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ABSTRACT

In initial operation of a new flowsheet for recovery of
highly irradiated enriched uranium by solvent extraction with
7.5 vol % tri-n-butyl phosphate, valence adjustment of plutonium
and neptunium with ferrous sulfamate was ineffective; plutonium
was not rejected as desired, and neptunium was partially lost
to waste. Laboratory studies demonstrated that ferrous sulfamate,
added to both the aqueous feed solution and the aqueous scrub
stream in the first stage (1AS), was largely destroyed during the
relatively long time between preparation and use of these solu-
tions. Radiolysis destroyed the ferrous ion in the feed in a few
hours, and nitric acid oxidized much of the ferrous ion in the
scrub solution. To achieve the desired neptunium-plutonium sepa-
ration in plant operation, the process flowsheet was modified as
follows: ferrous sulfamate is added to the 1AS stream immediately
before it enters the mixer-settler, and ferrous sulfamate is not
added to the feed solution where it would be destroyed by radiol-
ysis.
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NEPTUNIUM AND PLUTONIUM VALENCE ADJUSTMENT
IN ENRICHED URANIUM PROCESSING

INTRODUCTION

A modified solvent extraction process for recovering uranium
and neptunium from irradiated enriched uranium fuels was developed
and tested in Savannah River Plant (SRP) operation in 1973 and
1974, Operation of this process with highly irradiated fuel of
relatively high ?%3U enrichment was first attempted in the spring
of 1974; at this time major problems were encountered in adjustment
of neptunium and plutonium valences, resulting in incomplete re-
covery of neptunium and poor rejection of plutonium. The studies
reported here were undertaken to resolve these problems and enable
efficient operation with the modified process.

The first solvent extraction cycles of the original! and mod-
ified enriched uranium flowsheets are shown in Figure 1; subsequent
processing is identical for the two flowsheets. Major differences
in the two flowsheets are:

1. The use of 7.5 vol % tri-n-butyl phosphate (TBP) in normal
paraffin as extractant in the modified process, in place of
3.5 vol % TBP in the original flowsheet.

2. Use of a scrub stream of 4M HNOj3 in the modified flowsheet,
in place of a solution of 1.2M Al1(NO3); used in the original
process.

Valences of plutonium and neptunium are adjusted in both proc-
esses by addition of ferrous sulfamate to the feed (1AF) to the
first solvent extraction (1A) bank and to the scrub stream (1AS).
This reagent reduces neptunium to extractable Np** and plutonium
to inextractable Pu3+, thereby facilitating their separation in
the 1A bank.

Process difficulties were first encountered with feed solu-
tions prepared from a mixture of SRP fuels and High Flux Isotope
Reactor (HFIR) fuel from Oak Ridge National Laboratory. These
highly radioactive solutions contained fission product activities
sufficient to irradiate the feed solution to about 300,000 rad/hr.
Although similar solutions had been processed without difficulty
in the past, using the original flowsheet, neptunium and plu-
tonium behaved anomalously with the modified flowsheet. Rejec-
tion of neptunium to the aqueous waste stream (1AW) ranged from
5% to 75%, while more than 90% of plutonium present was extracted,




rather than rejected, in the first cycle. These problems caused
a shutdown of the process and the initiation of laboratory stud-
ies of valence adjustment under the conditions used.
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FIGURE 1. Flowsheet for Processing Enriched Uranium

EXPERIMENTAL STUDIES

Experimental studies of neptunium and plutonium valence ad-
justment were of three types: (1) tests of process solutions,
chemicals, and reagents used in plant operation; (2) studies of
the effectiveness of ferrous sulfamate (FeSA) as a reductant and
its behavior under process conditions; and (3) solvent extraction
tests in the miniature mixer-settler facilities. Each of these
is discussed in turn below. Additional details of experimental
and analytical methods are given in the Appendix.
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Tests of Solutions and Reagents

Solvent extraction feed solutions and process reagents were
analyzed extensively to determine whether any unexpected impurity
was interfering with the process. No such material was found.

Uranium-bearing solutions taken at various stages of process-
ing from the dissolver to the solvent extraction feed tank were
analyzed and additionally characterized by spark source mass spec-
trometry and by titration with potassium permanganate and ferrous
sulfamate. The analyses are summarized in Table 1. The only un-
expected result was high (nearly quantitative) carryover of man-
ganese from head end treatment into solvent extraction feed. Head
end treatment consists of precipitating MnO, and adding gelatin in-
to the solution to sorb Zr and Nb and coagulate silica. As indi-
cated in the table, ferrous sulfamate reduced plutonium and nep-
tunium as expected. In these tests, Pu** and Npl’+ were analyzed
by extraction into thenoyltrifluoroacetone (TTA) solution, followed
by gross alpha and alpha pulse height analyses,

Process reagents, namely HNOj3, Hg(NO3)», KMnO,, Fe(NH,S03),,
and gelatin, were evaluated in cold chemical tests using plant
chemicals and unirradiated fuel. These analyses revealed nothing
in the process solutions or reagents to cause difficulties in sol-
vent extraction.

TABLE 1
Analyses of Process Solutions
b

Pu*t af%erb Extractable Np

0.02M FeSA, after 0.02M FeSA,
Solution” Mn, M NOZ, M Fe, M % of total Pu % of total Np
Short-cooled Fuel 8 x 10°° e 2 x 1073 1 e
Dissolver Solution
Long-cooled Fuel 4 x 10°° c 1.5 x 1073 1 e
Dissolver Solutlyn

- -3
Short-cooled Solution 1 x 107" ¢ 2 x 10 0.5 c
Accountability Tank
Concentrated Blend 1 x10%  0.002 2 x 1073 0.45 99
before Head End
Blend after Head End 0.018 0.004 e c 81-99
d

Feed for Solvent Extraction 0.018 0.005 0.04 e 71

a. Short-cooled fuel 1s cooled 175-200 days before dissolution.
Long-cooled fuel 1s cooled >270 days before dissolution.

b. Extractions made within 30 minutes of FeSA addition.

e. Not analyzed

d. Iron 1s from FeSA added during feed adjustment.




Ferrous Sulfamate Stability
Solvent Extraction Feed Solutions

The stability of ferrous sulfamate reductant in feed (1AF)
to the first cycle of solvent extraction was studied by an elec-
trochemical method. The potential between a platinum electrode
and either a calomel or a combination glass reference electrode is prin-
cipally determined by the ferrous-ferric ratio although other
solutes (nitrate, nitrite, manganese, mercury, etc.) have some
effect. The effect of 0.02M ferrous sulfamate on the electro-
chemical potential of several uranium feed solutions was deter-
mined (Figure 2), and the potential of the resulting solutions was
measured as a function of storage time.

In each case studied the potential rose to a value indicating
virtually complete oxidation of ferrous ion within 24 hours; at
concentrations of feed containing levels of radioactivity typical
of plant operation the oxidation was complete within 6 hours. The
interval between addition of ferrous sulfamate to plant feed and sol-
vent extraction of the resulting solution normally exceeds eight hours,
so that for solutions containing normal levels of radioactivity, addi-
tion of ferrous sulfamate to the feed is ineffective for reducing nep-
tunium and plutonium. It was concluded that all reduction is ac-
complished by ferrous sulfamate entering the bank in the 1AS

1050 T T T T T T T

i000 ¢ —

Volume
40 ml Solution

Potential, millivolts

@®
w
(]

800

]

750 L Il L J 1 H 1
0 50 100 150 200 250 300 350 400

Volume Ferrous Sulfamate Added, microliters

FIGURE 2. Electrochemical Potential as a Function of Added
Ferrous Sulfamate (0.02M) in Solvent Extraction Feed
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Potential, millivolts

stream. This conclusion, which is independent of whether the
original or the modified flowsheet is being used, is in direct
contradiction to conclusions of an earlier study.! 1In fact, the
addition of ferrous sulfamate to the feed inhibits reduction be-
cause of the effect of ferric ion thus formed on the ferrous/
ferric ratio in the mixer-settler bank. The potential of the
solution is given by the expression

2+
E=g° - R, (Ee ] (1)
Fe F [Fea+]
where E° is the standard potential for the ferrous-ferric couple,

R is the gas constant, T is temperature, F is the Faraday constant,

and the bracketed terms are ionic activities.

effectiveness of added ferrous ion for reducing neptunium and
plutonium.

A correlation of redox potential with the Np'++ and Pu*”
contents in a dissolver solution that had been adjusted to 0.02M
ferrous sulfamate is shown in Figure 3. After ferrous sulfamate
addition, the fractions of Np*' and Pu* and the redox potential

The accumulation of
ferric ion shifts the potential toward oxidation and decreases the

were determined as a function of time.

Oxidation of neptunium

and plutonium was concurrent with the rise in redox potential.
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950 100
900 75
850 50
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750 1 1 | rt 1 .l 1 1 ] 0
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FIGURE 3. Potential, Np**, and Pu** as a Function of Time after

Addition of 0.02M Ferrous Sulfamate in Short-Cooled
Dissolver Solution
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Thus, a potential in this system of 800 mV or below indicates a
reducing system in which plutonium is present as Pu®* and neptunium
as Np**. Measurement of the ferrous ion concentration and the
ferrous/ferric ratio at 13 and 17 hours after ferrous sulfamate
addition gave 3 x 10-3M ferrous, 0.18 Fe?*/Fe3* and 7 x 10~*M fer-
rous, 0.04 Fe2*/Fe3*, respectively. Correlation of ferrous/ferric
analyses, Figure 3, shows that at ferrous/ferric ratios of 0.18

or less, neptunium losses will increase, and more plutonium will be
recovered in the uranium product stream.

Radiolytic oxidation of ferrous ion in enriched uranium feed
solutions has been confirmed by Bibler 2, who showed that ferrous
ion is rapidly oxidized by OH radicals, peroxide, and other radio-
lytically produced species. Sulfamate destruction is slower and
sulfamate is ineffective in preventing ferrous oxidation under
these conditions.

Serub Stream

Since valence adjustment of the feed is (and always has been)
ineffective in maintaining reducing conditions during extraction,
by either the 3.5% or the 7.5% TBP flowsheet, it was concluded
that the problem with the 7.5% TBP flowsheet resulted from oxida-
tion of ferrous ion added in the scrub stream. The scrub stream
in the 7.5% TBP flowsheet is a solution of 4M nitric acid; in the
3.5% TBP flowsheet it was 1.2M A1(NO3)3. A review of available
data indicated that ferrous ion is oxidized by nitric acid in
ferrous sulfamate solutions, following the first order relationship

C=Ce (2)

where C_ and C are the ferrous ion concentrations at zero time and
time t,%espectively, and k is the first order rate constant.?
Table 2 lists rate constants for representative solvent extraction
solutions measured in simulated solutions and actual SRP re-
agents along with calculated values interpolated from Reference

3. The data are consistent; the rate of oxidation of ferrous ion
is much greater in 4M HNOj; solution than in 1.2M A1(NO3) 3.

Reactions involved in the oxidation of ferrous sulfamate by
nitric acid are:

2H* + HNOj3 + 2Fe?* > 2Fe® + HNO, + H,0 (3
HNO, + HOSO,NH, - HpSOy + Nz + Ho0 (4)
H* + HNO, + Fe?* -+ Fe®" + NO + H,0 (5)
HNO3 + 2NO + Hp0 - 3HNO, (rapid) (6)
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Sulfamate ion reacts with nitrite or nitrous acid and thus stabil-
izes ferrous ion. In low acid concentrations and at low tempera-
tures it is very effective. At higher temperatures and nitrate
concentrations,its effect is diminished (see Table 2).

Two miniature mixer-settler tests were made with simulated,
non-radioactive feed to test the stability of ferrous sulfamate
during solvent extraction in the absence of radiolysis. Table 3
shows the calculated and measured oxidation of ferrous ion for two
different scrub solutions under otherwise identical flowsheet
conditions. Calculated results were obtained from the first-
order equation (2) using rate constants from Table 2 and measured
volumes of the scrub and extraction sections. Calculated and
experimental results for A1(NOj)3 scrub agree closely, but with
the HNO; scrub more Fe?* was oxidized than anticipated. A review
of the experiment showed that this could be attributed to an actual
bank temperature 1°C to 2°C higher than measured, and to the oxi-
dation normally occurring between solution makeup and eventual
analysis. The observed ratio Fe?*/Fe®* is, however, sufficient
to maintain reducing conditions in the extraction section.

TABLE 2

Rate Constants for Fe?t Oxidation

=1

Solution Temp, °C  Rate Constant(k), hr
1.5M A1(NO3) 3 45 0.25

2.0M HNO3

0.00919M FeSA

1.3M A1(NO3) 3 45 0.23

2.5M HNO;

0.00882M FeSA

4.2M HNO3 45 0.076 (0.051)%
0.0510M FeSA

4.0M HNO 5P 45 0.080

0.0480M FeSA

1.5M A1(NO3) 3 34 0.038

2.0M HNO3;

0.0192M FeSA

4M HNO 3 35 0.023 (0.017)%
0.0188M FeSA

1.5M A1(NO3) 3 35 0.00026

0.0181M FeSA

a. Derived from data in Reference 3.

b. Plant reagent ferrous sulfamate used.
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TABLE 3
Mixer-Settler Tests of Ferrous Sulfamate Stabi11tya

. + . .
Fraction Fe? Remaining

Stage 9 Stage 16
Serub k, hr='b Cqle. Meas. k, hr~'P  Cale. Meas.
0.7M A1 (NO3) 3 0.001 1.0 1.1 0.10 0.93 0.95
4M HNO;¢ 0.080 0.83 0.67 0.23 0.71 0.60

a. Relative flows = 1AF, 100; 1AX, 240; 1AS, 36; temperature = 45°C,

b. Rate constants from Table 2.

An additional means for destruction of ferrous ion in the
mixer-settler is the reaction with nitrite ion present in the
feed from radiolysis (Equation 5). To measure this effect,
simulated feed streams with and without nitrite ion were mixed
with a 4M HNO3, "0.035M ferrous sulfamate solution at 45°C in
ratios similar to those used in mixer-settler tests. Table 4
shows results of these experiments. The residence time of the
solutions in the reaction vessel (10 minutes) was short enough
that reaction of ferrous ion with nitric acid was negligible
when nitrite was absent. As shown in Table 4, as much as 17
percent of the ferrous ion reacted when nitrite was in the feed.
Where low Fe?*/Fe®* ratios already exist, oxidation of additional
ferrous ion by nitrite ion produced by radiolysis of the feed
could destroy the reducing power of the solution.

TABLE 4
Reaction of Nitrite with Ferrous Sulfamate®
_ Fe® in 4M  NH,S05 in  Fe®' in  NH,SO3 in  Fraction Fraction
NO3, HNO 3, 4M HNO 3, Effluent, Effluent, Fe?t NH,50%
mmoles/% mmoles/% mmole/% mmole/% mmole/ % Consumed Consumed
0 36.7 78.6 9.63 20.7 0.006 0.005
3.7 35.5 78.1 8.21 16.5 0.127 0.202
0 31.8 69.8 8.50 18.3 0 0.011
4.9 37.0 80.2 8.09 15.8 0.174 0.256

a. Flowrate: 1.6M A1(NO3)-1.0M HNOj3, 4.00 ml/min
4M HNO 3-Fe(NH,S03),, 1.44 ml/min

Temperature: 45°C

- 12 -



Mixer-Settler Tests

Eight miniature mixer-settler tests, including seven with
actual plant feed solutions, were run to study valence adjustment

under actual operating conditions.

Table 5.

The tests are summarized in

The first two tests demonstrated the effect of aging the

ferrous sulfamate in the feed.

With fresh ferrous sulfamate,nep-

tunium recovery was >99.7% with a fourth of the plutonium rejected

to the aqueous raffinate.

(end of test) after startup show 50.5%, 50%, and 0.8% of the

plutonium in the aqueous raffinate.

Samples taken at 4, 6, and 8 hours

Since neptunium was extracted

in all cases, this indicates that oxidation of ferrous ion in the
feed was affecting only the plutonium. The lack of material
balance for plutonium in several tests is principally due to its
accumulation in the bank by reflux.

TABLE 5

Miniature Mixer-Settler Tests?

Test Solution

1 Blend®

2 Blend®

3 Short-cooled
4 Short-cooled
5 Long-cooledf
6 Synthetic

7 Blend®

] Blend®

a. Relative Flows:

Head
Endb

Combined
plant

Combined
plant

Combined
SRL

Combined
SRL

Combined
SRL

Combined
SRL

none

Gelatan
plant

Feed Serub Raffinate Product
FeSA, M Ey, V  ENOs, M FesA, M % Nip % Pu By, V% Np % Pu
0.02 0 4.0 0.02 <0.3 27 3 - 117 0 04
0 02d - 4.0 0 05 10 2.5 - 80 0.4
0.02 0.78 4.0 0.035 <0 3 38.9 0.82 36.7 0 04
112 0.818
0.02 0.77 0.7M 0.035 2.2 94.4 0.79 81 8 <0.01
A1(NO3) s
0.02 0.74 4.0 0.035 <0.1 92,7 0.815 107.7 <0.03
none - 4.0 0.05 0Ll 88.4 - 106.4 <01
none - 4.0 0.05 <0.7 2.8 1.08 120 22.4
4.0 0.09 <0.3 2.8 1.07 120 0.9
none? 1.13 4.0 0.035 <0.3 11.7 0.87 79 <2 x 107!

1AF-100, 1AX-240, 1AS-36, temperature. 45°C.

b. Combined strike 1s a simultaneous gelatin and MnO; precipitation.

c. Blend refers to a mixture of dissolver solutions of short-and long-cooled fuels.

d. Same feed as Test 1 with no additional FeSA.

e. Test ended before steady state, to sample stages.

f. 1.56 x 10° dis/(mn)(ml) of neptunium added to feed.

g. 0.03M sulfamic acid added to the feed.




Plutonium reflux is explained as follows: initially enough
ferrous ion is present in the feed stage and in stages 9, 10, a@d
probably 11 to reduce both neptunium and plutonium. Neptunium is
extracted and carried to the scrub section where fresh ferrous
sulfamate from the 1AS prevents its reoxidation as it follows the
uranium in the organic stream to the 1B bank (see Figure 1).
Plutonium is reduced to Pu® and enters the aqueous phase.
Initially, enough ferrous ion survives throughout the bank to
maintain the reducing potential and hold plutonium in the aqueous
phase until it exits the mixer-settler. As radiolysis oxidizes
the ferrous ion in the feed to ferric ion, the reducing potential
in the extraction section is decreased, so that further oxidation
by radiolysis and nitric+acid reduces the ferrous/fe$ric ratio,
and some extractable Pu*  forms. This extracted Pu*" then follows
the organic stream until it encounters reducing condjitions and
is -once again stripped into the aqueous phase as Pu®’; thus a
plutonium reflux is attained. As the ferrous ion in the feed
diminishes, the point of maximum reflux moves from the aqueous
raffinate exit stage toward the feed stage. At the end of 8 hours,
no ferrous ion is left in the feed, and no plutonium is being
rejected to the aqueous raffinate.

Test 2 was run 24 hours later with the same feed but with a
higher ferrous sulfamate concentration in the scrub. The data
from Tables 3 and 4 indicate a ferrous/ferric ratio in stage 9
of 0.33. This ratio should suffice to adjust to Np** and to Pu®*,
but radiolysis and nitric acid oxidation decrease this ratio still
further in the extraction section. Nitric acid oxidation alone
reduces the ratio to 0.27 in the aqueous raffinate. Again, plu-
tonium reflux occurred, and most, but not all, of the neptunium
was recovered in the product. Plutonium losses did not vary with
time since there was never any ferrous ion in the feed. The
neptunium loss may be partly attributable to the presence of
sulfate ion from the decomposition of sulfamate. Sulfate complexes
Np**, limiting neptunium extraction into TBP.

In the next three tests, fresh ferrous sulfamate was present
in the feed, and the redox potential was measured in the feed and
raffinate. The redox potential in the feed at the start of the
test is low enough that neptunium and plutonium are completely
reduced. (The feed for Test 5 contained less nitrite than that
for Tests 3 and 4, and since less ferric ion was produced by
nitrite reaction, this feed had the lowest potential.) Test 3
represents typical plant conditions of flow rates and concentrations
except that the feed solution was freshly prepared; in the plant,
at least eight hours elapses between feed makeup and use. Before
steady state was attained, the test was stopped to sample stages
and characterize any plutonium reflux. The redox potential of the
raffinate was low enough that there should have been no

- 14 -



plutonium reflux; however, the two raffinate samples indicate that
some transient reflux had occurred. Stage samples showed pluto-
nium reflux between stages 8 and 16 with a maximum at stage 13 or
14. Neptunium reflux in the scrub section was centered at stage
5, as expected from the neptunium distribution coefficient in 4M
HNO3;. Test 4 used an almost neutral A1(NO3) 3 scrub solution in
which ferrous sulfamate is much more stable to oxidation. Almost
all the ferrous sulfamate added in the scrub reached the extraction
section and lowered the redox potential of the extraction section
and raffinate, so that plutonium and neptunium were effectively
reduced.

Test 5 demonstrated successful operation of the nominal
flowsheet at a feed radiation level low enough that ferrous ion
persists in the feed through the entire test. The long-cooled
feed solution used in this test had a gross R+y radiation level
of about 4.0 x 10'°dis/(min ml), as compared to 5.0 x 10!
dis/(min ml) for the short-cooled solution in other tests. The
redox potential of the raffinate indicated significant oxidation
of ferrous ion was still occurring, presumably from nitric acid
in the scrub stream.

To demonstrate further that ferrous sulfamate is required
only in the scrub, test 6 was made with synthetic feed containing
0.8 mg/ml neptunium and no ferrous sulfamate. Excellent separation
of neptunium and plutonium was attained. Analyses of raffinate
samples within 24 hours showed a relatively constant ferrous/ferric
ratio of about 0.3. Using Equation 1 and E° = 0.771," the redox
potential of the raffinate is ~0.80 volts. This agrees with the
previous tests in which neptunium and plutonium were reduced at
potentials under 0.82 volts.

The last two tests were with plant feed solutions and with
ferrous sulfamate only in the scrub. Test 7 resulted in extraction
of both neptunium and plutonium. The reason for plutonium extraction
is unknown. Ferrous sulfamate in the scrub was stable with less than
5% oxidation between solution makeup and the end of the test. Even
increasing the ferrous concentration from 0.05M to 0.0SM did not
reduce the raffinate potential significantly or prevent plutonium
reflux,

The unusual results observed in Test 7 were not readily
understood; however, it is possible that some species in the feed
catalyzed the oxidation of ferrous ion. The feed had no treatment
other than concentration by evaporation prior to use as solvent
extraction feed. Test 8, in which the feed had been subjected to
a gelatin strike in the plant and later adjusted to 0.03M sulfamic
acid to remove nitrite ion formed from radiolysis, gave better re-
sults with lower ferrous sulfamate in the scrub. Plutonium reflux

- 15 -




and a high potential in the aqueous raffinate were also noted in
this test, indicating that more ferrous sulfamate is needed in the
scrub.

Studies of head-end precipitations were made in conjunction
with these tests to account for the high carryover of manganese
into the feed that was observed in plant solutions.

In Tests 3, 4, and 5 combined MnO;-gelatin greci itations
were included to simulate plant operations for °°Zr-°°Nb removal.
Precipitates formed were finely divided, settled slowly, and
filtered inefficiently. The filtrates when analyzed contained
about the same concentration of manganese as observed in plant
solutions (see Table 1). More extensive investigations of the
problem demonstrated that the high concentration of AI(NO3);
caused small particle formation and slow settling of MnO, pre-
cipitates with subsequent carryover of fines even after centri-
fugation.® This had probably occurred frequently in past
operations, but was not noticed. The fines are then dissolved by
radiolysis, the products of radiolysis (NOz), or addition of
reducing agent.

APPLICATION TO PLANT PROCESSING

As a result of these studies the plant process was modified
so that the 1AS stream was prepared by mixing separate nitric
acid and ferrous sulfamate streams just before they were fed to
the mixer-settler. Efficient (>98%) recovery of neptunium and
>99% rejection of plutonium was obtained in this manner. Sub-
sequently, ferrous sulfamate was eliminated from feed solutions,
and as anticipated from the laboratory studies, no effect on
the partitioning process was observed.
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APPENDIX

Experimental Methods
Reagents

Reagent.grade nitric acid and aluminum nitrate were used in
preparing simulated solutions and scrub solutions. Plant reagents,
(40wt % ferrous sulfamate, 6 wt % KMnO4, and gelatin) were used in
miniature mixer-settler tests. Ferrous sulfamate for use in
analyses and stability studies was made by dissolving reagent grade
iron filings in sulfamic acid solution to give a 2M stock solution
of ferrous sulfamate.

Analytical Methods

Plutonium and neptunium were determined by gross alpha and
alpha pulse height analyses after separation by thenoyltrifluoro-
acetone (TTA) extraction using ferrous sulfamate for valence
adjustments. Pu** and Np"+ were analyzed by direct extraction
into TTA and back extraction into nitric acid before separation
and counting.

Manganese and ferrous/ferric ratios were determined by
scanning coulometry.

Redox potentials were measured with a pH meter used in the
millivolt mode, a platinum electrode, and a calomel or AglAgCl
reference electrode. The redox potential is obtained by first
measuring the millivolt potential in a stirred sample of ZoBell
solution® where

E0 = 430 - potential reading in mV (7)
The redox potential of the sample relative to the Normal Hydrogen
Electrode, E, , is obtained from E0 and the measured potential of
a stirred sample solution.

E = EO + potential reading of sample in mV (8)
Rate constants for oxidation of ferrous sulfamate by nitric
acid and aluminum nitrate solutions were obtained by placing an
aliquot of 2M ferrous sulfamate in the desired solution in a
constant temperature bath. Samples of the solution were taken
periodically for ferrous and sulfamate analyses. The log of
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ferrous ion concentration was plotted versus time and the slope of
the straight line obtained is the reaction rate constant shown in
Table 2. '

Ferrous ion was determined by titration with ceric ion using
ferrous tris-o-phenanthroline indicator. Sulfamate ion was
determined by reaction with excess nitrite, oxidation of excess
nitrite with excess ceric ion, and back titration of excess ceric
with ferrous ammonium sulfate in dilute sulfuric acid.
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