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1. Abstract

The controlled potential coulometric titration of plutonium and
its application to Power Reactor Fuel Reprocessing pilot plant samples
is discussed. Proper conditions for the satisfactory routine performance
of this method and the effects of various potential interferences are
established. Data are given which indicates the precision and accuracy

to be expected under ideal and operating conditions.

2, Summary
The determination of plutonium by controlled potential coulometric

titration has been successfully applied to Power Reactor Fuel Reprocessing
pilot plant samples. The procedure has been used, in conjunction with

the ceric sulfate potentiometric method for plutonium determination, over
a period of several months with excellent results. A considerable savings
in time and an increase in precision is gained by use of this method for

this application.

3. Introduction

The coulometric titration of small amounts of plutonium with ferrous

ion which was electrolytically generated at constant current has been

(1)

reported by Carson. That procedure involved rather lengthy chemical
valence adjustment prior to sample titration and was applied to the

determination of microgram quantities of plutonium. More recently, Scott
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(7,8)

and Peekema have demonstrated that milligram quantities of plutonium
can be determined very precisely by coulcometric titration at controlled
potential without prior valence adjustment. Therefore, that procedure
has been studied at ORNL with two purposes in mind: (1) analysis of
plutonium "product" samples deriving from the Power Reactor Fuel Re-
processing pilot plant, i.e., 4.5 M HNOa solution containing 40-60 mg
Pu/ml, and (2) analysis of dlssolver solutions of the Purex type, 1.e.,
uranyl nitrate solutions composed of 300 mg U/ml in 2 M HNOsy and con-
taining ~0.5 mg Pu/ml. This report is concerned with the first of these

objectives. The results of the second phase of this program will be

reported subsequently.

4. Discussion

So-~called "product® samples from the Power Reactor Fuel Reprocessing
(PRFR) pilot plant are plutonium nitrate solutions which routinely
contain 40-60 mg Pu/ml in 4.5 M HNOs with microgrem quantities of iron
and sometimes milligram gquantities of uranium &s contaminants. An
accurate knowledge of the plutonium content of these samples is required
by the plant and i1s normelly gained by potentiocmetric titration of

(2) It is a precise method

plutonium using ceric sulfate as the titrant.
but has several disadvantages, the most serious being that small amounts
of iron and uranium constitute serious interferences and must either be

removed or corrected for. Furthermore, since sample aliquots must be
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Tumed with sulfuric acid in order to remove nitrates before titration,
it is a rather time consuming procedure. The controlled potential
coulometric titration of plutonium developed originally by Scott and

(7) seemed to be especially suited to the analysis of this type

Peekema
of solution because it is not sensitive to the presence of nitrate or
uranium and is tolerant to small amounts of iron. The procedure de=~
scribed herein is similar in principle to that procedure.

Plutonium(III) can be quantitetively oxidized and Pu(IV) can be
quantitatively reduced electrolytically with 100% current efficiency at
a platinum electrode. The redox potential for this couple is such that,
by suitable control of the electrode potential, Pu(IV) can be completely
reduced to Pu{III) without appreciable reduction of small amounts of
ferric iron. The Pu(IIT) thus prepared can then be oxidized back to
Pu(IV) at a second electrode potential and the current consumed in this
electrolysis is a measure (via Faraday's law) of the amount of plutonium
titrated. The electrode potentials are chosen so that the amount of
iron reduced and oxidized in the cycle is insignificant. Other ions
such as uranlum whose redox potential is widely different from that of
plutonium do not interfere by direct reaction at the electrode.

A plot of readout voltage (the measure of current consumed) versus
control potential is shown in Figure 1 for the electrolysis of 5 mg Pu

and 1 mg of Fe. Data for this type of plot is obtained by making an
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Fig. 1. Coulogrsm Obtained by Successlve Reduction of 5.119 mg Pu{TV) and
1.00 mg Fe(ITI) zn 1 M HC10,-0.02 M NH2S04H.
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electrolysis in normal fashion except that periodically throughout the
electrolysis the control potentiél is adjusted to a value that causes
current flow to stop. At that time, the readout voltage, @, and

corresponding control potential, E are noted and the titration is

CP’
resumed. A series of these polnts is tsken and when plotted constitute
a curve (conveniently called & coulogram)} which is similar in shape to
a polarogram. The Information obtained from this type of relationship
is especlally pertinent because the data ere obtained under the same
conditions which exist during the titrations themselves. Furthermore,
if a known amount of & substance or substances is electrolyzed, the
data meke it possible to plot the relationship between log (% Ox/% Re)
versus control potentiml. Figure 2 shows two such curves, one for
electrolysis of 5.119 mg Pu and one for electrolysis of 1.00 mg Fe in
15 mls of 1 M HC1OQ, containing 0.02 M NH,505H. This type of plot
enables one to precisely choose optimum potentials for the desired
reaction.

The coulogram in Figure 1 indicates that the redox potentials for
the Pu(III) 2 Pu{IV) and for the Fe(II) 2 Fe(III) couples are separated
by 250 mv or so in that electrolyte. Theoretically, a separation of
260 mv (EC + 180 mv) would be required for complete reduction of
rlutonium without any iron reduction since both reactions involve a

cne-electron change. In practice, however, we have found that E° £ 160 mv

is & sufficient control potentlal span for complete reaction. Potentials
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for the reduction and oxidation of quantities of plutonium in the 5 mg
range were chosen therefore at +0.560 volt and +0.880 volt vs. S.C.E.
respectively. The curves in Figure 2 show that at +0.560 volt only
about l% of the iron present is reduced. Since the iron present in FRFR
samples is 100 pg or less per ml, titration of l% of this amount would
cause an error of <D.l% in the plutonium result if & sample aliquot of
1 ml was taken for analysis. The procedure ﬁctually is designed so
that 100 pl aliquots are taken; the presence of iron in this type of
sample would therefore not become noticeable unless its concentration
in the original sample rose to ~1 ﬁg/ml. The error would be less than
0.5% if the iron concentration was as high as 2.5 mg/ml in the original
sample. The data in Table I show the effect various amounts of iron
upon the titration results and substantiate the above comments.

The reduction potential of uranium in this electrolyte is approxi~
mately =0.15 volt vs. S.C.E. Uranium therefore would not be expected
to interfere directly in the plutonium titration. The data in Teble II
verify this expectation. Extremely large quantities of uranium, say
300 mg, do tend to slow the titration slightly, but do not appreciably
affect the results.

PRFR samples frequently contain trace amounts of reducing impurities
(NHo0H+1/2H,S04) which must be removed or destroyed prior to titration

of the plutonium. This is conveniently done by warming the sample



-8-

Table I

Effect of Various Amounts of Iron Upon Titration Results

Fe Present in Cell, ug mg Pu Found % Error
0 5.244  eeee-

125 5.230 + 0.1

250 5.242 + 0.4

375 5.289 + 1.3

500 5.423 + 4.0

1000 5.425 + 4.0
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Tsble IT

Effect of Various Amounts of Uranium Upon Titration Results

mg U Present in Cell mg Pu Found % Error
0 5.22h 0
30 5.224 0

300 5.234 + 0.2
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aliquot with a small amount of HNOs in the titration cell on a hot plate
for about one minute or until the blue color of Pu(III) disappears. The
sample is ready to be titrated after addition of the electrolyte sclution.

Produet solutions contain 0.265 M sulfamic acid and occasicnally
may contain traces of sulfuric acid. Consequently, the effect of
sulfate concentration upon the titration results was investigeted and
the results are tabulated in Table III. The sensitivity of the method
to sulfate concentration is not surprising in view of the strong com=-
plexing action of the sulfate ion upon Pu(IV). The coulogram in Figure 3
shows that the redox potential of plutonium in M H-S0C4 is shifted to
such an extent that no differentiation between plutonium and iron is
possible. Consequently, it is desirable to maintain the sulfate ion
concentration as low as possible, at least below 0.007 M in the electro=-
lyte solution.

Figure 3 also presents coulograms when Pu(IV) and Fe(III) are
reduced in M HKOs and M HCL. Either of these solutions may be used as
supporting electrolyte. Molar perchloric acid was found to be prefer-
able for rcutine use, primarily because the platinum electrode functions
best in this electrolyte, requiring little or no care, and also because
small background currents are cobtained with no necessity for blank
corrections. A gradual increase in background current and titration

time was noted when M HC1 was used routinely as the supporting electrolyte.
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Table TTT

Effect of Sulfate Concentration Upon Titration Results

M H.S0, in Sample

0.0
0.1
0.5
1.0
2.5
6.0

18.0

M HpSO, in Cell;
100 pl Aliquot

0.0
0.0007
0.004
0.007
0.02
0.04

0.]—2

Reduction
Iime, min.

10
10
11
12
16
25
b5

ﬁ Error

0

0
+ 0.2
- 0.3
- 3.7
-11.5
-41.8
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Perchloric acid also proved advantageous in special instances when it
was necessary to fume off potential interferences such as the fluoride
ion or to destroy‘organic material prior to titration of plutonium.
When this is done however, the reduction time is extended considerably
because plutonium is oxidized to Pu02++ by fuming perchloric acid and
the electrolytic reduction of Pu02++ to Pu{III) is very slow, requiring
approximately 45 minutes under the present conditions.

Some studies were made to determine if this reduction, PuOs
to Pu(III), could be made the basis for a controlled-potential coulometric
titration. Such a procedure would afford increased sensitivity since
the reaction would involve a three electron change. Coulograms for the
direct reduction of ~5 mg of plutonium as Pu02++ in several electrolytes
are presented in Figure 4. This reaction most probably proceeds through
the Pu02+ valence which disproporticnates, the net result being con-
version of Pu02++ to Pu(III). The PuOs” — Pu{IV) reaction would be
expected to proceed slowly since it involves rupture of plutonium-oxygen
bonds. Accordingly, the coulogram of this reduction in HC104 shows a
proncunced vertical portion beginning at about 1/5 completion which is
attributable to the Pqu+ valence and then a gradual but slowing shift
in control potential as the equilibrium shifts towards Pu{IV), Pu(III).
The disproportionation reaction would be expected to slow as the Pu02+

concentration decreased. In any event, this reaction was not pursued
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because it proceeds too slowly to be of use as the basis of a controlled
potential coulometric titration.

Scott and Peekema(T) reported their first titration of each day
to give consistently low results. Similar behavior, an error of -0.6%,
was noted in the present study. It appears to be due to migration of
plutonium ions into the counter-electrode compartment during electrolysis,
but similar behavior was observed when various bridges to the counter-
electrode compartment were used. It 1s interesting to note that this
behavior is not observed when ions other than plutonium are titrated in
the same titration vessel. In any event, the behavior can be eliminated
simply by leaving the lest sample of each day in the cell overnight.
It is advisable to titrate solutions of approximately equal plutonium
.concentration in the same cell.

Scott and Peekema(T)

also reported that certain empirical
corrections were necessary due to "spray" losses of electrolyte solution.
The present procedure does not require degassing. Only & slight loss
in precision is observed if the helium blanket 1s omitted entirely so
that an inert gas atmosphere is used only when the utmost precision is
desired.

A second procedure has been developed for the determinetion of
plutonium in samples which contain as mich as 1:1 weight ratio of iron

to plutonium. A report concerning that procedure will be issued when

it has been thoroughly evaluated.
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5. _Experimental and Procedure

5.1  Instrument

An ORNL Model G-2005 Automatic Electronic Controlled Potential
Coulometric Titrator(B’u) was modified by H. C. Jones of the Analytical
Instrumentation Group in order to meet the requirements of this proce-
dure. These modifications were described by Kelley, Jones, and Fisher.(s)

Because of the high equivalent weight of plutonium it was
necessary to increase the sensitivity of the integrator. A two=-position
sensitivity switch was installed in the integrator input lead and the
10 ohm shunt resistor in that lead was increased to 50 ohms. This
resistance, plus the L40O-kilohm integrator input resistance normally
used, afforded a five fold increase in sensitivity. This "Low Sensitivity"
Position is suitable for titration of 2 to 20 mg of plutonium. A fifty-
fold increase in sensitivity, the "High Sensitivity" position, is
gained by switching in a L40-kilohm integrator input resistor in place
of the 4OO-kilohm resistor. This range is suitable for titration of
0.2 to 2 mg of plutonium.

A more precise method for integrator bias adjustmeﬁt Was
required at these sensitivities to minimize integrator drift {(gain or
loss in voltage with time when no electrolysis current is flowing) .

This was accomplished by moving the three~turn "Bias Adjust" potentiometer

to the front of the instrument and by increasing the "X5 Readout Integral
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position to "X100," i,e., the full output of the integrator amplifier.

In practice, then, the "Bias AdJust"” poténtiometer is adjusted twice

daily to bring the full output of the integrator amplifier to zero

change while the "Readout Integral" is in the "X100" position and the

"Titrate" switch is in the "Off" position. A block disgram of the instru~

ment showing these changes is given in Figure 5. These latter changes

were suggested by Scott, Stromatt, and Connally.(é)
Finally, a 2-kilohm resistor was placed in the counter-

electrode lead in order to 1limit the initial current to approximately

25 ma, thereby maintaining a satisfactory current density. Higher

current densities were found to cause erratic results.

5.2 Titration Assembly

The titration assembly consists of the titration cell, its
support, and an 1800 rpm Bodine motor all mounted on a single small
(18 in.) ringstand. The cell assembly is diagrammed in Figure 6. It
is & 50 ml lipless Pyrex beaker resting in an inverted reagent bottle
cap which is supported by a clamp. The cell ié topped by a Teflon cap
which was machined to accept the beaker as well as support the other
components of the cell. Two Vycor tubes, 5 1/2 in. by 1/b4 in., with
unfired bottom of No. 7930 glass are used as salt bridges. Each contains
1 M HNOs solution which is replaced daily. A Beckman No. 270, 4S70-29

fiber type saturated calomel reference electrode is placed in one Vycor
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tube and a 16 gauge coiled Platinum wire counter electrode is placed in
the second Vycor tube. The working electrode is a 1 1/2 x It cm piece

of platinum gauze, 45 mesh, to which a 6 inch piece of 16 gauge platinum
wire was welded. The electrode is supported by the wire which fits

into & small slit in the Teflon cap; the slit is closed by a small
Teflon wedge. A small ges inlet tube, a sample entry port, and a small
glass propeller-type stirrer complete the cell assembly. Initial
currents of 25=3%0 ma and titration times of approximately 10 minutes

per electrolysis are obtained with this cell assembly.

5.% Reagents

The plutonium solutions used in this study were prepared from
two samples of plutonium metal which were obtained from the ILos Alamos
Scientific laboratory. A known weight of the pure metal was dissolved
in and diluted to volume with 6 M HCl. One solution was brepared to
contain 10.027 * 0.2% mg Pu/ml. A second solution was prepared to
contain 25.593 t 0.07% mg Pu/ml. The molecular weight of plutonium in
these solutions was 239.07 g/mole.

Tank type helium gas 1is used to provide an alr free atmosphere
over the electrolyte solution when desired.

A1l other reagents were Analytical Reagent grade.

5.4  Procedure

Instructions as to the calibration and use of the ORNL Q=-2005

Coulometric Titrator are available.(i)
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A. Sample Preparation

(1.) Pipet a sample aliquot estimated to contain
5 mg of plutonium into the titration cell.

(2.) Add 2 drops of concentrated HNOa and warm on
& hot plate for one minute or until disappearance of the blue color
of Pu(III).

(3.) Add 15 ml of 1 M HC104 and 5 drops of saturated
NH-S0aH solution.

S e Aligquot

(1.) Position cell; start stirrer; start helium
overflow.

(2.) Make a reduction at +0.560 volt vs. S.C.E.
until the current decreases to 30 pa.

(3.) Stop electrolysis and zero the integrator.

(4.) Oxidize Pu(III) to Pu(IV) at +0.880 volt vs.
S.C.E. until the current again decreases to 30 pa.

(5.) Read and record the readout voltage, Q, volt.

(6.) Calculate the mg of Pu oxidized from the read-
out voltage and the plutonium factor as determined by prior electrical
calibration. In the present case, the factor is 20.28 mg Pu per read-

out volt on the "Low Sensitivity" range, so that mg Pu = 20.28 Q.
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6. Results

Table IV summarizes the precision dats that were obtained when
various quantities of standard plutonium chloride solution were titrated
ten times without prior chemical treatment. No bias was detectable in
the results of these titrations. A standard solution containing
25.593% £ 0.07% mg Pu/ml was analyzed by coulometric and potentiometric
titration with the following results: 25.57 mg Pu/ml by potentiometric
titration (average of eight analyses) and 25.58 mg Pu/ml by coulometric
titration (average of five analyses).

Table V is a tabulation of the results of ten analyses on a single
FRFR sample as run by the procedure given above. For comparison the
results of both reduction and oxidation electrolyses are given. The
slightly higher answers obtained by reduction are attributable to the
formation of a small amount of Pu(VI) during chemical pretreatment of
the sample aliquot.

Of greater interest are the results obtained under routine operating
conditions. A standard plutonium chloride solution was analyzed périod-
ically over a period of approximately three months by the ceric sulfate

(2)

potentiometric titration method and by the present method. Table VI
summarizes these data.

T. Conclusions

The determination of plutonium by controlled-potential coulometric

titration has been studied in order to apply it to the analysis of PRFR
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Table IV

Precision Data Obtained by Titration of Standard
Plutonium Solutions

~ mg Pu Titrated Relative Standerd Devistion, %
10 0.07
1 0.1
0.25 0.3

0.05 1.5



Table V

Results of Repeated Analysis of a Single PRFR Sample for Plutonium

By Reduction, mg/ml By Oxidation, mg/ml
51.065 50.923
51.085 50.903
51.187 51.004
51.187 51.045
51.085 50.923%
51.146 50.964
51.187 50.984
51.085 50.984
51.065 50.883
51.085 50.923
51.118 « Average — 50.954

0.10% « Rel. Std. Dev. - 0.10%
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Table VI
Comparison of Potentlcmetric and Coulometric Methods

Under Routine Opereting Conditions

(Standard Pu Solution = 10.027 mg Pu/ml £0.2%.)

Number of Average, Relative Standard
Method Determinations mg Pu/ml Deviation, %
Fotentiometric 24 10.058 0.68

Coulometric AT 10.027 0.27
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prilot plant samples. Conditions were established for the routine use
of this method and the effect of potential interfering substances was
examined. The performance of the method was then evaluated under ideal
and actual operating conditions. The method has proven to be very
preéise, free of interference from the contaminants normally present in
FRFR samples, and considerably faster than the potentiometric method
now used for this application.
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