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ABSTRACT

A modified Purex process was developed in the Savannah River
Laboratory and is now used routinely at the Savannah River Plant
to recover enriched uranium (1 to >90% 2°°U) and either plutonium
or neptunium from irradiated fuel. Performance is improved over
the previous process except for zirconium decontamination. Labora-
tory tests at lower scrub acid concentrations show that the zir-
conium decontamination can be improveé; Modifications which
further improve uranium-neptunium partitioning have been tested

in the laboratory, but not in the plant.

* The information contained in this article was developed during
the course of work under Contract No. AT(07-2)-1 with the U. S.
Energy Research and Development Administration.
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INTRODUCTION

The Savannah River Plant (SRP) recovers actinides from a
wide variety of irradiated fuels containing ?3°U enrichménts of
1 to >90 isotopic percent. The fuels come from a variety of
sources, including the SRP reactors, government test reactors,
the nuclear ship Savannah, and the Piqua power reactor. These
fuels, clad with aluminium, stulnless steel, or nichrome, could
be chemically or electrolytlcally dissolved and processed in
existing equipment; however, for the lower 235U enrichments, the
previously used solvent extraction flowsheet would not provide
adequate throughput. A more flexible flowsheet has been de?el—
oped that enables efficient and rapid procéssing of fuels of a
wide range of 2%°U enrichments. With this modified flowsheet,
the uranium concentration in the process may be varied to pro-
vide maximum throughput consistent with 23°U concentration
limits required for nuclear safety.

Solvent extraction separations at SRP are conducted in multi-

'stage mixer-settlers through which organic and aqueous streams

flow countercurrently. The uranium and either neptunium or
plutonium are processed through two successive solvent extraction
cycles, and the recovered products are also separated from fission

products and other impurities (decontaminated).



The flowsheet used previously (3.5 vol % TBP extractant) had
limited capacity for uranium and required 1.2M A1(NO3)3 as a scrub
stream to prevent high losses of uranium to the aqueous raffinate.’
The modified flowsheet utilizes 7.5 voluﬁe percent tri-n-butyl
phosphate (7.5 vol % TBP) in the nitrate-nitric acid system. The
flowsheet increases the flexibility of the separations equipment
and lowers the amount of waste generated by about 20%. The
development and use of this improved solvent extraction process

are discussed in this paper.

PROCESS DESCRIPTION

In the first cycle (Figure 1), uranium and neptunium (or
plutonium) are coextracted into the organic phase in the first
mixer-settler (1A) and partitioned (separated) in the second
ﬁixer—settler (1B). Uranium is stripped in the third mixer-
settler (1C). The organic extractant consists of 7.5 vol % TBP

in n-paraffin hydrocarbon (C-12 to C-16).

Extractant flow is increased as the uranium concentration
in the feed increases (100 grams per liter maximum) so that
uranium does not reflux at any point to a concentration higher
than that of the feed. The nominal nitric acid concentration
of the feed and scrub streams in the first mixer-settler is 4.0M.
Aluminum nitrate can be substituted for nitric acid in the feed,
provided that sufficient acidity (0.5M) is maintained to prevent

polymerization of plutonium.
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When recovery of neptunium from the feed solution is desired,
a reducing reagent (ferrous sulfamate) is added in the first cycle

of solvent extraction to maintain plutonium in the nonextractable

VPu(III) valence state and neptunium in the readily extractable

Np(IV) state. Thus, the plutonium present will remain with the
fission products in the waste streams, and’neptunium will be ex-
tracted.

When recovery of plutonium is desired and the neptunium may
be discarded, oxidizing conditions are maintained in the first
cycle. Plutonium is extracted in the first mixer-settler as
Pu(IV) and separated from uranium in the second mixer-settler by
reducing Pu(IV) to Pu(III). Neptunium, if present in the feed,
remains as Np(V) and is rejected to the aqueous waste stream.

In the second uranium cycle with two mixer-settlers, uranium
is extracted into the organic phase and scrubbed with nitric acid
in the first mixer-settler (1D). Uranium is stripped in the

second mixer-settler (lE).

URANIUM RECOVERY

Using miniature mixer-settlers, laboratory tésts were made
with solutions simulating dissolved stainless steel clad fuels
to determine the best solvent concentration for the uranium con-
centrations of interest. Boric acid, used in the plant to main-
tain nuclear safety in dissolving some fuels, was added to the
test solutions. Test results for the first mixer-settler (Table 1)

showed uranium losses to be high with 3.5 and 5.0 vol % TBP,

-4 -
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although a very high extractant flow rate with 5.0 vol % TBP
yields a marginally acceptable loss. Uranium losses with 7.5
vol % TBP were low at fairly low extractant flow rates. Thus,
7.5 vol % TBP allows greater flexibility for processing higher
uranium concentrations. |

The plant feed solution from Piqua fuel (last test in Table 1)
contained 5 x 10% dis/(min) (ml1) from gamma-emitting fission prod-
ucts and 4.2 x 107 alpha dis/(min) (ml) from plutonium. The ap-
parent uranium loss was higher than expected. Piqua fuel contains
molybdenum which interferes with colorimetric uranium analyses;
therefore, uranium recovery in the product is a more accurate
indicator of loss than uranium in the waste. - The losses observed
during plant operation with this solution were much lower (0.01%

uranium loss by isotope dilution analyses).

PLUTONIUM RECOVERY AND PARTITIONING

With the modified flowsheet, plutonium recovery was expected
to be equivalent to uranium recovery because the distribution co-
éfficients of plutonium and uranium are similar. Three tests
were made to determine plutonium recovery (Table 2). Except for
the test with the plant solution obtained from dissolution of
Piqua power reactor fuel, plutonium mass balances were excellent.
Plutonium losses were low in all tests. With plant feed, neptunium
split approximately 85 to 15% between product and waste, respec-
tively, in the first mixer settler, and 35% of the neptunium was
in the uranium product after partitioning. Similar neptunium be-

havior has been observed in plant operation and is due to the high



nitric acid concentrations in plant feeds (4.5 - 6.0M). The ox-
idation of extractable Np(IV) to inextractable Np(V) is inversely
dependent on the fourth power of the hydrogen‘ion activity.?

Thus, Np(IV) is stabilized and can be extracted along with uranium
and plutonium.

The partitioning mixer-settler must be operated to separate

uranium and either neptunium or plutonium with no reflux of ura-

nium above the concentration in the feed to the first mixer-settler.

Plutonium is partitioned by reducing extractable Pu(lIV) tn inex-
tractable Pu(III) with ferrous sulfamate. The acid concentration
can be high enough to prevent uranium reflux because Pu(III) is
essentially inextractable.

Plutonium partitioning was tested in the miniature mixer-
settlers (Table 3), and results were satisfactory as long as
sufficient ferrous sulfamate was present. Nitric acid reacts
slowly with ferrous sulfamate to destroy sulfamate and oxidize
férrous to ferric.?® Thus, at the higher acid concentration used
in the tests with plant solutions, more fér}ous sulfamate was
needed to ensure plutonium reduction. The higher acid was re-
quired to prevent uranium reflux which occurred in the first two

tests with low acid.

During plant operafion with the low enrichment uranium flow-
sheet, uranium losses have averaged <0.05% to waste and 0.01% to
plutonium product stream. Plutonium losses have averaged <0.05%

to the waste and uranium streams. Operation at higher than

-
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predicted extractant flows have been necessary to obtain these
low product losses. Consequently, the ultimate uranium capacity

of the process is limited by the equipment in the plant.

NEPTUNIUM RECOVERY AND PARTITIONING

With highly enriched uranium feed solutions, neptunium is
recovered by extraction along with uranium, and plutonium is re-
jected to the waste. Neptunium and uranium are then partitioned
in the second mixer-settler by adjusting the acid concentration
of the strip stream and flows of the aqueous and organic streams.
Tests were made to investigaLe recovéry and partitioning. Nep-
tuniuﬁ losses were low (<0.3%) in all the tests (Table 4). The
first five tests were made with simulated feeas, and ferrous
sulfamate was added to the feed immediately before each test.
The sixth test was made with plant feed in which ferrous sulfamate
was added 3 to 4 days before the test. -Bibler" has shown that the
ferrous ion is rapidly oxidized by radiolytically produced hydroxyl
radicals, The ferric ion, thus produced, hindered reduction of
neptunium in the mixer-settler and resulted in higher than ex-
pected neptunium losses.® The presence of ferric ion also re-

3 as shown by the

sults in incomplete reduction of plutonium
presence of only 81% of the plutonium in the waste. The apparent
high uranium losses are probably due to inaccurate colorimetric
analysis at these very low uranium concentrations. Ufanium ex-

tracts better than neptunium; therefore, the actual uranium loss

is believed to be less than the neptunium loss in all cases.



For neptunium partifioning, the flows of the various streams
and the acid concentration of the strip must be carefully con-
trolled to maintain the neptunium distributioﬁ coefficient as
low as possible while maintaining the uranium distribution co-
efficient close to one. This condition necessarily requires
operation with some uranium reflux to ensure low neptunium in
the uranium product. The conditions necessary to partition nep-
tunium and prevent reflux of uranium were calculated and confirmed
by laboratory tests (Table S). The first three tests demonstrato
the effects of the flow ratios on partitioning. To effectively
strip neptunium, a high strip-to-extractant flow ratio is neces-
sary. However, a high scrub-to-strip flow ratio is necessary to
re-extract uranium which is stripped along with neptunium. The
fourth test illustrates the combined effects of high flow ratios.
Uranium reflux did not occur in any of these tests.

In initial plant operation with the new flowsheet, valence
adjustmeﬁt of plutonium and neptunium with ferrous sulfamate was
ineffective. Rejection of neptunium to the aqueous waste stream
(1AW) ranged from 5% to 75%, while more than 90% of plutonium
present was extracted, rather than rejgctéd, in the first cycle.

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

3

solutions. Radiolysis destroyed the ferrous ion in the feed



in a few hours, and nitric acid oxidized much of the féfrous ion
in the scrub solution. To achieve the desired neptunium-plutonium
separation in plant operation, the process fléwsheet was modified
as follows: ferrous sulfamate is added to the 1AS stream immedi-
ately before it enters the mixer-settler, and ferrous sulfamate

is not added to the feed solution where it would be destroyed by
radiolysis.

During subsequent routiﬂe plant operation, uranium losses
have averaged <0.05% to waste and 0.01% to thc neplunium product
stream. These losses are within the range of expected losses
based on laboratory tests and computer calculations. Neptunium
losses have averaged <1% to waste. The losses to waste are con-
siderably higher than those observed in laboratory tests, but
better than the 2% obtained with the 3.5 vol % TBP flowsheet.

Neptunium losses to the uranium stream in the partitioning
step have averaged 4%, but these losses are lower than those
observed in the 3.5 vol % TBP process. Neﬁfuﬁium in the ura-
nium stream is scnt to the waste in the second uranium cycle
(1DW) and is recovered in the second neptunium ¢ycle. The large
volumes and impurities in the recycled waste increase neptunium
loss and decrease decontamination in thelsecond neptunium cycle.

If partitioning could be improved so that only 1 to 2% of
the neptunium remains with the uranium, neptunium would not have
to be recovered from the second uranium cycle waste, and second

neptunium cycle performance would be improved. Neptunium and



uranium are partitioned by adjusting.the acid concentration in
the 1B mixer-settler so that the extraction factor of uranium i§
greater than one while the extraction factor of neptunium is
less than one. Computer calculations were made to examine po-
tential improvement in partitioning obtained by lowering the
acid concentration in the strip solution (1BX). The calcula-
tions showed and tests confirmed that changes which decrease
neptunium losses to the uranium stream increase uranium losses
to the neptunium stream.

An alternative method of improving partitioning is to (1)
lower the acidity of the strip solution (1BX)' to ensure strip-
ping neptunium, and (2) inject a high acid stream in the 1B
scrub section to reco?er any uranium stripped with the neptunium.
The feasibility of a low acid strip stream with a high acid side
stream was tested (Figure 2). The tests (Table 6) showed that
neptunium losses to the uranium stream can be reduced below the
current nominal 4%. Computer calculations were made with a'high
acid stream in Stage 9 at a flow of 0.10 relative tu the feed
and a strip acid concentration of 1.0M. The results of the cal-
culations showed that partitioning could be improved with side
stream acidities of 4 to 8M. The plant will test this flowsheet

change in the near future.

DECONTAMINATION
Decontamination of uranium, plutonium, and neptunium from

fission products and inorganic ions is of prime importance to
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the separations process. Decontamination of the uranium product
stream from inorganic ions (except for aluminpm, molybdenum, and
mercury) was better than decontamination of the neptunium or plu-
tonium stream (Table 7). Decontaminatioﬁ is expected to be higher
for the uranium stream because the partitioning mixer-settler acts
as additional scrub stages for the uranium stream.

Molybdenum decontamination was studied extensively because
Piqua fuel solutions contained 0.01M molybdenum. Molybdenum was
moderately extractable, but did not easily strip into acid solu-
tions. Decontamination was improved by addition of 0.05M phos-
phate ion and 0.5M aluminum ion which reduéed molybdenum extract-
ability by formation of heteropolymolyhdates.

Fission product decontamination was measured with plant
solutions with low and high 2°°U enrichments. The fission product
activities of these solutions and the decontamination factors are
shown in Table 8. At higher activities (high “®°U enrichments)
the fission product decontamination is better. Analyses of the
product solutions for inorganic ions and fission products resulted
in concentrations less than or equal to the detéctability limit of
the method used for anélysis. Therefore,'as fission product concen-
tration in the feed increased, the decontamination increased
because the product concentration remained unchanged.

In plant operation, the zirconium decontamination factor
for the neptunium product during highly-enriched uranium process-

ing with 3,5% TBP varied from 20 to 2600 and averaged 600,
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Since 1974 when processing with 7.5 vol % TBP began, the zirconium
decontamination factor for neptunium has varied from 10 to 450 and
averaged 90. The zircopium distribution'coefficient (Do/a = [Zr]o/
[Zr]a) increases as nitric acid concentration increases. Therefore,
the zirconium decontamination should increése if the scrub acidity
in‘the 1A mixer-settler is decreased from the pfesént 4,0M HNOs.
Several laboratory tests were made to determine the minimum feasi-
ble scrub acid concentration (Table 9). If neptunium were not to
be recovered, the scrub acid could be the same as in the second
uranium cycle, i.e., a minimpm of 0.8M HNO3. Recovery of neptunium,
however, prevents use of very low acid scrubs because the Nﬁ(IV)
distribution coefficient is much lower than uranium. The tests
(Table 9) show that neptunium loss is unaffected down to 2.0M
acid in the scrub as long as the extractant flow rate is increased
when.the scrub acidity is below 2.5M. Uranium losses at 2.0M acid
should not be so high (0.46%) since the uranium distribution co-
efficient is greater thén 1.5 in the scrub section. In these
ttests, the total uranium inventnry increascd, but no change was
observed in the maximum uranium concentfation in the 1A bank.

The maximum uranium concentration in the bank will not change so
long as the uranium distribution coefficient in the scrub section
is greater than one.

Two tests were made using tracer zirconium to illustrate the

improvement in decontamination obtained by lowering the scrub acid
concentration. The zirconium decontamination factor increased from

V200 to >1000 when the scrub acidity was decreased from 4.0 to 2.0M.
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SECOND URANIUM CYCLE
Increasing the'cohcentration of uranium in the feed to the

second uranium'cycle made it necessary to change the scrub acid
concentration to prevent reflux of uranium above the feed concen-
tration. For less than 5 g/l uranium ;oncentrations in the feed,
a minimum of 0.8M HNO; in the scrub was adequate. Several tests
were made with high uranium concentrations in the feed, and the
results were checked.w}th compﬁter calculations. The first four
fests showed excessiéeﬁgeflux‘of uranium (Table 10); The last
two tests were typical of normal operation except for low acid
in the feed to one test which resulted in high uranium loss to
the waste stream. Plutonium was added té the feed of the last
test to determine the decontamination factor. The decontamina-
tion factor of 25 found in this test Qas not sufficient to ensure
acceptable uranium product.

| Uranium losses to waste have been less than 0.01% during
plant operation. With ferrous sulfamate added in the scrub sec-
tion of the mixer-settler, plutonium contamination of the uranium
product has been about 1000 alpha disintegrations per gram of

uranium. Fission product decontamination has been sufficient to

give an acceptable product.

- 13 -



REFERENCES
1. Orth, D. A., Solvent Extraction Chemistry of Metals, 47,
Eds. McKay, H. A. C.; Healy, T. V.; Jenkins, I. L.; and

Naylor, A.; MacMillan, London (1965);

" 2. Burney, G. A. and Harbour, R. M., Radiochemistry of Neptunium, .
NAS-NS-3060, National Technical Information Service, U.S.

Department of Commerce, Springfield, VA (1974).

3. Thompson, M. C.; Burney, G. A.; and Hyder,.M. L; Neptunium
and Plutonium Valence Addjustment in Enriched Uranium Process-
ing, USERDA Report ﬁP-1395, E. I. du Pont de Nemours § Company,
Savannah River Laboratory, Aiken, SC‘(1976).

4. Bibler, N. E., Nuecl. Tech., 1977, in press.

- 14 -



TABLE 1
URANIUM RECOVERY

Feed 25 g/1 U, 4M HNOs, 4 g/1 B, 0.001M A1, 0.15M Fe,
0.16M Ni, 0.041M Cr, 0.004M Mn

Scrub  4M HNOs

Temberature 45°C

Flow Ratio
Extractant, Extractant- Scrub- Uranium, %

% TBP To-Feed To-Extractant In_Product In Waste
3.5 3.0 0.17 40.1 53.7
3.5 5.0 0.10 78.0 24.4
5.0 3.0 0.17 ’ - 94.6 5.4
5.0 5.0 0.10 99.2 0.4
7.5 2.0 0.17 96.8 0.54
7.5 3.0 0.17 99.9 0.06
7.5% 4.0 0.15 99.6 0.96

a. - Plant feed solution 40.2 g/1 U.

TABLE 2
PLUTONIUM RECOVERY

-Feed 25 g/1'U, 4-5M HNO3, 4 g/1 B, 0.00IM A1, 0.15M Fe,
0.016M Ni, 0.04IM Cr, 0.004M Mn

Scrub  4M HNO,
Extractant 7.5% TBP

Temperature 45°C

Flow Ratio
Feed Pu, Extractant- " Scrub- Plutonium, %
dis/(min)(ml) : To-Feeq" - To-Extractant Tn Product In Waste .
1.96 x 107 2 0.25 100 0.14
2.30 x 107 2 0.17 100 0.04
4.2 x10™ 4 0.15 92 0.03

a. Plant feed solution 40.2 g/1 U.
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TABLE 3
PLUTONIUM PARTITIONING
Temperature 30-35°C

Flow Ratio
Extractant- " Strip- Scrub- Strip, M Pu Product, ¥ U Product, %
To-Feed .  To-Extractant To-Strip HNO 3 FS U Pu_ U Pu
2.0 0.225 ' 3.33 0.90 0.02 - 0.10 99.9 100.0 0.14
2.0 0.225 3.33 0.84 0.03 0.16 100.0 ‘ 97.9 0.01
4.0% 0.20 3.0 1.99 0.075 <0.02 82.8 99.6 0.27

.4.0a' ’ 0.20 3.0 1.99 0.075 0.14 80.7 100.0 - 0.10

a. Plant feed solution 40,2 g/1 U.

TABLE 4
NEPTUNIUM RECOVERY:
Scrub  4.0M HNO3, 0.02-0.04M FS
Extractant 7.5% TBP

Feed 6 g/1 U, 0.1 g/1 Np, 1.1M AT(NOs)s,
0.7M HNO3, 0.02M FS

Extractant-to-Feed Waste, %

Flow Ratio U . - Np Pu
1.3 0.92 0.28 ~100
1.5 0.29 0.12 100
1.5 0.20 0.09 ~100
2.0 0.43 0.08  >99
2.0 0.17 °  0.03 >99
2.5% 0.09 0.24 81
a. Run made with plant feed 5.45 g/1 U, 2.08 x 10°
dis/(min)(m) Pu, 6 x 10° dis/ min)‘w]) Np,
1.47M A1, 1.93M HNO5, and 8.36 x 10'° dis/(min)(m1)

gross gamma activity.
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TABLE 5
NEPTUNIUM PARTITIONING
Extractant and Scrub  7.5% TBP

Strip-to- a Scrub-to-

Extractant Strip HNO;, Strip Neptunium Product, ¥ Uranium Product, %

Flpw Ratio. M Flow Ratio Np U Np U'
0.20 1.59 3.0 22.4 0.25 A 77.5 79.5
0L38 1.59 2.4 93.1 6.1 : 1.9 95.0
0.46 1.59 2.0 98.0 13.8 0.09 133.6
0.45 1.50 3.0 103.4 0.6 : 0.6 106.8

'a;bsstrip a]sd contained 0.02M ferrous sulfamate.

TABLE 6

NEPTUNIUM-URANIUM PARTITIONING WITH A LOW ACID STRIP
STREAM AND A HIGH ACID SIDE STREAM

1BX' - 8.2M HNO, added at Stage 9

1AS 1BX Flow Ratios Np% in U Reflgx
Acid, M Acid, M TBX'/TBX 1BX/TAX 1BS/IBX+1BX' U, % _Ratio

2.0 1.0 0.13  0.36 2.00 1.8 0.43

2.0 1.0  ~0o.MNn 0.31 2.50 0.48 0.35

&. Currénf nominal % Np in U is 4%.

b. Ratio of maximum uranium concentration in any stage to uranium
concentration in 1AF. ’

- 17 -



TABLE 7
INORGANIC ION DECONTAMINATION

~ lon or Concentration, Feed-to-Product Concentration Ratio

E]euent M . U Prqduct Np or Pu Product
Al 0.1 >600 >12,000
B 0.4 : ©>400 320
Fe. 0.15 >1,000 -
N{ - 0.016 >1,100 >350
©Cr 0.041 >1,000 '>1,000
Mn 0.004 >500 >500
POZ- - 0.066 - 5,000
 Hg 0.003 >70 5350
" Mo .0.01 80% >1,400

a. Uranium product decontamination increased to >300 by. addition
of P03~ and A13* to the feed.

TABLE 8
FISSION PRODUCT DECONTAMINATION

Feed-to-Product Activity Ratio

Feed Activity, dis/{min){ml) U Product ~ Np or Pu Product

Isotope Low Enriched  High Enriched Low _ High  Low High
™zp i - 2.81 x 10° - >10 - 10
SSNb - 1.72 x 10° - >108 - >10%
1o3py - 5.98 x 10° - 108 - 108
106y 5.74 x 10° 5.14 x 10° 3600  >10% 10* >10°
134cs 3.41 x 10°® 2.34 x 10° >10* >108 >10% >10®
197¢¢ 2.03 x 10° 6.02 x 10° >10°  >105 . >3 x 10*  10°
tubcg - 2.35 x 10° 5,51 x 1010 8600  >10° 4900 10%
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TABLE 9

EFFECT OF SCRUB ACID CONCENTRATION ON
URANIUM AND NEPTUNIUM RECOVERY AND DECONTAMINATION

HNO; in EXtragtant Flow Np Loss U Loss U Reflux b

Scrub, M Relative to Feed to 1AW, % to 1AW, # _Ratio? Zr, DF
4.0 1.6 <0.66 <0.10 0.68 200
2.5 : 1.6 0.15 <0.09 0.70 ;

" 2.0 2.1 0.22 0.46 0.67 >1000,

a. Ratio of maximum uranium concentration in any stage to uranium
concentration in feed. :

b. Decontamination factar = activity in JAM/acllvity in IAP,

TABLE 10
MINI-MIXER SETTLER TESTS OF SECOND URANIUM CYCLE

Extractant 7.5% TBP
Temperature 45°C

. Feed ' Extractant-to-Feed Scrub  Scrub-to-Extractant % U U Reflux

U, g/L HNO;, M Flow Ratio HNOs, M Flow Ratio Product Waste  Ratio?
15.25  4.18 2.00  0.89 0.145 100 <.08 1.56
29.9 4.08 1.85 1.73 0.17 100 <.04 1.37
29.7 4.19 2.50 1.04 0.10 98.1 .03 1.87
29.7 419 3.0 1.04 0.14 97.0 <.05 1.30
17.8 346, 3 e 0.12 %97 .29 0.73
21.34  3.87 3.0 1.2 .- 0.14 100 <.08 0.43

a. Ratio of maximum uranium concentration in any stage to uranium concentration in feed.
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