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Introduction

Thus far during FY-13 Argonne has refined the oleanup process for irradiated Shine Target
Solutions (STS). This includes:

1. Refinernent of the sulfate to nitrate conversion step using a combination of both
strontium and baliurn nitrate (Sr(NO¡)z and Ba(NO3)2, r'espectively ) at 60oC.

2. Testing of the sulfate to nitrate conversion on large volumes of irradiated STS.
3. Testing of UREX on irradiated STS.

This report will present results from various experiments to determine the most suitable sulfate to
nitrate conversion conditions, the results for a scale-up experiments with an STS and the results
fiom a UREX experiment on an STS.

The baseline technology to cleanup a STS is the process shown in Figure 1. This has also been
previously reported in the Final FY-l2 Progress Report on the Cleanup of STS. The process has

the following steps:

L Addition of solid Sr(NOs)z to the STS in appropriate reaction vessel accompanied with
vigorous stirring; this is followed by the addition of solid, pulverized Ba(NO:)z to the

same reaction vessel.
2. The resulting slurry fì'om Step 1 is then passed through a vacuum filtration system. The

precipitate is washed with either I M HNO3 to ensure rninirnization of U loss.

3. The resulting filtrate solution then undergoes an adjustrnent to I M HNO3. This is done

to ensure that the filtrate is at the appropriate conditions for feeding to the UREX process.

4. The UREX process produces a high purity uranium product solution.
5. The resulting uranium product solution is then passed through an anion-exchange column

to remove pertechnetate and iodide.
6. The resulting uranium solution is then concentrated and denitrated to form UO3.

7. The solid UO3 product is then dissolved in sulfuric acid. If necessary, hydrogen peroxide
(HzOz) will be added to oxidize any U3Os to U(VI).

8. The resulting uranyl-sulfate solution will then be adjusted to the uranium concentration
and pH necessaty for the STS.

L Finally, the generated waste streams will be treated for storage and fìnal disposal.
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Figure 1. Flowsheet f'or cleanup of inadiated STS.

The rnajority of the cleanup steps are well understood and used commercially. The one area of
uncefiainty is the optimize conditions for the uranyl sulfàte to nitrate conversion. This
conversion step is vital to the decontamination of the uraniuln from fission products during the

UREX process. It has been previously established that sulfate concentrations above 0.01 M
greatly increase the loss of uranium in the UREX process lBowers-2013]

Summary of Previous Results

Previous experiments on optirnization conditions fìlr the sulfàte to nitrate conversion have

indicated several important fàctors:

l. Addition ofjust Sr(NO:)z does not lower the sulfäte concentration in the filtrate solution
below 0.01 M, which is required for the UREX process to be successful.

2. Addition of Ba(NO¡)2, in addition to Sr(NO¡)2, is necessary to lower the sulfate
concentration to -0.005 M. The addition of Ba(NO¡)2 alone is not fèasible due to the its
low solubility and, thus, slow kinetios of its conversion to BaSO+.

3. Stirring the system increases the kinetics of the system.



4. Pulverization of Ba(NO¡)z greatly increases the kinetics of the system, thus decreases the

final sulfàte concentration.
5. The addition of higher than L05 equivalents of strontiurn to sulfate did not result in

lowered sulfate concentration.
6. Approximately 4o/o of the uranium remains in the precipitate upon filtration; however this

can be removed by washing the filter cake with 0.1 or 1 M HNO:.

Precipitation Results and Discussion - Condition Set I

Based on the previous results it was determined that more data on variations of reaction time,
ternperature, and Sr2*/Ba2* to sulfate equivalence were needed. In the experiments discussed

below, the reaction vessel was placed directly on a hot plate and insulated with cotton. The

temperature probe was placed between the reaction vessel and cotton. A condenser, with 15 oC

water flowing through it, was placed on top of the reaction vessel. First, Sr(NO¡)z was added to

the reaction vessel containing 20 mL of the STS sirnulant and allowed to react for the desired

amount of tirne. The Ba(NO:)z was added to the reaction vessel and allowed to react for a

cedain amount of time. The results from these experiments can be seen in Table l.

Table 1. Effects of mixing tirne, temperature, Sr/SO+2-, ancl Ba/SO o'- on the sulfäte-to-nitrate
conversion process

Concentration M) in Filtrate

Sarnple Temp. Sr rxn time

--(1ÇL- -l!e!!ù -t0l09lr2\ 80 2

t0l09lt2B 80 2

10lt1l12{ 60 2

10nU12B 60 l
t1lr3lt2{ 60 2

10lt6lt2\ 2s 2

NOr- SO¿Equiv. Ba rxn time Equiv.
Sr2' :So¿2- (hours) Ba2' :Soa2-

r0l25lr2A 60
10t2slt2B 60
r0l25lt2c 60
t)tzsltzD 60
rvt2lr2+ 60 0.15
11t121128 60 I
1U12lt2C 60 I
tzl03l12\ 80 r

t2l03lt2B 80 I
t2/06t121' 33

01l03lt2{ 60
0v04lt2^ 60
011041128 60
01t04ltzc 60
0U04112D 60
0U04lt2E 60

0.5
1

J

18

I .05: I
1.05:l
1.05:l
1.05:l
1.05:l
l.05: l
1.15:l
1.15:1
I .15:1

1.15:1
1.05:1

L05:1
I .05:1

I .05:1
1 .05:l
1 .05: I

0.93:l
l:1

0.93:l
0.83:1
0.83:1
0.83: I

0

0
0

0.05:l
0.05: 1

0.05: I
0
0

0

0
0.1:l
0.1:l
0.1:1
0.1 :l
0.1 :1

0.1:l
0.2:r
0.2:1
0.2:1
0.3: I
0.3:1
0.3:l

<3.6e-5
<3.6e-5
<3.6e-5
<3.6e-5
<3.6e-5
<3.6e-5
<3.6e-5
<3.6e-5
<3.6e-5
<3.6e-5
0.004
0.003
0.003

<3.6e-5
<3.óe-5
<3.6e-5
<3.6e-5
<3.6e-5
<3.6e-5
<3.6e-5
<3.6e-5
<3.6e-5

0.008
0.009
0.015
0.005
0.015
0.014
0.022
0.022
0.021
0.024
0.430
0.408
0.4t7
0.02s
0.024
0.01s
0.016
0.009
0.017
0.01I
0.016
0.018

l.48
l.50
1.43
1.07
1.55

t.4t
1 .71

1.77

1.73
1.13

2.73
2.61

2.68
1.74

1.66
1.63
1.52

l.4l
r,49
1'44
1.51

1.49

0.133
0.123
0.1 54
0.305
0.1 02
0.1 61

0.014
0.071

0.067
0.072
0.004
0.005
0.005
0.073
0.080
0.073
0.1 06
0.1 36

0.088
0.1 39
0.100
0.092

0

0
0
I

2

2

0

0
0

0
2

I

2

0.5
1

J

0.5
I

J

I
0.5
J

1

0.5
0.5
0.5
0.5
0.5
0.5



In order ftrr a sarnple series to be considered successful, the samples must be self-consistent, and

sulfàte concentration in the fìltrate must be below 0.01 M. It is also pref-erable thatBa2r is below
0.0007 M, as this is the RCRA waste lirnit. It is useful to divide Table I into several smaller
tables (Tables 2-5), which represent similar experimental conditions.

In Table 2, only Sr(NO¡)z was used in the conversion of the uranyl sulfàte solution to a uranyl
nitrate solution, this was done to verify previous results. Several irnportant conclusions can be

gamered fiorn Table 2:

l. None of the tested conditions lower the sulfate concentration below 0.01 M.
2. Decreasing the reaction temperatureby 20 oC had little effect (15o/o increase) on the

sulfate concentration, as indicated by cotnparing samples l0l09ll2A-B and l0lllll2A.
3. The precipitation of SrSO+ has fast kinetics, as inclicated by the consistent concentration

of strontium, nitrate, and sulfate in sarnples l0l25lI2A-D.
4. lncreasing the amount of strontium present in the system by l0% resulted in a decrease of

sulfate concentration by -50o/o; however, as repofted in the Final FY-I2 report on the
STS cleanup process, further increasing the equivalents of Sr in the system will not
reduce the concentration of sulfàte in the system to below 0.01 M. Based on calculations
and initial experiments in the sarne repofi it is believed that 1.05 equivalents of Sr with
the addition of Ba should adequately reduce the sulfate concentration.

Eff'ects of rnixing time, temperature, and Sr/SOa2- on the sulfäte-to-nitrate conversion process---

addition only
Table 2.
Sr(NO3)2

Sarnple

10l09lt2A 80 2

t)l}eltzB 80 2

10lr1lt2{ 60 2

10t2sil24 60 0.5
t0l25l12B 60 1

t0t25lt2c 60 3

10l2slt2D 60 18

Ternp. Sr rxn time Equiv. Ba rxn time Equiv.

r:q @eeq - rt'l¡-qr'---lt'"srÐ-- qdls-o¿
NO¡ SO+

I .05:1 0 0

1 .05:l 0 0

1.05:1 0 0

I .15:l 0 0

1.15:1 0 0

I .15:l 0 0

l.l5:l 0 0

<3.6e-5
<3.6e-5
<3.6e-5
<3.óe-5
<3.6e-5
<3.6e-5
<3.6e-5

0.008
0.009
0.01 5

0.022
0.022
0.021
0.024

1.48
1.50

1.43

r.71
1.77
1.73

t.73

0.1 33

0.123
0.1 54
0.074
0.071
0.067
0.072

In Table 3, both Sr and Ba were used fbr the precipitation of sulfate for the investigation of the
effèct of reaction temperature and tirne. Several conclusions can be drawn from the data
presented in Table 3.

1. When Samples llll2ll2B ancl. 121031128 are compared, an assessment on the effect of
temperature can be made. The results from these two samples indicate that 60 oC is a
more efIèctive temperature at reducing the sulfate concentration to below the desired

conoentration of 0.01 M. This is likely due to highel ternperatures increasing the
solubility of barium nitrate.

2. In addition to this result, if sample 12106112A is cornpared to 11112112lr^ and 12103112B,

this again indicates that even with long reaction times for the Ba precipitation step that
60 'C is the most effèctive temperature condition for reduoiug the sulfate concentration.

3. Cornparing sarnples lll12l12B and llll2ll2C,the Ba precipitation steqreaches
equilibrium in t hour, as indicated by the identical conõentrations of Ba2'' and SO¿2-

Concentration (M) - Filtrate



present in the filtrate. If sarnple 1ll12l12A is cornpared to llll2ll2B and I l/l2llzc
samples, it can be concluded that th<: Sr reaction time has little effect on the Ba2* ancl

SO+2- concentrations.

Table 3. Effects of rnixing tirne and temperature on the sulfate-to-nitrate conversion process
Concentration

Sarnple Ternp. Sr rxn timc Pquiu. ^ Ba rxn time Equiv. ,('C) (hours) Sr2 :SO+2- (hours) Ba2*:SO+--

NO¡ SO+

tu12n2A 60
11lt2ltzB 60
tll12lt2c 60
t2l03lt2A 80
12103/t2B 80

12106112^ 33

t0l11l12B 60
1U12112A 60
11ltzlr2B 60
tutztrzc 60
01l03lt2\ 60
0U04lt2A 60
0v041128 60
0U04il2C 60
0U04lt2D 60
01t04lt2v 60

0.75 1 .05:l
I 1.05:l
I 1.05:l
I 1.05:l
1 1 .05:1
1 1.05:1

I
0.7s

1

I
0.5
0.5
0.5
0.5
0.5
0.5

1 .05: 1

I .05: I

1 .05:1
1.05: I

0.93: I
I .00:1

0.93: I
0.83:1
0.83: I
0.83: 1

0.004
0.003
0.003

<3.6e-5
<3.6e-5
<3.6e-5

<3.6e-5
0.004
0.003
0.003

<3.óe-5
<3.6e-5
<3.6e-5
<3.6e-5
<3.6e-5
<3.6e-5

0.430
0.408
0.417
0.025
0.024
0.01 5

0.00s
0.430
0.408
0.417
0.016
0.009
0.017
0.01r
0.016
0.018

¿./3
2.61
2.68
1.74
1.66

1.63

1.07
2.73
2.61
2.68
1.52
1.41

r.49
t.44
l.5 t
1.49

0.004
0.00s
0.00s
0.073
0.080
0.073

0.305
0.004
0.005
0.00s
0.1 06
0.1 36

0.088
0.139
0.1 00
0.092

2

1

2

0.5
1

-)

During the precipitation procedure, it is importarrt to keep the total number of equivalents of
Sr+Ba:SOa2- above 1.10 to ensure the precipitation of as much sulfate as possible. An
investigation of the effect of Sr2' :SO+2- and Ba2' : SOo2- while keeping the total Sr+Ba:SOa2- :
1.10 - 1.15 was oonducted, the results are shown in Table 4 and the conclusion reported below.

l. Decreasing the equivalents, from I .05:1, of Sr2' :SO¿2- while increasing the equivalents of
Ba2'-:SOa2-, from 0.1 :1, does not decrease the sulfàte concentration below 0.01 M.

Table 4.

Sample Temp. Sr rxn time Equiv.
('C) (hours) Sr2':SO+2-

Concentration (M) - Filtrate
Ba rxn time

urs
Equiv.

Ba2':SO¿2-

1

2

I

2

0.5
I
-)

1

0.5

-)

An issue of concern was that the data did not appear to be self-consistent; an example of this can

be seen in Table 5. One would expect that as reaction time increased the concentration of sulfate
would decrease; however this is not the case. It was believed that inconsistent placement of the
temperature probe between the reaction vessel and the cotton insulator maybe the problern. ln
order to resolve this; the experimental apparatus was rnodified.

Table 5.

Sarnple Temp. Sr rxn time Equiv. Ba rxn time
Concentration (M) - Filtrate

PqqtJ-. -



('c) (hours) $1- , 
q o.'____ (h"!sl_ øat'

0U04112D 60

01104112c 60
0U04t128 60

0.5
0.5

0.5

0.83:1
0.83:1
0.83: I

0.5
I
-
-)

Ba rxn time
(hours

Equiv.
Ba2' :SO¿2-

<3.6e-5 0.016 l.5l 0.100
<3.6e-5 0.01 I 1.44 0.139
<3.6e-5 0.018 1.49 0.092

Concentration - Filtrate
NO¡- SO¿

Precipitation Results and DÍscussion - Condition Set 2

It was observed that the sulfàte-to-nitrate conversion process was not self-consistent. It was

therefore decided that (l) finer temperature control of the system was required, (2) sarnples

should be repeated in triplicate, and (3) cooling to room temperature between removal fi'orn heat

source and filtering was necessary. In order to have frner temperature control of the system, a
water bath was brought up to the desired temperature, the reaction vessel containing l0 rnl of a
STS simulant was then placed in the water bath and allowed to equilibrate for -30 rninutes.

After equilibration, Sr(NO:)z was added to the reaction vessel and allowed to react f-or 30

minutes. The Ba(NO¡)z was then added to the reaction vessel and allowed to react for 60

minutes. The experimental conditions and results are shown in Table 6.

Using the procedure described above two rnajor conclusions can be drawn (Sarnple 02108/13B is

omitted in this discussion):
I . Either set of sample conditions results in sulfate concentrations below 0.01 M and Ba

concentrations below RCRA waste levels.
2. The acldition of the water bath has allowed for the results to become self-consistent across

rnultiple samples under nearly identical experimental conditions.

Table 6.

Sarnple Temp. Sr rxn time Equiv.
('C) (hours) Sr2*:SO+2-

02t07113A 60
021071138 60
02t07t13c 60
02l08lt3A 60
02t081138 60
02l08lr3c 60

1.05:1 1

1 .05:1 1

1.05:1 1

1.05:1 1

1.05:1 1

1.05:1 1

1.48 0.007
1.38 0.007
|.42 0.006
t.49 0.006
t .47 0.001

1'46 0.006

0.5
0.5
0.5
0.5
0.5
0.5

0.05:1
0.05:1
0.05:l
0.1 0: l
0.1 0: I

0.1 0: l

0.0005
0.000s
0.0006
0.0005
0.0107
0.0005

0.173
0.1 59

0.n2
0.1 91

0.n4
0.1 86

Despite the previous results being self-consistent and within the desired specifications for waste

and UREX processes, the experirnents were not truly representative of conditions in the STS. In
the previous experiment the filtrate was cooled to rootn temperature prior to hltering.
Depending on how long this solution sits after irradiation, radioactive decay of fission products

will keep the temperature of the solution to some degree above ambient temperature. Based on

the results in the previous experiment, conclitions were chosen fbr investigation without cooling
between the end of the Ba precipitation step and filtering (everything else was kept as discussed

in this section). The results frorn these experiments are shown in'Iable 7. The rnajor conclusion

that can be clrawn fiom the data presented in Table 7 is that the current procedure decreases the

sulfate to levels below 0.01 M and the Ba concentration is approxirnately equal to RCRA levels.



Table 7.

Sarnple

Concentration (M) - Filtrate
Temp. Sr rxn time
('C) (hours)

Equiv.
S12*:SO+2-

Ba rxn tirne Equiv.
Ba2':SO+2

Ba'.'- Sr" NO:- So¿'-
(hqg.rl_-

02t2U131l
02l2ll13B
02/2vl3c

Table 8.

Nuclide

F-iltrate

pci

Wash I

pci

Wash 2

U.Ci

Wash 3

pci

Reaction
Vessel

pci

60
60
60

0.5
0.5
0.5

1.05:l
1.05:l
1.05:l

1

1

I

0.0007
0.0008
0.0007

0.t57
0.171
0.164

Filter
Apparatus

¡"LCi

t.44 0.006
1.48 0.007
1.48 0.007

Precipitation Results and Discussion - Scale up with lrradiated U Spike

An STS simulant was processed with tracers supplied by a i g depleted uraniurn (DU) foil that
was irradiated at the Argonne LINAC. The DU was then dissolved in sulfuric acid and rnixed
into a uranyl sulfate system that resulted in STS solution of 0.65 M uranyl sulfate. This solution
was fed to a Molybdenum (Mo) recovery column. The effluent of the column then underwent
sulfate to nitrate conversicln via the procedure described in Precipitation Results and Discussion

- Condition Set 2, without cooling between then end of the Ba reaction time and hltration.
Ratios of l 05: I equivalents of Sr2' :S O+2' and 0.05:1 equivalents of Ba2' :SO o'- wer" used. While
these samples have undergone y-ray spectrometry analysis (Table 8), total U, Ba, Sr, N03- and

SO+2- concentrations have not yet been performecl. In Table 8, the activities reported are the

arnount of activity present back calculated to thaf af the end of irradiation.

In Table 8, the f'eed solution is the efTluent from the Mo-recovery column and serves as a

reference of total activity. Based on these results, presented in Table 8, it appears that -50 % of
Ba,40o/o of Ce, 73o/o of 1,72o/o of Pm, glYo of Rh, 8l o/o of Ru, 20o/o of Sr and 93 % of U is
accounted for. In addition to the total amount accounted for, Table 9 shows the percentage of
each nuclide recovered in each step. The low recovery percentage of Sr and Ba is likely due to a
large counting distance and non-point source like geornetry in counting the hlter-apparatus and

the reaction vessel. 2.51 % of lo0Ba in filtrate solution coresponds to 1.l2 x 10-s ppm, which is

well below the RCRA lirnits. lf it is assumed that the percentage of 'o0Ba is indicative of all Ba

in solution, which it is, then there is 212 ppm in solution, nearly double the RCRA limit.

Feed

pci

tla- 140

Ce-l4l

Ce-|43

r-133

Nd-147

Pm-151

6.608+01

1.44E+01

3.948+02

6.398+00

<6.768+00

6.528+01

1.64E+00

5. l0Fl+00

1.49If,+02

4.56E+00

<3A28+00

4.498+01

< 2.30F'02

1.168-01

2.95F1+00

1.178-01

3.64E-01

9.408-01

<1.288-03

r.028-02

2.s9E-01

5.22F'03

1.70F-02

5.37F,-02

<1.88E-04

5.43E-03

1.378-01

2.008-03

5.93E-03

1.64F.02

2.058+01

2.598+00

7.388+01

<5.38E-02

9.42F.-01

3.678-1 00

2.468+00

3.108-01

8.868+00

<1.92L]-02

1.138-01

4.408-01



Rh-105

Ru-103

sb-l 27

Sr-91

Sr-92

l'e-1 3 1m

'I'e-l32

u-237

Zr-95

Table 9.

1.87F.+02

3.56E+00

<9.408-01

1.048+03

<3.568-01

1.21E+01

6.468+00

1.93E+03

<6.22F-01

1.668+02

2.838+00

1.49E-r-00

1.2BLi;+02

<1.17H-01

2.96I1+00

5.358+00

1.14h+03

3.20Fr-01

4.018+00

4.851j-02

4.61p.-02

2.9311+00

<7.108-03

2. r 3E-01

I .01 E-0 r

6.698+01

<1.48F.-02

2.308-01

3.5s8-03

<5.77tr-04

4.908-01

<1.92T:-.04

8.698-03

s.618-03

2.018+00

I .l2E-03

4.95F,-02

9.14F'04

B.l8E-04

3.78E-01

<1.53E-04

4.068-03

1.668-03

5.37F,-0r

8.23F-04

9.04E-01

<5.26F,02

<1.028-01

3.068+02

1. I BE+03

<2.08E-01

<3.318-02

1.628+00

<1.46F.-02

I .508-01

<1.9217-02

<5.298-02

3.678+01

t.428+02

<4.95F.02

<1.308-02

1.94E-01

<2.61F,-02

Nuclide Filtrate Wash I Wash 2 Wash 3
Filter

Apparatus
Reaotion
Vessel

Ba-140

Ce-141

Ce-143

r- 133

Pm-151

Rh- I 05

Ru-103

Sr-9 I

Te-l3lm

Te-132

u-237

2.s1 0.01

3s.38 0.80

37.80 0.7s

71.28 L83

68.89 1.44

88.79 2.15

79.64 1.36

12.23 0.28

24.51 t.77

82.79 l.56

90.00 3.46

0.00

0.01

0.01

0.08

0.08

0.12

0.10

0.05

0.07

0.09

0.10

0.00

0.04

0.03

0.03

0.03

0.03

0.03

0.04

0.03

0.03

0.03

39.86

2.87

2.99

0.00

0.90

0.08

0.00

4.69

0.00

0.00

0.01

8.24

0.37

0.43

0.00

0.19

0.08

0.00

1.00

0.00

0.00

0.03

Table t highlights several important results:
L A large portion of rare earth elements, Rh, Ru and I partition with the U to the filtrate.
Because of this the use of UREX to purify the U of such contarninates is critical to the reuse of
STS.
2. The amount of ra0Ba present in the filtrate is nearly double the 100 pprn RCRA lirnits.



Conclusion and Future Work

A systernatic study of the precipitation of sulfate using barium and strontium nittate has been
conducted. In srnall batch samples, it was found that the following conditions were the best:

¡ A water bath was brought up to the desired temperature, the reaction vessel containing 10

mL of a STS was then placed in the water bath and allowed to equilibrate for -30
minutes. After equilibration Sr(NO¡)z was added to the reaction vessel and allowed to
react fbr the 30 minutes. The Ba(NO¡)z was then added to the reaction vessel and
allowed to react for 60 minutes. The resulting solution was then filtered and analyzed.

When this was scaled up to 160 rnl- containing an irradiated DU, it was found that while the Ba
content was low, it is still 212 ppm, which is twice the RCRA lirnit. Further treatment of the
filtrate will need to be done in order to lower the Ba level.

Work will oontinue in a further scaled up experiment with a I L STS solution and processing of
the resulting solutions with the UREX process will be done.
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