetate the corresponding values are
6190 40 at 244 and/or 248 nm and 2340 +20 at
287 nm. The very low wavelength of the perrhe-
nate peak makes for a large number of potential
interferences in its measurement. Still, it has some
utility, to better than *+1%, when applied to
relatively pure rhenium materials.

The selectivity is appreciably better in the case
of pertechnetate, and accuracy and precision
within 0.5% relative is obtainable. Obviously, one
should read the maximum from the continuous
curve between 240—250 nm, rather than rely on a
single reading at a fixed wavelength setting. The
concentration is best based upon careful calibra-
tion using one’s own instrument. Calibrated 1- to
10-cm cells with solutions giving absorbances
greater than 0.15-0.20 but not above about 1.0,
would define the preferred concentration range.
For many research and some routine analytical
uses, the characteristic shape of this curve is rather

0.6
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FIGURES. Absorption spectra of approximately 10 —* M MO,~ solutionsin 1 cm cells.
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favorable for good resolution in multicomponent
spectrophotometry in the presence of impurities.
For the assay of high or low concentrations of
pure technetium materials, the method competes
very favorably with the limited alternatives which
are available. For example, low-energy beta count-
ing of Tc?®? is difficult to reproduce better than
+2%. S
As early as 1933, B. Scharnow reported the
isolation from strongly alkaline perrhenate solu-
tions of the relatively insoluble salt Baz(ReQ;),.
The extent to which any MO;s™3 meso-forms of
rhenium or technetium (VII) may exist in alkaline
aqueous media is obviously of general interest and
of special concern for spectrophotometric mea-
surements. A recent interpretation’”’ of the
changes in perrhenate spectra observed in 15 M
scdium hydroxide concludes that only 35% of the
perrhenate is converted to a meso-species in this
medium. Estimated molar absorptivities of the
mesoperrhenate peaks are 6400 at 260 nm and
1400 at 308 nm. The effect of strong base on the

spectrum is illustrated in Figure 6. The extent of
meso-formation would be negligble in aqueous
solutions containing less than 1 M base.

In the case of pertechnetate, no evidence for
detectable meso-conversion was found at any
attainable alkalinity of aqueous solutions. In fused
sodium hydroxide, however; two new higher-
wavelength absorptions do appear: one near 345 nm
and the other, which is half as intense, at 420 nm
{a much weaker peak at 570 nm may be due to an
ortho-form). The low solubility of the barium
mesoperrhenate permits another indirect test of
the conclusion regarding the distinct differences
between the behaviors of technetium (VII) and
rhenium (VII) in aqueous base. About 100-mg
amounts of rhenium (VII) in approximately 12 M
aqueous sodium hydroxide were successfully pre-
cipitated by barium ion in the presence of 0.5 to 1
mg of technetium (VII). Less than 0.5% of the
Tc®® was carried on the Baz(ReOs), precipitate.
However, carbon dioxide should be excluded, as a
subsequent precipitation of barium carbonate can

ABSORBANCE
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FIGURE 6. A. Absorption spectra of 2 x 10—* M perrhenate in water and (to the right) in 15 Af sodium hydroxide;
B. the resolved features due to 35% of meso form in strong base.
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carry up to 4—6% of the technetium.”® Evidently,
such a procedure could provide the basis for a
separation of rhenium from technetium.

V. (V)-STATE SPECIES:
THE TECHNETIUM 8-
QUINOLINOLATES

A. General Background

The significances of the intermediate (V)-state
in certain polarographic reductions and in the
important colorimetric thiocyanate methods for
rhenium and technetium have been noted in prior
discussions, but analytical chemists have been
especially slow to recognize the fact that rhenium
and technetium occur almost as frequently in the

(V) as in the (IV) state. Unfortunately, it is not .

easy to prepare and isolate these in pure forms.
They are often syntliesized by air-oxidizing the
(IV)-state compounds in the presence of suitable
chelating agents,”® but many such reactions give
modest yields and impure (V) products. While
many strong reducing agents will reduce (VII) to
(IV) or (III) states, few of these reactions seem to
permit trapping and recovering the (V) intermedi-
ates with chelating agents added to the reaction
mixtures. But it is likely that many of the
color-forming reactions of (VII) with reducing
chelating agents (or with chelating agents in the
presence of reducing agent) involve (V) com-
pounds.

The reaction of a solution of rhenium (VII) at
pH 1 with tin (II) in the presence of o-
mercaptobenzoic acid (SB) is claimed® to lead to
an Re(SB), chelate of Re(V); however, the molar
absorptivity is only 6100 at 395 nm. Similar
reductions in the presence of dioximes lead to (V)
chelates; but with pyridine ligands present, rhe-
nium (IV) and (III) salts are formed.®! In the case
of technetium (VII), workers continue to agree®?
that technetium (V) is a prompt and major
product of simple reaction with 12 M hydrochloric
acid.

The analyst concerned with the general prob-
lem of separating technetium or rhenium from
other elements soon recognizes one particularly
dismaying void in the available literature: there is
almost no reliable information on the behavior of
the various oxidation states of these two elements

with such common and important reagents as
EDTA, 8-quinolinol, and cupferron.??

Cotton®® proposed a classification of the
better-characterized chelates of rhenium and
technetium (V) into five major categories. When
considered with other known'(V)-state compounds
of these elements, it is evident that the chemistry
and structural possibilities for this state are ex-
tremely varied. Somewhat less is known with
certainty about the technetium than about the
thenium compounds. One interesting series of
water-soluble rhenium (V) chelates was first re-
ported by Ivanov-Emin®® In 1963, Murmann®®
reported the acid association (here expressed as
dissociation) behavior for this system,

[Re(OH) jen, 1*3 _10. [ReO(OH)en,]*2 2023 freo,en,1*.

In 1965, Trzebiatowska®? claimed to have
isolated two rhenium (V) chelates from the fusion
of 8-quinolinol in air with ReO, and characterized -
them as being [ReO(OH)Ox,] and
[ReO,0x(H,0),]. These are assumed to be
octahedral; both are diamagnetic and insoluble in
chloroform. Hirsch®® confirmed that no techne-
tium (VII) is extracted by 8-quinolinol in chloro-
form from aqueous media over the pH range
0—12. He also found evidence for intermediate
(VII-IV) state chloroform-soluble 8-quinolinol
chelates of both rhenium and technetium.

The composition of the solvated uranyl “oxi-
nate” (8-quinolinolate) chelate, UO,0x, * HOx
normally obtained by precipitation from solution
has been known for many decades. Its ultraviolet
and visible spectra, 89:° ©“acidity,”®? and infrared
spectrum®! were examined. The existence of a
comparably unusual oxinate of PuQ,* 2 and other
abnormal types of oxinates is recognized. Further

“reports of infrared spectra®?» °3 and thermal

stabilities? > % have appeared, and several struc-
tural proposals are current.®$ A

Hall et al.”7 present a most- interesting x-ray
crystallographic structure for the UO, Ox,; - HOx
compound (Figure7). The trans-uranyl oxygens lie
at right angles to the three oxine molecules, which
are essentially coplanar. Two of the molecules of
oxine are biligated in a normal fashion, but the
third is monoligated to the metal via a phenolic
oxygen. The charge-balance of this hept_acoordi-
nate structure and the “acidity” of the chelate
result from the presence of a quinolinium proton
on the nitrogen atom of the third oxine, which
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FIGURE 7. Hall’'s structure- for uranyl tris-8 quino-
linolate. The frans uranyl oxygens are normal to this
plane.

forms a strong hydrogen bond between this atom
and the phenolic oxygen of an adjacent biligated
oxine. The U-N distance of 4.1 in the monoli-
gated oxine contrasts with 2.6 A in the case of the
two normal ligands.

This background will serve to introduce a
summary of the present status of a study of the
technetium (V)—8-quinolinol system. This study is
a portion of work supported by an Atomic Energy
Commission Contract AT(11-1)-1483. Major por-
tions of the experimental work were carried out
by Drs. Santosh K. Majumdar, Roland F. Hirsch,
and Mohammed S. Rahaman.: It will be. obvious
from the useful properties of this: system (e.g., a
distribution coefficient of 760 between chloroform
and an aqueous solution of pH=0 and a molar
absorptivity of about 1.1 X 10%), as well as those
of many other chelates of technetium and rhenium
(V), that this general class of compound has great
importance in analytical chemistry.

B. Technetium (V) 5,7-dichloro-8-quinolinolates
1. Synthesis, Composition, and Molecular Weight

For a “large-scale” preparation a pertechnetate
solution containing no more than 10 mg of Tc%? is
taken to dryness (to avoid subsequent dilution of
acid) in the apex of a separatory funnel and
treated with 1 ml of 12 M hydrochloric acid.
Excess chlorine is swept out by passing nitrogen
over the solution for 1 minute. Two ml of 4 M
hydrochloric acid is added with 75 ml of chloro-
form containing about 60 mg (3 Ox/Tc} of
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'5,7-dichloro-8-quinolinol reagent, corresponding

to 3 moles of reagent per mole of technetium, and
the mixture is stirred or shaken while 23 ml of 0.5
M hydrochloric acid is slowly added over a 5- to
10- minute period. After an additional 10—15 min
with intermittent mixing, the layers are separated,
the aqueous phase is washed with 5—10 ml of
chloroform, ana the combined chloroform layers
are nnsed with 10—15 ml of 0.1 Af hydrochloric
acid and dried overnight in contact with 5—6 g of
anhydrous sodium sulfate. The solution is then
decanted through a filter into a clean vessel and
the chloroform is evaporated (at slightly elevated
temperature and reduced pressure, if desired); the
last 20—25 ml of concentrate may be transferred
to a final storage vessel for taking to dryness. The
solution is finally placed in an Abderhalden
chamber over desiccant for 1 hour at 80-90°
under reduced pressure. This gives a partially
“acidic” form I, with some conversion to another
form II, due to concentrating.

For *‘alkaline” preparations of form 1I,, begin
as above, including the washes. Treat the solu-
tion of chelate in about 80 ml of chloroform with
three successive 80-ml portions of an aqueous
solution of pH 124 * 0.2, shaking for 10 min

~during each extraction. Rinse the chloroform

phase once with 15—20 ml of water, dry over
sodium sulfate, evaporate, etc., as before.

More than 96% of the technetium can be
recovered in the acid product, but recovery in the
alkaline form is usually no better than 80%
because of partial decompositions and losses to the
alkaline aqueous phases. Similar preparations, at-
tempted with amounts of reagent limited to two
moles per mole of technetium, give lower yields.
For analytical, rather than preparative, purposes
one proceeds as in the “acid” preparation but uses
some excess of reagent and much smaller volumes
of chloroform. The combined chloroform extracts
are diluted to some definite volume (such as 25 or
50 ml) for spectrophotometric measurement at
420 nm, where the molar absorptivity is 1.104 X
10*. The conversion and extraction are at least
98% complete. The initial concentration of hy-
drochloric acid must be 12 M and the solution
must not be prematurely diluted if the conversion
to technetium (V) is to be complete. There is no
advantage in ultimate dilution to an acidity below
about 2 MM, since the extraction into chloroform is
essentially quantitative from even more coricen-
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trated acid. The selectivity of the method is
compromised by such dilution.

This synthetic route has been used because it is
virtually quantitative and because it introduces no
foreign metals that would complicate matters by

reacting with oxine. The choice of the 5,7-dichloro .

reagent for an initial study of the system is then
dictated by the fact that the chlorine produced
during the reduction with 12 A hydrochloric acid
would result in partial mono- and di-chlorination
of unsubstituted 8-quinolinol if this were used,
and would thereby lead to a confusing mixture of
products having different extraction and spectro-
photometric properties. Low-temperature (750°)
Dumas nitrogen runs on.l-or IL.gave 5.4 £0.5% N
for eight products. The Tc®® assays were usually
based on comparative counting on evaporated
aliquots of known solutions and showed 13.1 *
0.2% technetium. A special semimicro wet-
combustion assembly for the determination of
carbon was tested, and blanks were determined,
with pure reagent and reagent plus added techne-
tium. Van Slyke oxidant was used, and the train
included a cold trap for Tc, 04.

The chelates were surprisingly camphor-soluble,
permitting a Rast molecular-weight determination.
Repeated remelting and freezing did not seem to
result in any dritt in the readings; hence the
thermal stability of the chelates near 175° is good.
The results found for (n) runs were:

Theory for

Experimental (n) TcO, Ox3 *
N 54  * 0.5%(8) 545%
Tc 13.1 * 0.2%(10) 13.0%
C 420 £ 0.5%4) 42.1%
MW 764 +35  (2) 770

* We shall later distinguish between O and OH in
this composition.

The selective removal (or back-extraction) of
any excess reagent from the chelate itself is
difficult. In justifying the unexpected composition
of the chelate, it is important to establish that the
third mole of oxine is combined. The .Rast
molecular-weight determination indicates that

this is the case up to the melting point of .

camphor, and also that a dimeric variant (If;) is
completely dissociated at this temperature.

Thermal stability was checked by slowly heat-
ing the chelate in a Pregl regenerating block under
dried air at slightly reduced pressure. There was
little weight loss below 240° C and less than 8%
after 30 minutes at 275°.  The pure reagent
sublimed rapidly at 210° in the same apparatus.
Several samples were examined by mass spectro-
scopy, showing the peak at m/e = 770 and expect-
ed fragment peaks as well as the doubly-charged
peak at mje = 385. This interesting example of
mass spectrometry of a chelate will be mentioned
insection V.

2. Liquid - Liquid Extraction

The partitioning of this chelate system between
chloroform and aqueous media of a wide pH-range
is shown in Figure 8. It will facilitate our attempts
to rationalize this pattern of behavior if we permit
ourselves to formulate the species somewhat
euphemistically as shown in Figure 9. We shall deal
with further interpretation of the meaning and
possible structures of the system in a later section.

The partitioning behavior of the Tc (V) 5,7-
dichloro-8-quinolinolates can be described in terms
of the existence of a series of increasingly basic
species such as,

K
+ 1
[Tc(QH)20x2]_‘;—>

K
[TcO(OH)0x,35— 2, [Tc0,0x, 1",

where “Ox” represents the 5,7-dichlorooxinate
anion. In the absence of large organic cations, the
third species is exclusively water-soluble. The
chloroform-soluble forms of each of the first two
species include a third mole of monoligated oxine.
In the present discussion these two forms may be
taken as equivalent to,

I. [Tc(om20x2]+ [0x]1” —

II. [TcO(OH)0x2]°°HOx, (1)

where the latter exists in both a monomeric and a
dimeric form, II,.
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The partition coefficient of the dichloroxine
reagent into chloroform is very high, about 7200,
and its water solubility is low. The successive acid
dissociation constants for the quinolinium . —
quinolinol ‘= quinolinate -transitions are 1.5 X

10-3and 2.3 X 1078, respectively. The solubility

of the tris-oxine chelate in chloroform is less than
0.01 M. Back-extractions from approximately 5 X
10-% M solutions of the chelates in chloroform
were used in most of the extraction studies.
Solutions of a priori “acidic form™ are reasonably
stable at this concentration. “Alkaline forms” are
readily converted to “acidic” ones in contact with
aqueous acid andfor dissociate to monomer on
simple dilution. The opposite conversion tends to
be slow for low concentrations of chelate in
contact with aqueous phases of pH < 12. The

800 !‘

600

400

200 = )

“acidic” to “‘alkaline monomer™ transition may be
viewed as a transition that is tautomeric but slow
to reach equilibrium. :

A system of bis-oxinate species is postulated for
the aqueous forms, which are present at very low
concentrations. Decomposition of the chelate by
air-oxidation andfor disproportionation tends to
occur in aqueous phases of pH > 13. Comparative
counting of the Tc®® in evaporated aliquots from
the two phases defined the distribution of the
technetium, which is identifiable with that of the
chelate (in other than highly alkaline media). In
measuring D-values as high as 760, or even 100,
the aqueous phases obtained after initial separa-
tion in the ordinary- way were also centrifuged
prior to withdrawing aliquots for counting. Some
behavior of interest occurs at *“pH numbers”

6 8 10 12 14

oH

FIGURE 8. Partitioning into chloroform of the technetium(V) bis-oxo-tris-(5,7-dichloro-8-quinolinolate) system.
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below —1 and above 15. Such figures are only
calculated from literature data on the mean
activity coefficients of strong electrolytes.

The partition coefficient for the acidic form I is
760 *20, and this form is almost wholly in the
chloroform phase even below pH 1. Aqueous
hydrochloric acid at concentrations of 3, 6, 8, or
10 M (mean ionic activities of about 4, 19, 40, and
70 M, respectively) lowers the distribution as
shown. If the water-soluble species were formed
from the chloroform-soluble one by proton addi-
tion and if the protonated form had a dissociation
constant K,, then

D= 760/{L+([H+J/Ka)}

The experimental D-values for the four concentra-
tions give calculated values of 2.3, 3.3, 2.9, and
29 for K, .

This consistency is impressive, but the resulting
value is over 7 orders of magnitude higher than
that for the dissociation of the next proton (see
Ky on the figure). A more plausible transition is

+ - —
[Tc(OH)20x2] [OX]CH013‘_

[Tc(OH)zole*[Cll'
aq

although the third oxine is actually monoligated to
the metal. The equilibrium constant of this re-
action is related to the reciprocal of the associa-
tion constant of a monochloro complex. Using
mean ionic activity coefficients for hydrochloric
acid, one can as well refer to a pCl as to a pH scale.
A fitth point on this curve refers to an aqueous
phase which was 0.1 & in hydrochloric acid (pH =
1) and 5 M in lithium chloride (pCl =-1). The
consistency of this point with the data for
solutions of hydrochloric acid alone supports this
interpretation. Although these data are necessarily
approximate, they would seem to exclude a
possible dependence on the square or any higher
power of the chloride-ion activity, which would
result in any displacement involving more than one
chloride ion.

At pH 7 the measured D-value is 380 and the

assumption that the extraction is controlled by
a transition

L 0
[TC(OH)2OX2] [TcO(OH)Oxz]-
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such that,

b= 780/{1 + (X, /tH* D},

provides a good fit from pH = 5 up to this point.
A constant value for K, of 1.0 £ 0.1 X 10 ~"fits
the data. If this portion of the curve is extended
and symmetrically turned at the toe (as if the
more alkaline form were water-soluble), it would
intercept the D=1 level at a pH of approximately
9.7 £ 0.3. The calculated pH for “half-extraction”
should be,

le/Z = P.}Sl + log 760

7,0 + 2,9 = 8.9

The concept is reasonable, and the asymmetry
beyond pH 7.5 is interpretable in terms of a
chloroform-soluble dimer.

A plateau region extends from pH = 8 to 10.0
and defines the partitioning of a more “alkaline”
species 1. However, the partition coefficient for
the monomeric species is Pj;=44 + 2, and not
200 as it might seem from the figure. The D-value
found at the plateau is sharply dependent on the
concentration of chelate present. Its behavior in
the range between 0.02 and 0.12 mM conforms to -
the occurrence of dimerization in the chloroform
phase.

The extraction between pH = 10.0 and 12.5
(and even beyond that to 13.3 if correction is
made for decomposition in the aqueous phase) can
be described in terms of Pyy for the monomer, K,
for the equilibrium II — [TcO,0x;]in the
aqueous layer, and a dimerization constant Kgim,
for the reaction 2(II) = (II), in the organic layer.
In this range of concentrations and pH-values, the
total analytical concentration of chelate, C;, pro-
vides a good approximation to the sum of the
concentrations of all of the species in the organic
phase. One of several ways of describing the
relationship is
D= Pppl 21 + 8Ky €0/2(1 + (K,/(HYD))
Values for the other constants are K; =1.1% 0.14
X 107'? and Kgjm.= 1.15 * 0.1, X 10%. The
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latter value is confirmed by spectrophotometric
dilution studies, which yield 1.1 £0.3 X 10°.

It is increasingly difficult to obtain experimen-
tally reproducible values of D beyond pH 13. At
least three types of decomposition or transition
which contribute to this situation are indicated on
the flow diagram. In view of the tentative char-
acter of some of the prior interpretations, we will
not elaborate on the requirements for calculations
involving the pH-interval from 7.5 to 10. The
above premises provide a satisfactory basis for
such calculations, but an evident violation of the
principle of microscopic reversibility is inherent in
the premises. The violation is easily lifted only if
one assumes that, despite the good experimental
reproducibility of these results, the tautomeric I =
11 equilibrium is only very slowly established. Near
pH 10, the values of D decrease on decreasing the
total concentration of the chelate, and asymptoti-
cally approach a lower limit of 44 £ 2, the
partition coefficient of the monomeric alkaline
form. Spectrophotometric dilution studies imply
that the dimer — monomer transition, 1, — 21,
is relatively facile.

10

3. Spectrophotometric Properties

Chloroform solutions containing the acidic or
dimeric alkaline chelate at concentrations of about
10 ~*Mf such as are used in the extraction studies,
are well suited for examination of the ultraviolet
and visible absorption spectra (Figure 10).
Throughout most of the pH range, however, the
corresponding equilibrium concentrations of che-
late in the aqueous phase are too low for spectro-
photometric measurement. Higher concentrations
of modified species can be obtained in aqueous
solutions, but, unfortunately, examination in the
sodium chloride infrared region is also not feasible
at the saturation-limit concentrations of the che-
late in chloroform solution.- Obviously, the exam-
ination of solid chelates isolated by concentration
from chloroform solutions may not directly reflect
the species originally present in 10~% M solution.

The most characteristic feature of both chelate
forms in chelate solutions is a strong absorption
band near 420 nm (see Figure 10). The utility of
this peak for analytical purposes has already been
mentioned. The molar absorptivity of the com-
pletely “acid” form of the chelate at this wave-

1 1
300 400

1 1
500 600

>\, nm.

FIGURE 10. Absorption curves of the technetium(V) dichloro-oxinates and reagent forms in chloroform solution.
A. acido chelate form I; B. dimeric alkaline chelate form 1I,; C. quinolinium tetraphenylborate; D. the

dichloro-8-quinolinol reagent.
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length is 11040 % 60, while that of the
(completely dimerized) more alkaline form is 9250
+ 50. Only the latter form can be isolated,
essentially free of other forms, by concentrating
and evaporating solutions of it in chloroform.
Initially acidic forms, after treatment in this
fashion, redissolve in chloroform to give molar
absorptivities of only about 10400—10700, but
the full value of 11040 can be restored after
contacting with aqueous acid.

By analogy with many well-known cases of
metal oxinates, this absorption is to be ascribed to
the ligated oxines. The previous observations
already suggest that molar absorptivity (expressed
with reference to moles of technetium, whether
dimeric or not) of 9250 belongs to the normal
bis-biligated oxines, while an additional 1790 in
the acidic form may be loosely ascribed to a
contribution from the third mole of oxine which
has some different (e.g., “quinolinium-like”)
status in this form. This interpretation can be
further pursued in terms of the other spectral

~ differences found at lower wavelengths (see the

figure), and some interesting analogies with
UO, Ox,°HOx. The absorption spectra of (Ph, As")
(Ox) and (H,O0x")(PhyB™) in chloroform solu-
tions provide “models” for these forms ot quino-
linol.

The liquid-liquid distribution studies (and elec-
trical conductivities) indicate the desirability of a
spectrophotometric dilution study of the dimeric
alkaline form in chloroform solution. Both be-
cause of the concentration range in which mono-
merization occurs and because of the modest
difference in absorption of the two forms, the
accuracy is somewhat limited, even with a path
length of 10 cm. The value of the dimerization
constant which fits a spectrophotometric dilution
curve (dgq0 vs. C) is 1.1 £ 0.3 X 10°, in good
agreement with that deduced from the extraction
data. The lower concentration (monomer) data
can be extrapolated to give the € of pure monomer
as 10980 *150. While not precisely definable, this
value lies suggestively close to that of the pure
acidic form.

Infrared spectra of potassium bromide pellets
containing the reagent, the (dimeric) alkaline
form, and the purest isolable acid form all show
the characteristic oxine ligation absorption at
1110 cm . The absence from both preparations of
the “free oxine” peak, which lies at 715 ¢cm™! for
the -dichloro compound, is also significant relative
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to the status of the third mole of ligand. The
comparable peak is also absent in the spectrum of
UO,0x,°HOx. The fundamental 0-H and N-H
regions overlap and show added broad peaks due
to extensive hydrogen-bonding. In the region from
1000 to below 600 cm™!, the ligand contributes
many bands. The locations of the vibrations
expected from an approximately trans O0=Tc—OH
structure are difficult to identify amidst the other
features.

In the latter region the location of Tc=0 near
980 cm™! is reasonably unambiguous, but the
assignment of Tc—OH is less certain (e.g., between
bands at 890, 685, or 650 ¢cm~').”! For the
technetium (V) dichlorooxinates a unique phe-
nomenon appears in the ligand ring-deformation
and other modes. Not only are the usual 5 30
cm™! ligand shifts to higher frequency observed,
but also a comparably shifted band appears at a
lower frequency. While this is not reported for the
coplanar, tris-oxinate of UO,, it may result from
the non-coplanar and hydrogen-bonded oxine
postulated in our case.

In the near-infrared region we find some dis-
tinction between the “acidic” and “alkaline-
dimeric” technetium (V) chelate forms at concen-
trations above about 10~* M in chloroform solu-
tions and with path lengths of 1 cm or above.
Corsini®® cites 2600 cm™! as characteristic for the
N-H-O intramolecular bond, as in UO, Ox,-HOx.
Our acidic (and/or monomeric) form in solution
shows this band near 5200 cm™ (the harmonic),
while it is very much weaker for the dimer. It
shifts as expected on deuteration. Corsini also
notes the absence of this band for UO,"? with
7-substituted oxinates because of steric inability to
form the tris-compound. The observation adds
credence to our assumption that the tris-
5,7-dichloro chelates of technetium have a non-
coplanar oxine.

4. Interpretation and Postulated Structures

The prior discussion indicates the many unusual
features of this system and its potential for
separation and measurement. Since pertechnetate
(VII) is not extracted by 8-quinolinol reagents
into chloroform, a highly selective two-stage
(oxidized, then reduced) separation of technetium
from most other elements is possible.

Our present interpretation of both the extrac-
tion and spectrophotometric behavior of the
system must be regarded as tentative. The system
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delineated in Figure 9 satisfies most of the
experimental observations but does not resolve the
non-equilibrated tautomerism question nor suggest
actual structures.

Evidently, all three oxinates in these chelates
are strongly bound, and three remain bound after
scission of the dimer. Molecular-weight determin-
ations and mass spectra on the isolable II, solid
demonstrate:

1.  The need for two hydroxyl ions as
well as three molecules of oxine,

2. The complete retention of the third
mole of oxine up to 175°, the melting point of
camphor, and its substantial retention in vacuo at
220-250° C, the probe temperature in mass
spectroscopy, which show that this ligand must be
bound to the metal, and

3. The complete dissociation of the
dimer to give monomer by 175° C.

Evans’ indirect NMR technique®® was used to
estimate the magnetic susceptibility as being less
than 0.6 B.M. Solubility limitations preclude any
closer specificiation,

Recognizing the zwitterion character of the
8-quinolinol reagent, the structure established for
UQ,0x,° HOx, and the implications of such dis-
tinctions between technetium and uranium as the
difference between their radii and the difference
between the “acidities” of Tc(OH), and UO,, our
data lead us to postulate the structures indicated
in Figure 11. All forms are heptacoordinate and
the third, monoligated, oxine is rotated out of the
plane of the. normal bis-biligated oxines (not
shown on the sketches). In chloroform, the acidic
and monomeric alkaline forms differ only in the
position of one proton (tautomers), but
hydrogen-bonding is possible in both cases. The
shorter Tc=0 double bond, however, makes this
less feasible (internally) with the monomeric more
alkaline form, resulting in extensive dimerization
and intermolecular hydrogen-bonding. Dimeriza-
tion is almost complete at concentrations above
10% M. :

V. MISCELLANEOUS TECHNIQUES

OF SEPARATION AND
MEASUREMENT

A. Separation Methods
1. Liquid-Liquid Extraction.

Once again it is important to recall that the ex-
traction behavior reported for technetium (VII)

from such aqueous media as 8 to 12 M hydro-
chloric acid may actually reflect the presence of
some Tc (IV) and (V) states. Moreover, the extent
to which organic solvents, such as ethers, alone
may tend to extract perrhenate, pertechnetate, or
other species from aqueous media, must be kept
in mind when considering those additional separa-
tions which are possible via more conspicuous che-
lations with other reagents dissolved in such
solvents.

Boyd and Larson!®? reported the most exten-
sive survey of the liquid-liquid extraction behav-
iors of technetium (VII) with a variety of organic
solvents. The presence of a donor nitrogen or basic
oxygen group in the organic solvents favors ex-
traction.

We have found a partition coefficient of about
0.13 for pertechnetate into diethyl ether from 2 M
sulfuric acid.®® From aqueous hydrochloric acid,
the partition coefficient ranges from 0.03 to 0.16
as the acid concentration is changed from 0.73 to
3.9 M.27 Attrep'©! reported partition coefficients
between 0.03 and about 1.0 for aqueous nitric
acid solutions at concentrations from 0.5 to, or
above, 6 M. From hydrochloric or sulfuric acid at
concentrations up to and including 8 M or 4 M, re-
spectively, negligible extraction is observed into
solvents such as chloroform®? or carbon tetra-
chloride.

Healy and McCabe! ®? studied the extraction of
Mo®® (as molybdate) from dilute aqueous acid
using cupferron and chloroform. Quantitative ex-
traction is possible down to microgram levels, and
it is claimed that the distribution coefficient
exceeds 200. Meyer and Rulfs®® successfully
extracted larger amounts of molybdate from mil-
ligram levels of perrhenate in 1 M sulfuric acid
using cupferron in chloroform. Salaria, Rulfs, and
Elving®? report that significant (5 —10%) extrac-
tion of pertechnetate begins to occur at compar-
able acidities and increases with higher concentra-
tions of acids. Still more extraction of technetium
occurs using ether as the solvent. Evidence was
also given to show that the extraction of techne-
tium (1I1), but not that of technetium (IV), is
appreciably increased in the presence of cupferron.

Although molybdate does form an extractable’
compound with 8-quinolinol, neither. pertechne-
tate nor perrhenate is extractable in the (VII)
state. Technetium (V) does form extractable oxi-
nates, however, as described in section IV. In
contrast to the behaviors of the rhenium (V)
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compounds studied by Trzbiatowska®” we have
also found a significantly chloroform-soluble
brown form of rhenium (V) oxinate which can
coexist in equilibrium with a water soluble
yellow-green form.

Kuznetsov et al.!®3 describe the quantitative
extraction of tracer-level perrhenate or pertechne-
tate by 0.01 M 8-mercaptoquinoline in chloro-
form. They claim that 10-3 to 10~! M solutions of
8-quinolinol, 2-methyl-8-quinolinol, or 5,7-
dibromo-8-quinolinol give no extractions from
acidic to neutral aqueous media. It is surprising (in

O/H N

|

0
H

VA

DIMER

view of the behavior discussed in section IV) that
for pertechnetate this claim is extended to include
10 M hydrochloric acid.

Several sets of Russian workers (e.g., A. N.
Zelikman et al.!°% 195 and K. A. Bol’shakov et
al.106:107 from 1967 to 1969) have reexamined
and extended studies of the extraction of techne-
tium (VII) and rhenium (VII) with tributyl phos-
phate TBP and alkyl amines. Campbell’®® des-
cribed the isolation of pertechnetate from fission
product using TBP. Rein et al.'®® define the
distributions of 57 metallic ions between aqueous

"\: 5

\o
H

FIGURE 11. Postulated structures for the technetium(V) tris-oxinates in the
plane of the third (monoligated) oxine. Not indicated are the ring unsaturation
and the dichloro substitution. The bis-biligated oxines are essentially coplanar and

lie normatl to the features shown here.
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solutions of acidities from 0.2 to 5 A and any of
three different tetraalkyl amines in methyl iso-
butyl ketone.

Peterson, MacDuff, and Hovey'!? selectively
extract small amounts of rhenium (VII) from
alkaline media using 8% (w/v) methyltricapry-
lammonium chloride in chloroform. Salaria, Rulfs,
and Elving!!! used millimolar concentrations of
this extractant for the quantitative isolation of
pertechnetate from dilute hydrochloric or sulfuric
acid, neutral solution, or 0.1 A potassium hy-
droxide.

10

2. Chromatographic and Ion-Exchange Methods

For medical use as a diagnostic tracer Tc?%™ s
produced from Mo®?, which is bound as molybdic
acid or molybdate to an alumina column. The
metastable product, as pertechnetate, is eluted
from the source columns using dilute acids or
physiological saline solution. In the past five years,
several dozen English, Russian, and German papers
refer to empirical studies of variations in the
technique surrounding this medically important
procedure.

Anion-exchange resins, such as Dowex-1 or -2
or Amberlite IRA 400 or IR 120, have a long
history of important applications to separations of
rhenium (VII), technetium (VII), and molybde-
num (VI). Faris and Buchanan®!? give a useful
summary of the distribution behavior on Dowex-1
for 70 elements in 0.1 to 14 AM nitric acid.
Korkisch and Feik!!? describe some improvement
in_ separation, especially that of rhenium and
molybdenum, in such a system by using partially
non-aqueous eluants.

Maeck, Kussy, and Rein'!# describe the be-
havior of 60 metal ions on hydrous ZrO, and
zirconium salt columns.

Good separations of technetium, rhenium, mo-
lybdenum, and tungsten by thin-layer chromato-
graphy have been claimed using cellulose,! ! * silica

gel,} 16118 and alumina.!'?

B. Miscellaneous Measurement Techniques

1. Emission Spectra and X-ray Methods

Bozman, Meggers, and Corliss'2°® recently re-

corded accurate wavelength data and relative in-
tensities for 4500 Tecl and Tcll arc and spark
lines in the 2000—9000 A region. Many of the
Tcl lines have been classified and their energy
levels tabulated.' !

Classical chemical procedures for the separation

and determination of rhenium as a major consti-
tuent in present-day alloys and mixtures that also
contain such elements as molybdenum, tantalum,
zirconium, uranium, and tungsten are frustratingly
complex and time consuming. The relative errors
of about * % that may be realized by x-ray
absorption or fluorescence methods are often
acceptable and are sometimes as good as those
attainable by the best chemical method. Normally,
the x-ray method requires no preliminary separa-
tion steps and is enormously time-saving by
comparison with wet chemical approaches. Out-
lines of two such procedures will illustrate the
nature and potentialities of these techniques.
These methods were developed by E. A. Hakkila
of Dr. C. F. Metz’ Group CMB-1 at the Los
Alamos Scientific Laboratories.! 22

Rhenium, in the concentration range between
0.10 and 10%, is determined in tantalum by x-ray
fluorescence spectrometry using a solution tech-
nique. The sample is dissolved in 5.00 ml of
hydrofluoric acid, irradiated using x-rays from a
tungsten-target tube operated at 50 kV and 40
mA, and the intensity of the Loy fluorescence line
of rhenium, corrected for background, is com-
pared with the intensities measured for samples of
known composition. For samples containing be-
tween 0.1 and 1% of rhenium, 1.000-g aliquots are
taken; for rhenium concentrations between 1 and
10%, 0.1000-g aliquots are used. Relative standard
deviations of 5.6, 1.9, and 1.0%, respectively, were
determined for 0.10, 1.00, and 10.0% of rhenium
in tantalum. The standard deviation in the analysis
of a blank, using a 1.0-g portion of tantalum
containing no added rhenijum, is 37u g of rhenium.
Copper and zinc interfere seriously with this
determination of rhenium.!2?

Rhenium in rhenium-uranium-zirconjum car-
bide is determined using an x-ray absorption edge
method which provides the high selectivity gener--
ally associated with this type of analysis. Such a
sample may be dissolved in mixed hydrofluoric
and nitric acids without loss of volatile rhenium
products. A bismuth-thallium alloy is irradiated
with x-rays from a tungsten-target x-ray tube, and
the secondary x-rays of bismuth and thallium are
transmitted through an absorption cell filled suc-
cessively with water, suitable known solutions, and
the sample solution. An absorption edge for
rhenium occurs between the Loy lines for thal-
lium and bismuth. Measured transmitted intensi-
ties are related to rhenium concentrations using
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accepted absorption principles. The procedure is
applicable to the determination of rhenium con-
centrations of 20 to 100% with relative standard
deviations in the range between 2.8 and 0.6%.
Only gallium, ytterbium, lutetium, and hafnium
have absorption edges between the x-ray lines used
for analysis and, therefore, interfere.! 22

Solt et al.!23 distill Re, O; from molybdenites
and precipitate rhenium sulfide in the distillate
prior to the x-ray fluorescence determination of
107® to 3 X 10 ° g of rhenium within about
+2%.

2. Radiochemical Measurements and Activation
Analysis
Gemmill, King, and Molinski' *¢ isolate Tc®®™
from its Mo®? precursor by extracting pertechne-

tate into methyl ethyl ketone from alkaline (2 M

potassium carbonate) aqueous molybdate solution.
Richards and O’Brien’2® employ readings with
and without a shield using a Mediac dose calibrator
to determine as little as 1 part of Mo®® present
with 10* parts of product Tc®®™.

Johnson '2¢ describes a simple linear resolu-
tion, using count rates vs. time in two energy
channels, for resolving binary mixtures of radio-
nuclides. The application is described for the
activation analysis of molybdenum, and involved
the Mo'®!  Tc'®! nuclides. Gureev et al.!27?
separate molybdenum and rhenium on an ion-
exchange column after neutron irradiation. The
vy-activity of the separated Re'®¢:188 is measured
and corrected for the efficiency of separation.
Foldzinska!?® describes the neutron-activation
determination of low concentrations of rhenium in
molybdenites containing tungsten. Fusion of the
ore with metallic calcium and potassium perman-
ganate at 650° forms a soluble perrhenate; this is
isolated by extraction into carbon tetrachloride of
its complex with methylene blue.

The cross sections of Re'®5 and Re!?7 for
(n;y) and (n, 2n) reactions with fast (0.6, 0.8 and
14.8 Mev) neutrons have been measured by
Druzhinin, Lbov, and Bilibin.!2° A

Bogancs et al.'! 3° use neutron activation analy-
sis to determine rhenium, aluminum, sodium,
potassium, nickel, and silicon in tungsten fila-
ments. Schmied and Ziffermayer! 3! also use this
method for vacuum-tube grids containing rhenium,
molybdenum, tungsten, tantalum, and platinum.
All of these elements proviae y-lines that overlap
those of rhenium, and chemical separation is

368 CRC Critical Reviews in Analytical Chemistry

necessary. The alloys are dissolved in a 1:3
mixture of hydrofluoric and nitric acids and the
solution is irradiated and cooled for two days. The
products are bound to anion-exchange resin and
successively eluted from the column using grada-
tions of fluoride-ion concentration and acidity.
Finally, the rhenium is eluted with 0.5 M per-
chloric acid.

Doctor and Haldar' 32 subjected ferritic copper
ores to neutron irradiation, then fused them with
sodium peroxide spiked with potassium perrhe-
nate, leached with water, extracted with pyridine,
and precipitated the perrhenate as the nitron salt,
The product is weighed and vy-counted on a
planchet. A sensitivity of 10 g is claimed, and
the precision and accuracy are about 6% at the 5
pg-level. )

Case et a use computer reduction of
Ge(Li)-detector spectral data from neutron-
activated rock and meteorite samples. They em-
ployed monitors on magnesium oxide beds; some
radiochemical separation steps were necessary,
after which yields were estimated by reirradiation.
The elements determined were antimony, arsenic,
bismuth, cesium, cobalt, gallium, germanium, gold,
mercury, molybdenum, osmium, rhenium, scan-
dium, selenium, tellurium, and zinc.

Many of these methods involve the counting of
evaporated residues. Especially for the assay of
materials such as Tc®?, liquid-scintillation count-
ing has become very important. Finely divided
dispersed forms may be used, but chelated or
other soluble forms are usually available.

1133

3. Mass Spectroscopy

The direct spark-excitation and mass spectro-
metry of solid inorganic materials containing
traces of rhenium or technetium should be sensi-
tive, as it is for most elements, to levels of 0.01
ppm or below. As additional applications are made
of the increasingly abundant element technetium,
the low-level contamination of surrounding and
recycled media of all kinds will require inventory.
The soft beta emission of Tc®® is not readily
detected in company with high concentrations of
many absorbers. Similarly, the occurrence of
rhenium, usually at concentrations below 1 ppm,
in molybdenites, copper ores, and platinum
sources could be most readily determined by this
technique.

Many volatile compounds such as Tc, 04,
Re, 0;, HReO,, HTcO,, oxyhalides, and car-
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bonyls are obviously amenable to mass spectro-
scopic detection. Battles, Gundersen, and
Edwards' 3% used mass spectrometry to study the
vaporization behaviors from the two-phase solid
systems ReO, -+ ReO; and Re + ReQ,. With
both systems the equilibrium vapor consists
mainly of Re, O, with less than 5% of ReO;. The
appearance potential of Re, O (g) was measured as
13.0 £0.5 ev.

Rinke, Klein, and Schaefer'®S report an in-
teresting mass spectrometric study of rhenium and
technetium halides. Mixtures of ReCl;, TcCly, and
other species were heated in the spectrometer
inlet. Principal species found included all of the
mixed possibilities (Re, Tc)3;Cly. The Tc3Cly,
species was also present.

Excepting such cases as the carbonyls and
acetylacetonates, one does not tend to think of
most metal chelates as being adequately “volatile™
(prior to extensive pyrolysis) to permit mass
spectrometric examination. But an increasing
number of such studies are now being reported,
and these involve a wide variety of chelate types.
Generally, samples are introduced directly into the
system via heated inlet probes and, despite the
evacuation, temperatures considerably in excess of
150° C are necessary. Several trial runs may be
required to determine the conditions of scanning
time and temperature level which will optimize the
inclusion of undecomposed parent in balancing the
minimal requirements of volatility against pyro-
lytic decomposition. Obviously, some indication
of the course of pyrolytic behavior can be derived
from studies at a series of temperatures.

An interesting example of this type of applica-
tion involved the unusual technetium (V) chelate
with 5.7-dichloro-8-quinolinol, as described in
section IV. The composition of the “chloroxi-
nate” appeared to be Tc(O,0H)Ox;, with one
mole of oxine being monoligated to the metal. In
the vacuum of the spectrometer system large
amounts of the chlorinated oxine (mass 213)
already appear at probe temperatures below 200°
C, but little of the highest-mass parent is detect-
able. With a probe temperature above 250° C and
at 70 ev the parent of mass 770 is barely evident,
but good indications are found of the doubly
charged ion at mfe =385 and the deoxygenated
one at mfe =368. Better definition of the parent
is evident at 220° C and 40 ev. Prominent
processes include the loss of OH (or H, O) and the

loss of entire chloroxine molecules, as indicated by
the following relative intensities:

TcO, TcO Tc
30x 3 45 36
20x 8 24 50
Ox 9 27 100

The intensities of the doubly-charged [TcO, Ox3]
and [TcOx;] species were about 18. Loss of ring
chlorine is also a prominent process: for example,
for the TcOx, peak with but three chlorine atoms
present (the fourth of the original ones having
been lost) has an estimated intensity of 120.

One must recall that the #ris-dichloroxinate
species contain 6 chlorine atoms and give a set of
seven peaks with Am = 2. The 27 carbon atoms of
a tris-oxinate also give an adjacent set of O'3
satellites, with Am =1, having about 30% the
intensity of their neighbor set. The nine sets of
peaks tabulated above, e.g., should actually in-
clude 90 peaks. This profusion of data resulting
from monoisotopic Tc®? compounds would be
further complicated in the case of Re.!®% 187
Actually, the unambiguous interpretation of such
data tends to be facilitated by the utilization of all
such factors. For example, the number of
chlorine-isotope satellite peaks and/or their pat-
tern of relative intensity prevents possible confu-
sion between TcOx, with four chlorine atoms and
Tc(OH), Ox, with three chlorine atoms, etc. In a
given scan where some peaks are just adequately
developed while some others are off-scale in
magnitude, the pattern of the latter may be
estimated by using the smaller C!3 satellite peaks.

DeJongh! 3¢ has recently reviewed the applica-
tions of spark-excitation and of “volatile” metal
chelates in inorganic analytical mass spectrometry.

VI. SUMMARY

It is possible to bright-plate both Re and Tc
metals from aqueous media in a reasonably quan-
titative fashion, but the deposit is not favorable
for weighing. The (VII)-states in 4 M perchloric
acid undergo initial 4- or 3-electron reduction-
steps in polarography at the d.m.e. These waves
are suitable for analyses of 1073 — 10~% M
solutions within * 1% if necessary precautions are
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taken. The four-electron coulometric reduction of
pertechnetate can probably be refined to better
than + 0.5%. Several usable amperometric tech-
niques exist for the determination of rhenium. The
direct chemical reduction of some technetium
(VH) in aqueous acidic media by contact with
mercury is an important consideration in many
electrochemical techniques.

The available techniques for the determination
of rhenium and technetium by redox potentio-
metry are not very selective. Precipitation of the
tetraphenylarsonium MO, salts remains the only
good gravimetric determination which has been
described for these elements; useful amperometric
variants of this procedure have not been defined.

Older procedures for the separation of rhenium
or technetium from other materials by volatiliza-
tion are often supplanted by ion-exchange or
liquid-liquid extraction methods. Most ion-
exchange methods involve the MO,;  ions on
anion-exchangers and the use of acidic media,
especially nitric acid. Many different liquid-liquid
extraction systems are used, the majority em-
ploying the (VII)-species. Many complexed and
chelated (V)-species would be amenable to extrac-
tions, but conveniently quantitative routes to the
(V)-compounds are not easily found.

The normal tetrahedral MO,~ species persist in
aqueous media under most circumstances; their
characteristic absorption in the ultraviolet region
has some analytical utility, especially for the
pertechnetate ion. The formation of meso-ions,
MO;3; in alkaline media is not very extensive in
the case of rhenium and is virtually non-existent
with technetium in aqueous media. Spectropho-
tometric measurement of ReClg? provides a
useful method; a comparable TcCls? procedure
would be complicated by the occurrence of
photocatalyzed aquation. Study of the latter

370 CRC Critical Reviews in Analytical Chemistry

process explains some of the previous discrep-
ancies regarding the spectrum of this ion. The
(V)-thiocyanate procedures remain important for
rhenium and technetium, as does the furildioxime
chelate with rhenium. A number of dyes have been
found to be reactive with perrhenate and extract
into solvents like benzene; they have molar ab-
sorptivities that approach 10°.

The very unusual properties of a technetium
(V) system with a substituted 8-quinolinol are
described. The system has important direct appli-
cations for liquid-liquid extraction and spectro-
photometry. More importantly, it is probably
representative of other (V)-chelates of analytical
significance. Only a start has been made toward
the full elucidation of this rather complex example
of such a system.

Both the spark excitation of refractory solids
and the volatilization of metal chelates will permit
increasingly frequent application of mass spec-
trometry to inorganic analyses and studies of
materials including rhenium and technetium.
There is no question whatever that a more
widespread use should be made of x-ray absorp-
tion and fluorescence methods in the routine
analysis of such difficult samples as alloys con-
taining rhenium and technetium.

Activation analysis is being widely applied for
the determination of low levels of both rhenium
and technetium. In addition, of course, the usual
occurrence of the latter element is as either Tc®9™
or Tc®?, which provide their own radioactivity.

There remains a relative paucity of good classi-
cal gravimetric, titrimetric, and simpler electro-
metric methods available for rhenium and techne-
tium. But there does exist a good selection of
bases for separations, and for sensitive and reliable
measurements by spectrophotometry, radioactivi-
ty, and contemporary instrumental methods.
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Author’s Correction

1. On p. 90, col. 2, line 7, “Table 147

The following corrections should be made in should read *“Table 12”.
the printed text of the article Estimation of 2. In Table 12, p. 109, the values obtained
Medium Effects for Single Ions in Non-Aqueous by Alexander and Parker for K*, Cs *, and Ag *
Solvents, CR.C. Crit. Rev. Anal. Chem., 1 (1),73 should be 0.0, - 0.1, and (—5.9", -5.7), respec-
(1970): tively.—Orest Popovych
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