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1. INTRODUCTION

We have been interested for some time (1-32) in the applica-
tion of modern clectroanalytical methods to. the study of molten
fluoride salt systems of interest to nuclear reactor technology.
The development of in situ (in-line) monitoring techniques has becn
one of the main goals of this research. An obvious advantage of
in-line monitoring is that it would provide immediate knowledge of
the bchavior of the reactor fuel and at the same time eliminate
sampling and other time consuming procedures. Experience with this
and other programs has generally demonstrated the value of in-line
analysis, both in more economical analyses and, frequently, in more
timely and meaningful results.

Electroanalytical methods appcar to be especially attractive
for the direct analysis of elcctroactive species in mclten salt
reactor fuel and coolant salt systems. This chapter summarizes
our electroanalytical studies of bismuth, iron tellurium, oxide
and U(IV)/U(III) ratio determinations in molten LiF-BeF2-ThF4
(72-16-12 mole %) and LiF—Ber—ZrF4 (65.6-29.4-5.0 mole %). These
salts are the Molten Salt Breeder Reactor (MSBR) and Molten Salt
Reactor (MSR) fuel solvents, respectively (33).

‘+Operated by the Union Carbide Corporation for the Energy
Rescarch and Development Administration.
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2. EXPERIMENTAL

The experimental set-ups for voltammetric and chronopotentio-
metric studies in molten fluorides have been described previously
(7,32). The controlled potential-controlled current cyclic
voltammeter is described elsewhere (34). A Tektronix 7313 storage
oscilloscope equipped with a series C-50/C-70 Polaroid Camera, and
a Hewlett-Packard Model 7045-A X-Y recorder were used to record
the voltammograms and chronopotentiograms. The melts were con-
tained in glassy carbon crucibles (obtained from Beckwith Corp.,
Van Nuys, California). Gold, iridium, pyrolytic graphite and
glassy carbon unsheathed working electrodes were used (typical area
approx. 0.25 cmz), as well as iridium quasi-reference electrodes
(6). The Ni(II)/Ni reference electrode (11,20,23) was not employed
in order to simulate in-line monitoring conditions involving highly
radioactive melts under which the use of this electrode may prove
impractical. The glassy carbon crucible was used as the counter
electrode. The solvent salts, LiF-Ber—ThF4 and LiF-BeFZ—ZrF4,
were prepared and purified by Chemical Technology Division person-
nel at the Oak Ridge National Laboratory. The procedures have
been reported previously (35). Bismuth, nickel and iron werc
added as anhydrous BiFsz, NiF; and FcF,, respectively. Oxide was
added as either sublimed Al;0z (36) or '"low fired" BeO (37). The
peroxide and superoxide werc added as high purity Na0, and Na0O,,
respectively.

Tellurium compounds, Li,Te and LiTez, were prepared by members
of the Chemistry Division, Oak Ridge National Laboratory (38).

3. RESULTS AND DISCUSSION
Bismuth

Bismuth, because of its potential use in MSBR fuel reproces-
sing (39), is a potential trace level impurity in a reactor fuel
stream. Under such conditions bismuth will probably be present in
the metallic state, so that some oxidative pretreatment would be
necessary before carrying out a voltammetric determination of
bismuth. The electroreduction of Bi(II1) in molten LiF-BeFy~ZvF,
by voltammetry and chronopotentiometry was first studied by llammond
and Manning (26). This work pointed to the need for additional
investigations on the behavior of bismuth mainly in the areas of
instability of Bi(III) in the melts, the extent of interference
from nickel and the feasibility of extending the limits of detec-
tion of bismuth below that of linear scan voltammetry.

As noted previously (26) stable solutions of Bi(III) in molten
LiF-BeF-2ZrF, could not be maintained for extended periods of time



(days) in either graphitec or copper cells. The two main routes for
the loss appeared to be reduction of Bi(III) by the container
material and/or volatilization as BiFz. For further investigations
of bismuth in molten LiF-BeF;-ZrF4, a melt containing Bi(III) at a
concentration of about 10 mM was set up where the melt was contained
in a glassy carbon crucible. Well defined voltammograms and chrono-
potentiograms were obtained at gold, iridium and glassy carbon
electrodes. The peak potential for Bi(III) reduction occurs at
about -0.1 V vs Ir QRE (prior results (26) showed that this reduc-
tion occurs at approx. + 0.1 V vs Ni(II)/Ni reference electrode}.
Again, however, the bismuth was slowly lost from the melt as
revealed by a gradual decreasc in the voltammetric peak current

with time. To check for volatilization, a cold finger was placed
in the cell for a few days; an X-ray fluorescence analysis of the
deposited film rcvecaled that the major constituent was indeed bis-
muth. Thus, it now appears that bismuth is slowly lost from

molten LiF-BeF,-ZrF, primarily by volatilization; this result is

in agreement with the work of Cubicciotti (40).

Because nickel is an anticipated intcrference, the effect of
nickel on the bismuth voltammograms was determined while sufficient
bismuth (approximately 5 mM) remained to produce well-defined
curves. Nickel as NiF; was added to give a Ni(II) concentration
of 1S mM. The reduction of Bi(III) precedes that of Ni(II)} by
A 200mV under these conditions (see Figure 1, upper curve); this
separation appearcd to be sufficient for the determination of low
concentrations of Bi(III) in the prescnce of typical concentrations
of Ni(II) (41), particularly if derivative methods are cmployed.

The Ni(11) reduction wave (E, = -.25V in Figure 1, upper
curve) is poorly defined; however, two clearly separated stripping
peaks were obtained on reverse scans. The first peak probably
corresponds to the oxidation of Ni or possibly Ni-Bi alloy; the
second peak at v OV corresponds to stripping of bismuth from the
electrode. When the scan is started to an initial potential of
about +0.4 V vs Ir QRL, a small prewave is scen, which, although
not complctely understood, is believed to result from the adsorp-
tion of bismuth at the electrode surface. The middle vsltamaogram
of Figure 1 corresponds to about 10 ppm (0.11mM) Bi(III) and 240
ppm (15mM) Ni(II). The bismuth reduction wave has practically
disappeared, and only one broad stripping peak (largely due to
nickel} is present. The prewave, which is shown on an expanded
scale in thc lower curve of Figure 1, did not change significantly.

The slow loss of bismuth from the melt at 600°C was followed
voltammetrically; the concentration of Bi(III) decreased from
approximately 400 ppm (4.4mM) to about 7 ppm (0.077mM) in 40 days.
This is about the lowest concentration that can be measurcd by
direct linear-scan voltammetry in thesec melts. Anodic stripping
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Figure 1, Voltammograms for the reduction of bismuth(III)
and nickel(II) at an iridium electrode at 500°C

techniques were used for measurcments of lower concentrations of
Bi(III) (41). By plating bismuth under controlled conditions of
time and potential onto a glassy carbon elcctrode at a potential
sufficiently cathodic to reduce Bi(I11) but not Ni(I1), and then
scanning the potential ancodically, the bismuth is stripped from
the clectrode; the peak height of the anodic stripping curve is a
function of the concentration of bismuth. Calibration of the
anodic stripping method was achieved by comparing the peak height
of the stripping curves to the concentration of bismuth calculated
from voltammetry and using lincar extrapolation to lower bismuth
concentrations. The peak height of the stripping curves is a
lincar function of plating time (Figure 2). The concentration of
bismuth during continucd loss from the melt was followed with this
technique to sub-ppm (< 25 ppb) concentrations by employing plating
times of about 30 min. Llonger plating times were not practical
duc to small signal-to-noise ratios. Also, at longer plating
times, the interference of nickel is more severe.

The prewave obscrved at the iridium electrode (but not at the
other working electrodes) «id not change appreciably until the
bismuth concentration decreased below ~ 1 ppm; then the prewave
decreased markedly but not linearly with bismuth concentration.

In fact, a small prewave was still observed below the detection
limit of bismuth by anodic stripping. This prewave may prove of
value as a qualitative indicator of bismuth.
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Figure 2. Bismuth stripping curves from a glassy carbon
electrode

Iron

Iron(II) is a corrosion product present in molten-salt reactor
fuels. We have previously (1,4,23) carried out electrochemical
studies of iron(II) in molten LiF-NaF-KF (46.5-11.5-42.0 mole %),
LiF-BeF,-ZrF, (69.6-25.4-5.0 mole %), and NaBF,-NaF (92-8 mole %).
Since the fuel solvent for the MSBR is a thorium-containing salt,
LiF-BeF,-ThF, (72-16-12 mole %), it was of interest to conduct
voltammetric and chronopotentiometric studies of iron(II) in this
fuel solvent. To determine concentration and/or diffusion coef-
ficients by linear sweep voltammctry, it is neccessary to know
whether the product of the electrochemical reaction is soluble or
insoluble. The measurcments discussed below were done with this
purpose in mind. A more detailed account of this work has been
recently published (31).

A voltammogram showing the reduction of iron(II) at a gold
electrode is shown in Figure 3. The circles represent the theo-
rctical shape based on current functions tabulated by Nicholson
and Shain (42) for a reversible wave where both the oxidized and
reduced forms of the electroactive species are soluble. Thus, even
though Fe(II) is reduced to the metal at gold, the electrode
reaction very closely approximates the soluble-product case,
apparently through the formation of iron-gold surface alloys.
Further cvidence that the Fe(II) - Fe electrode reaction at gold
conforms to the soluble product case is illustrated by the
chronopotentiograms in Figurs 4. The ratio of the forward to
reverse transition times (T¢/T,) compares favorably with the pre-
dicted value of 3 (43) for the soluble case, which again points to
the formation of surface alloys.
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Figure 3. Stationary electrode voltammogram for the reduction
of Fe2* at a gold electrode in molten LiF-BeF,-ThF4. Potential
axis is (E - Ep)/2. Solid line is experimental. Circles are
theoretical shape for soluble product Iron(II) concentration
0.027 F; electrode arca, 0.25 cm®; temperature, 650°C.
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Figure 4. Cyclic chronopotentiograms for the reduction of
iron(II) at a gold electrode. Formality of iron(IIl), 0.15;
eclectrode area, 0.25 cmz, temperature, 600°C;- potential scale,
volts vs Ir QRE.

The reduction of Fe{II) at a pyrolytic graphite electrode is
illustrated by the chronopotentiograms shown in Figure 5. The
ratio of the transition times (Tf/Tr) is approximately unity (43),
which is indicative that Fe(I1) 1s reduced to metallic iron which
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Figure 5. Cyclic chronopotentivgrams for the reduction of
iron(II) at a pyrolytic graphite electrode. Formality of iron(1I),
0.027; electrode area, 0.1 cmz; temperature, 650°C; potential
scale, volts vs Ir QRE.

does not interact with the pyrolytic graphite and that all the iron
is stripped from the electrode upon current reversal. The chrono-
potentiometric results are supported by the voltammetric difference
between peak and half-pcak potentials, Ep - Eyyo (42). The
measured E, - E;sp's are in very good agrcement with the predicted
valucs for” the reversible deposition of an insoluble substance for
n = 2 (5). Therefore, iron appears to be reversibly reduced to a
soluble form at gold and to an insoluble material at pyrolytic
graphite.

Chronopotentiograms for the reduction of Fe(II) at an iridium
electrode at 518 and 600°C are shown in Figure 6. The Tf/Tr ratio
at 518°C is approximately unity and at 600°C is 3, which is evi-
dence that Fe(II) reduction at iridium approximates the insoluble-
species case (as with pyrolytic graphite) at 518°C and the
soluble~-product case (as with gold) at 600°C. This change in
reduction behavior with temperature was not as pronounced at gold
or at pyrolytic graphite. Average diffusion coefficients of Fe(II)
in this melt evaluated from the chronopotentiometric measurements
by means of the Sand equation (44) are approximately 4.2 x 10-6,
8.0 x 10-©®, and 1.5 x 10-5 cmZ/sec at 518,600, and 700°C, respec-
tively. .
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Figure 6. Cyclic chronopotentiograms for the reduction of
iron(II) at an iridium electrode. Formality of iron(II), 0.015;
electrode area, 0.2 cm“; potential scale, volts vs Ir QRE.

Tellurium

Tellurium occurs in nuclear reactors as a fission product and

results in shallow integranular cracking in structural metals and
alloys (45).

Meaningful voltammograms were not obtained following additions
of either Li,Te or LiTez (Vv50 mg of each in the forms of pressed
pellets to 800 ml melt) to molten LiF-BeF,-ThF4 at 650°C. It was
later determined that LipTe is insoluble in the melt. Chemical
analysis indicated < 5 ppm (<0.13mM) Te in thec melt whilc other
solubility experiments (46) indicated < 10~ -5 mole fraction (0.3mM)
of Te. It was also found that LiTez is not stable in the melt -
under our non-isothermal experimental conditions. This substance
apparently decomposes to Li,Te and Te upon contacting the melt at
n650°C.  According to the spectrophotometric measurements of
Bamberger, et al. (47) isothermal conditions were mecessary for
the continued observation of the absorption band attributed to
Tez” in LiF-BeF-ZrF,; under non-isothermal conditions, the
absorption band quickly disappeared with evidence of tellurium
metal formation. Behavior of tellurium in molten fluorides has
also been studied by Toth (48) using absorption spectrophotometry.

In an effort to obtain additional information on the formation
and stability of tellurides under non-isothermal conditions,
studies were conducted on the telluride spec1es produced in situ
by cathodizing elemental tellurium (mTe+ne+1em ). Chronopotent10~
metric and double potential step experiments conducted at a
tellurium pool electrode (0.1 cmz) contained in a graphite cup
revealed that the telluride species generated does not appear to
be stable at v 650°C. Instability was indicated by the chronopo-
tentiometric experiments by comparing the ratio of tha forward and



reverse transition times (43). Generation of a stable but insolu-
ble substance yields 1¢/1, = 1; for a soluble and stable species,
Tg/Ty = 3 is predicted. For an unstable species, on the other
hand, the Tg/Ty ratio should be greater than three. For these
experiments, the current was reversed at a time t<Tg; however, the
above conclusions remain valid as long as t<Tg; however, the above
conclusions remain valid as long as t<tg¢. Potential-time curves
recorded at the tellurium pool electrode produced Tg/T,>>3 in all
the runs indicating that the telluride species generated is not
stable, at least within the time frame of the experiment (seconds).

In the double potential step (49) experiments, the anodic to
cathodic current ratio (ip/i.) is plotted versus a function of
time (f(t)) during which the potential step is applied and removed.
For a stable system, iz/i. = 1 when f(t) is extrapolated to zero
(49). For the generation of an unstable species, i,/i <1; this was
observed for the tellurium experiments. Plots of log i versus E
from the potential step experiments revealed an n value close to
unity. The validity of n value determinations by this method is
discussed by Armstrong, et al. (50) and by Bacarella and Griess
(51). Bronstein and Posey (52) also obtained an n value of unity
from polarization studies of tellurium in molten chlorides utiliz-

ing a different method.

Thus, these results indicate that an unstable telluride
species is generated; under non-isothermal conditions, it undergoes
a decomposition recaction. Reasonable reaction pathways are as

follows:

-1 L 2-
2Te > 102

Tezz_ > Te?™ + Ted (m=1)

or

2-

2Te,~ > Te + (2m-1) Tet (m>1)

The Te’™ ion does mnot appear to be soluble in fluoride melts of
these compositions at least to the extent that voltammetric detec-
tion is feasible.

Recent spectrophotometric studies (48) indicate that the Te22—
ion is the most soluble tellurium species in molten fluorides but
that it can only be stabilized under isothermal conditionms.



Oxide and Related Species

The main purpose of these studies was to develop the basis for
an in situ electroanalytical method for the determination of low
levels of soluble oxide in MSR fuel streams. The importance of
oxide monitoring in a molten salt reactor fuel is that oxide levels
must be kept low (< few hundred ppm); otherwise, there is danger of
precipitating U0, which could form "hot spots" in a reactor system,

We were also interested in establishing the electrooxidation
pathway for oxide in these melts, and in this comnection we also
briefly studied the electrooxidation of peraxide and superoxide
jons. It was observed that only at gold electrodes reproducible
voltammograms for the oxidation of oxide and velated species were
observed. A more detailed account of this work appears elsewhere
(32); the main conclusions are given below.

Cyclic voltammetric and chronopotentiometric results in molten
LiF-BeFp-ZrF, (65.6 - 29.4 - 5.0 mole%) and LiF-BeF-ThF, (72-16-12
mole%) in the temperature interval 500 - 710°C indicate the follow-
ing electrochemical reaction pathway:

0%" = 0 + 2
0+0= 02
0+ 0% = 022'

Some evidence for adsorption of 0, was obtained. 022_ ions
are oxidized further producing a voltammetric post-wave which
incrcases with Nay0, additions. 022' ions gradually decompose in
these media; this decomposition is more rapid in Zr(IV)}-containing
melts as compared tc the Th(IV)-containing melts. Na0, additions
result in the same voltammetric results as obtained upon the
addition of Nay0,, indicating that 0, ions are more unstable in
these melts than in the previously studied LiF-NaF-KF eutectic
(25).

U(1IV)/U(11I) Ratio Determinations

The corrosion of Hastelloy N and other structural materials
by MSF type fuels containing UF4, has been attributed (53) to
temperature gradient mass transfer of the most active constituent
of the alloy which is chromium. The reaction is represented as

2UF, + Cr ~» CrF2 + ZUFS.

4



The extent of this reaction is controlled by the activity of
chromium in the alloy, the UF4/UFz ratio in the salt and the con-
centration of dissolved CrF,.

These studies were carried out in collaboration with Metals
and Ceramics Division and Reactor Division personnel at the Oak
Ridge National Laboratoiy and represent the first use of controlled
potential voltammetry for meclten salt corrosion studies. The
principle of the voltammetric U(IV)/U(III) ratio determination
(18) is illustrated in Figure 7. For these measurements, the
counter electrode is the molten salt loop (see below); two iridium
electrodes comprise the quasi-reference and working electredes,
respectively. Voltammograms of the U(IV) - U(III) electrode
reaction are recorded relative to the Ir ORE which is poised at the
equilibrium potential (Egq) of the melt. This potential, in turn,
is governed by the U(IV)/U(III) ratio. From the difference between
Eeq and Eq/5 which is the voltammetric equivalent of E°, the
U(?V)/U(II ) ratio can be calculated from the Nernstian relation-
ship.

In-line monitoring of.the U(IV}/U(III) ratio .in several
corrosion test loops was carried out over a period of about two
years. A schematic drawing of a loop system is shown in Figure 8.
The loop portion of the assembly is constructed of Hastelloy N
tubing and is heated on the bottom and left vertical side. By
cooling the other two sides, the molten salt can be made to flow
by density differences; thus, the term thermal convection loop.
The corrosion test loops ranged from thermal convection loops of
modest size to large pump driven forced convection loops. They
were designed to approximate flow characteristics and temperature
gradients of an MSBR. Other important features of the loops were
removable corrosion specimens and ports for insertion of electrodes
for voltammetric measurements.

The use of voltammetry to provide in-line measurements of the
oxidation potential and corrosion product indicators in the salt is
illustrated by Figure 9, in which both the current-voltage curve
and its derivative are presented. In general, well defined and
reproducible voltammograms were obtained. The Cr(II) + Cr reduc-
tion wave occurs at the foot of the U(IV) reduction wave which
makes precise chromium measurements difficult. Efforts to increase
the sensitivity of the chromium measurements by plating and strip-
ping techniques produced unexpccted phenomena. As noted in the
upper curves of Figure 9, the peak height of the stripping curve
for a given plating time is critically dependent on the plating
potential. It appears that plating chromium in the presence of
U(IV) at potentials much more negative than the peak potential for
the Cr(II) + Cr reduction wave, the concentration of U(III) at the
electrode surface is sufficient to reduce part of the Cr(I1I)
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loop schematic*

*This Figure was originally presented at the 149th Spring
Meeting of The Electrochemical Society, Inc. and is included in

the publication PROCEEDINGS OF THE INTERNATIONAL SYMPOSIUM ON
MOLTEN SALTS of The Electrochemical Society, Inc.
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uranium and chromium in MSBR Fuel Salt.

Typical direct and stripping voltammograms for

diffusing in before it is reduced by the electrode. Thus the choice
of plating potentials for chromium plating and stripping experi-
ments is relatively crucial. Nevertheless, by following relative
changes in the chromium linear scan and derivative waves, useful
information can be realized on the behavior of Cr(II} in these
melts. Either the linear scan or derivative voltammograms can be

used for E1/2 determinations from which the U(IV)/U(III) ratio is
calculated.

The variation of the U(IV)/U(III) ratio with time for two
different loop materials, Hasteiloy N and Inconel, is illustrated
in Figures 10 and 11, respectively. For the iastelloy N, the
U(IV)/U(III) ratio reaches equilibrium at ~100 whereas for Inconel
(an alloy with a higher chromium content} the meli becomes much
more veducing (U(IV)/U(TLI) < 10). Small perturbations usually

occurrcu when specimens were inserted, due to an inadvertent addition

of traces of moisture at the same time. These fluctuations, how-~

ever, werc considered to be smal. enough that they did not affect
corrosion measurements (30).

It should be noted that in addition to the advantages of less
time and expense, the in-line monitoring techniques provide infor-
mation not attainable by discrete sampling methods. The in-1line
monitoring of the U(IV)/U(III) ratio serves as a notable example.
This ratio is prohibitively sensitive to atmospheric contamination
during sampling and any subsequent sample transfers to hot cells,
and is rather meaningless on frozen samples because the ratio
undergoes changes during cooling as a result of equilibrium shifts.
We also demonstrated the fcasibility of complctely automating this
procedure for the U(IV)/U(III) determination with a dedicated PDP-8
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Figure 11. Log U(IV)/U(III) vs elapsed time for thermal
convection Inconel Loop.

computer (54) which operates the voltammeter, analyzes the data,
and computes the U(IV)/U(III) ratio.

4. SUMMARY

Electroanalytical studies were carried out on BiFz in molten
LiF-BeF,-ZrFq. Trace levels of bismuth are expected to occur in
an MSR Fuel stream from reprocessing operations. Voltammetric
measurements were also made in the presence of NiF,, an anticipated
interference. Limits of detection were about i ppm Dy linear scan
volt.nmetry but could be extended to much lower levels (< 25 ppb)



by anodic stripping techniques. Stable melts containing Bi(III)
cannot be maintained because bismuth is slowly lost from the melt
by volatilization as BiFgz.

To determine concentration and/or diffusion coefficients by
lincar sweep voltammetry, it is necessary to know whether the
product of the clectrochemical reaction is soluble or insoluble.
It was observed from voltammetry and chronopotentiometry that the
Fe(I1)+2e ~ Fe electrode reaction in molten LiF-BeF,-ThF, closely
approximates the soluble product case at a gold electrode, the
insoluble product case at pyrolytic graphite, and, depending on
the temperature, both soluble and insoluble product cases at an
iridium electrode.

Voltammetric measurements were made in molten LiF-BeFp-1.Fy
following additions of Lip,Te and LiTez in an effort to identify
soluble electroactive tellurium species. No voltammetric evidence
for such compounds was obtained. Electrochemical studies were
carried out on the tellurium species generated in situ in molten
LiF-BeF,-ThF4 when a tellurium electrode is cathodized; the results
indicated that the species generated is of the type Tep (m>1) and
appears to be unstable under the existing experimental conditions.

We have shown that the electrooxidation of soluble oxide
specics at golu electrodes in fluoride melts, such as LiF-BeF;-ZrF,
and LiF-BeF)-ThF,4, provides the basis for an in situ determination
of small amounts of dissolved oxide. The electrooxidation results
in atomic oxygen which rapidly combineg to form chemisorbed 0, or
reacts with the reactant 02- forming 0%" which is oxidized further.

In-line monitoring of U(IV)/U(I1I) ratios was carried out for
both thermal-convection and forced-convection corrosion test loops.
The U(IV)/U(III) vatio reflects the redox condition of the fuel
salt and stabilizes at 100 i.: loops constructed of Hastelloy N.
The melt is more reducing, however, .in an Inconel loop. In addi-
tion to the saving of time and expense by in-line electroanalytical
techniques, information which cannot be achieved by discrete
sampling methods can be obtained.
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6. POSTSCRIPT

We note with great sadness that A. S. Meyer, Jr., Group
Leader in charge of Analytical Research and Development associated
with the Molten Salt Breeder Reactor Program, passed away in
December 1975.

The Molten Salt Breeder Reactor Program at the Oak Ridge
National Laboratory was terminated in June 1976.
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