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THE EXTRACTION AND RECOVERY OF PLUTONIUM AND AMERICIUM
FROM NITRIC ACID WASTE SOLUTIONS BY THE TRUEX

PROCESS - CONTINUING DEVELOPMENT STUDIES

by

R. A. Leonard, G. F. Vandegrif t , D. G. Kalina, D. F. F ischer ,
R. W. Bane, L. Bur r i s , E. P. Horwitz, R. Ch ia r i z i a ,

and H. Diamond

ABSTRACT

This repor t summarizes the work done to da te at Argonne
National Laboratory on the app l i ca t ion of the TRUEX solvent e x t r a c -
t ion process for removing and sepa ra te ly recovering plutonium and
americium from a n i t r i c acid waste so lu t ion containing these e l e -
ments, uranium, and a complement of i ne r t metal ions . This simu-
la ted waste stream i s typ ica l of a r a f f i n a t e from a t r i b u t y l phos-
phate (TBP)-based solvent ex t r ac t i on process for removing uranium
and plutonium from dissolved plutonium-containing me ta l lu rg i ca l
sc rap . The TRUEX process solvent in these experiments was a so lu-
t ion of TBP and octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine
oxide (O4>D[iB]CMPO, or simply CMPO) dissolved in carbon t e t r a c h l o -
r ide (CCI4); the composition of the TRUEX-CCI4 solvent was 0.25M
CMPO-0.75^ TBP. A flowsheet was designed on the bas i s of measured
batch d i s t r i b u t i o n r a t i o s to reduce thJ TRU content of the s o l i d i -
fied r a f f i n a t e to £10 nCi/g and was tes ted in a countei-current
experiment performed in a 14-stage Argonne-model cen t r i fuga l con-
t a c t o r . The process solvent was recycled without c leanup. An
unexpectedly high evaporat ive loss of CCI4 re su l t ed in concentra-
t i on of the ac t ive e x t r a c t a n t , CMPO, to near ly 0.30N1 in the so lven t .
Results are cons i s t en t with t h i s higher CMPO concen t ra t ion . The
r a f f i n a t e contained only 2 nCi/g of TRU, but the higher CMPO con-
centration resulted in reduced effectiveness in the stripping of
americium from the solvent. Conditions can be easily adjusted to
give high yields and good separation of americium and plutonium.
Experimental studies of the hydrolytic and gamma-radiolytic degra-
dation of the TRUEX-CCI4 showed that solvent degradation would be
(1) minimal for a year of processing this typical feed, which con-
tained no fission products, and (2) could be explained almost
entirely by hydrolytic and radiolytic damage to TBP. Even for
gross amounts of solvent damage (typical of 100 years of processing
this waste stream), scrubbing with aqueous sodium carbonate solution
restored the original americium extraction and stripping capability
of the solvent.



I. INTRODUCTION

The ability of the TRUEX (TRansUranic Extraction) solvent extraction
process to extract, separate, and recover transuranic (TRU) elements from
nitrate media containing a v;ide range of acid, fission-product, and salt con-
centrations makes this process an important tool for processing a large vari-
ety of TRU-containing waste streams. The application of TRUEX processing of
nuclear waste streams in the United States would have two important results:

(1) a greatly lessened bulk of waste that must be buried in deep
geologic repositories at the Waste Isolation Pilot Plant (WIPP)
or as glass in a high-level nuclear waste repository and

(2) the recovery of substantial amounts of TRU elements (e .g . ,
plutonium) that are in these streams and that otherwise would
be lost.

The TRUEX solvent extraction process was invented by members of the
Chemical Separations Group, Chemistry Division, Argonne National Laboratory
through basic studies of a number of neutral, phosphorus-based, bifunctional
extractantr. [H0XWITZ-1981A.B, -1982, -1983A.B, -1984, -1985D; KALINA-1981,
-1984, -1985A,B; MUSCATELLO]. Process application, flowsheet development,
and testing has since become a cooperative effort between this group and the
Separations Science and Technology Group, Chemical Technology Division, Argonne
National Laboratory [HORWITZ-1985A.B; VANDEGRIFT-1984A, -1985]. The extractanf
found most satisfactory for the TRUEX process is octyl(phenyl)-N,N-diisobutyl-
carbamoylinethylphosphine oxide, which is abbreviated O*D[iB]CMPO, or simply
CMPO [HORWITZ-1983B, -1984, -1985A; VANDEGRIFT-1984A, -1985]. I ts chemical
structure is shown in Fig. 1-1. This extractant is combined with tributyl
phosphate (TBP) and a diluent to formulate the TRUEX process solvent. The
diluent is typically a normal paraffinic hydrocarbon or a nonflammable
chlorocarbon such as carbon tetrachloride or tetrachloroethylene.

CeHi7
,0 Fig. 1-1.

CH2CH(CH3)2

N ^ The Chemical Structure of

^CH2CH(CH3 )2

Described in this report is the application of the TRUEX solvent extrac-
tion process to remove plutonium and americium from an aqueous ni tr ic acid
waste stream. The stream is a typical raffinate of a TBP-based solvent extrac-
tion process used to remove uranium and plutonium from dissolved plutonium
scrap. We have designated this waste stream as PFP waste, because it is
typical of the waste stream exiting the Hanford Plutonium Finishing Plant



(PFP).* The TRUEX process solvent chosen for this waste stream is 0.25M^
CMPO-0.75NI TBP diluted by carbon tetrachloride, and is designated as
TRUEX-CCI4. Our primary objective has been to demonstrate this process on a
simulated PFP waste stream by (1) reducing the alpha activity in the solidi-
fied raffinate to <10 nCi/g, (2) providing a purified plutoniura product stream,
(3) providing a purified americium product stream, and (4) demonstrating the
effectiveness of centrifugal contactors for this operation. A second objec-
tive was to measure the gamma-radiolytic and hydrolytic degradation of the
TRUEX-CCI4 process solvent under conditions relevant to the processing of
PFP waste.

The specific composition of the synthetic PFP waste solution used in
this study was provided by W. W. Schulz, Rockwell Hanford Operations.



II. SUMMARY AND CONCLUSIONS

A flowsheet has been developed and tested for the remov.al of ameri.cium
and plutonium from typical PFP waste solutions using the TRUEX process.
Americium and plutonium are selectively stripped from the solvent in this
process. The flowsheet was demonstrated in a countercurrent experiment with
extraction, scrub, and two strip sections, and with solvent recycle using
a 14-stage centrifugal contactor unit (five extraction, two scrub, four
americium-strip, and three plutonium-strip stages). The conclusions of the
demonstration are as follows:

• A raffinate vhat is <10 nCi/g solid is easily attainable with five
extraction stages.

• An americium product stream containing >99.9% americium and very
little plutonium contamination is attainable under properly selected
conditions of solvent composition, phase ratio, aqueous nitric acid
concentration, and number of stages in the first strip.

• A plutonium product stream with >99.9% plutonium and very little
americium contamination is attainable ander properly selected
conditions of solvent composition, phase ratio, aqueous nitric
acid/hydrofluoric acid concentrations, and number of stages in
the second strip.

• Batch distribution ratios measured for tracer concentrations of
radionuclides can be used to predict the extraction behavior of
Pu(lV) and Am(lll) in this process.

• Loss of diluent (CCI4) with subsequent increases in extractant con-
centration is an area of concern. The use of a less volatile diluent,
tetrachloroethylene, is recommended. However, if CClq. is to be the
diluent, reduced evaporation must be achieved by, for example, ccoling
of selected stagas or sealing of rotor shafts. We also recommend,
particularly if CCI4 is the diluent, monitoring of the solvent density
and/or periodic measurements of americium distribution ratio to check
the solvent composition and degradation.

• The major constituent by weight of* the americium product stream is
iron. If a purer americium product is sought, the flowsheet can be
altered by adding additional scrub stages.

The stability of the TRUEX-CCI4 solvent to hydrolytic and gamma-
radiolytic degradation was also studied. The conclusions of this study are
as follows:

• Hydrolytic and radiolytic damage to the solvent will be of no conse-
quence for periods equivalent to several years of processing of
typical PFP wastes.

• Observed effects on extraction behavior of the solvent can be largely
explained by degradation of tributyl phosphate to dibutyl phosphoric
acid.



• Scrubbing the degraded solvent with aqueous sodium carbonate solution
restored, and in most cases increased, its original capability in
regard to extraction behavior of americium and in ease of phase
disengagement.

• When fresh, or only slightly degraded, solvent was contacted with
aqueous sodium carbonate solutions, phase disengagement was very
slow. However, treatment of the solvent before use with macroporous
ion-exchange resin in the hydroxide form greatly alleviated the slow
disengagement problem and should allow the use of a sodium carbonate
cleanup step in Argonne-mode1 centrifugal contactors.

The overall conclusion of this effort is that there are no foreseeable
problems in implementing a TRUEX solvent extraction process on solutions having
the general composition of a typical PFP waste. The countercurrent demonstra-
tion of the flowsheet met its objectives and has led to modifications in the
flowsheet to improve its performance.



III. REFERENCE FLOWSHEET FOR PFP WASTE PROCESSING

A reference flowsheet was prepared to describe the removal of americium
and plutonium from PFP waste using the TRUEX process. The TRU concentration
in the solidified raffinate from the treated PFP waste should be less than
10 nCi/g, i.e., a nonTRU waste. The recovered americium and plutonium are
separated from the loaded TRUEX-CCI4 solvent, and from each other, in suc-
cessive stripping sections.

In this section, the reference flowsheet is presented, the results of a
flowsheet demonstration in a 14-stage centrifugal contactor are given, and the
demonstration results are discussed. Based on the flowsheet analysis and a
review of the demonstration run results, an outline for a revised flowsheet
was worked out and is included in Section III.C.7, in which solvent cleanup
and recycle are addressed.

A. Flowsheet Development

A reference flowsheet was designed for the PFP waste from which americium
and plutonium are recovered and, subsequently, separated from each other.
For the demonstration of this fLowsheet, the solvent was recycled without any
cleanup. However, the flowsheet modifications outlined in Section III.C.7
include two solvent cleanup steps. The extract ion/scrub section recovers most
of the TRU elements from the PFP waste, so that the raffinate will be a nonTRU
waste. In addition, successive strips are chosen for stripping the organic
phase so that the two TRU elements, americium and plutonium, are separated
from each other.

1. Calculations

To make the calculations on the flowsheet, shown in Fig. III-l, that
are required to meet process constraints, batch distribution coefficients were
measured for key components in the PFP waste. These distribution coefficients
fo;r the PFP waste are summarized in Table III-l for each section of the flow-
sheet. Using the distribution coefficient and the. concentration of each com-
ponent in each input stream (DF, DS, EF, and FF) to the flowsheet, the composi-
tion or each output stream (DW, EW, and FW) was calculated using an electronic
worksheet. The use of electronic worksheets for such calculations is described
by Leonard [LEONARD-19853. The input concentrations and the calculated output
concentrations are listed in Table III-2. Additional results are listed in
Appendix A, Section 6. Because the organic phase is recycled from the second
strip back to the extraction/scrub section, it is both an input (DX) and out-
put (FP) stream. Thus, the organic phase starts out with only CMPO and TBP
in CCI4. As the process time in the calculation increases, small amounts of
HNO3, Pu, Am, and U build up in the organic phase. The concentrations of these
components listed in Table III-2 are for steady-state conditions. Highlights
of the worksheet calculations are shown on the flowsheet in Fig. III-l, with
each americium and plutonium value in the effluent streams given as a percent
of the amount in the aqueous feed (DF).

As shown in Fig. III-l and detailed in Table III-2, the PFP flow-
sheet meets all process objectives. The aqueous raffinate (DW) from the
extraction/scrub section contains only 3 nCi/g of solid when neutralized



Feed (OF)

HNOj 1.5M
Pu 100%
Am 100%
NonTRU 100"

Scrub (DS)

HNOj 0.25M

Strip «2 (FF)

HNOj
HF

0.05M
0.05M

(150)

1(450) (150)

Raffinate (DW)

HNOj 1.33M
Am, Pu 3 nCi/g
NonTRU 100"t

Am Product

HNOj
Pu
Am

0
0

99

(EW)

. 14M

.23%

.86%

1(75)

Pu Product

HNfj
HF

Pu

A m

0
0

99
0

(FW)

.05M

.05M

.77%

.12%

(150)

TRUEX Solvent (DX. FP)

CMPO 0.25M
TBP 0.75M

CCL

Fig. III-l. Flowsheet for Tests with Synthetic PFP Waste.
(Parenthetical entries indicate stream flow
rates in mL/min,)

and solidified as a mixture of nitrate salts. The americiutn product (EW) in
the aqueous phase from the first strip contains only 0.2% of the plutonium.
The plutonium product (FW) in the aqueous phase from the second strip contains
only 0.1% of the americium.

2. Potential Problems

Two potential problems were observed based on the flowsheet calcu-
lations. First, because the americium concentration is low relative to that
of iron, and because the distribution coefficients for iron are relatively
high when compared with other nonTRU components in the PFP waste, signifi-
cant amounts of iron could be present with the americium in the EW effluent.
If this presents a problem, additional stages could be added to the scrub
section. With each additional scrub stage, the iron concentration would drop
by a factor of two, based on the iron distribution coefficients measured from
che demonstration run. This is a smaller factor than would be predicted from
the expected value shown in Table III-l. Second, because the extraction fac-
tor, the distribution ratio times the organic/aqueous (0/A) flow ratio, is
greater than one for uranium in all sections of the flowsheet, the concentra-
tion of uranium in the organic phase (DX, FP) will build up until it is 17
times that in the aqueous feed (DF). However, because the concentration of



Table HI-1. Distribution Coefficients for Various Constituents
of PFP Waste Using TRUEX-CCI4 Solvent at 30°C

Component

HNO3

Be
Ka
Mg
Al
K
Fe
Ca, Cr, Mn,
Ni, Cu, Zr,
Pb

U
Pu
Am

F-

S O 4 2 "

Extraction

0.23

<0.0
<0.oi
<0.001
<0.0001
<0.03
0.061

<0.01

400
2000
17e

h

h

Distribution

Scrub

0.2

<0.04
<0.02
<0.001
<0.0001
<0.03
0.061b

<0.01

400
2000

3.Of

h

h

Coefficients

First
Strip

0.2

a
a
a
a
a
a

a

33C
160d

O.llg

h

h

Second
Strip

0.2

a
a
a
a
a
a

a

4.2
0.03
0.1

h

h

aNot available. Expect these coefficients to be even less than
those for the extract ion/scrub section.

"This expected value for the Fe coefficient was found to be
higher, about 0.25, in the demonstration run.

Coefficient is 110 for the first contact of the organic phase
with the aqueous phase ard 36 for the second; all others are
as shown.

^Coefficient is 440 for the first contact of the organic phase
with the aqueous phase and 170 for the secord; all others are
as shown.

Coefficient is 16 for the first two contacts of the organic
phase with the aqueous phase; all others are as shown.

-Coefficient is 8.8 for the first contact of the organic phase
with the aqueous scrub and 6.5 for the second; all others are
lower and approach the value shown in the table, which is for
the 0.25M HNO3 aqueous scrub feed.

^Coefficient is 0.87 for the first contact of the organic phase
with the aqueous phase and 0.13 for the second; all others are
as shown.

nVery low distribution coefficient; therefore, assumed to be
zero.



Table III-2. Concentrations in the Process Flowsheet for Recovery of Americium and
Plutonium from PFP Wast<;

Component

HNO3
HF

Be
Na
Mg
Al
K
Ca
Cr
Mn
Fe
Ni
Cu
Zn
Pb

U
Pu
Am

N03~ d

F -

Organic
Solvent,1,

DX.FP (150)

0.01
0

0
0
0
0
0
0
0
0
0
0
0
0
0

5.18E-5
1.62E-8
1.25E-10

0.01
0

0

Aqueous
Feed.c DF

(400)

1.5
0

7E-5
0.04
0.06
0.43
0.003
0.06
4E-4
0.003
0.03
4E-4
3E-4
6E-4
5E-4

3E-6
3E-5
6E-6

3.06
0.09

0.01

Aqueous
Scrub.DS

(50)

0.25
0

0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0

0.25
0

0

Process Strean

Aqueous
Raffinate,
DW (450)

1.333
0

6.2E-5
0.036
0.053
0.382
0.0027
0.053
3.6E-4
0.0027
0.C27
3.6E-4
2.7E-4
5.3E-4
4.4E-4

1.29E-7
8.1E-12
o.ZZ-10

2.72
0.08

G.009

Concentrations,

Aqueous
Am Str ip ,
EF (150)

0.05
0

0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0

0.05
0

0

a M

Aqueous
Am Product,

EW (150)

0.141
0

<5E-8
2.4E-6

<1E-1O
3.4E-12

<5E-7
4.7E-7

<3E-9
<3E-8
4.6E-5

<3E-9
<3E-9
<5E-9
<4E-9

5.7E-7
1.83E-7
1.598E-5

0.141
0

0

Aqueous
Pu S t r ip ,
FF (75)

0.05
0.05

0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0

0.05
0.05

0

Aqueous
Pu Product,

F'.l (75)

0.05
0.05

0
0
0
0
0
0
0
0
1.19E-9
0
0
0
0

1.408E-5
1.596E-4
3.9E-8

0.05
0.05

0

aParenthetical entries in the heading indicate stream flow rates in mL/min.

''Without solvent wash or cleanup steps, solvent is recycled directly from the second strip section to the extraction
section as the organic feed.

cThe PFP waste reference composition is as specified by Rockwell Hanford.

"Calculated values. Includes nitrate from nitric acid as well as nitrate salts.
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uranium in the aqueous feed (DF) is low, it is not a problem. A complete
process flowsheet could include a solvent wash to remove any uranium from the
solvent, thereby eliminating the potential problem (see Section III.C.7).

3. Dependence of Flowsheet Performance on Component Concentration

a. Aqueous Feed

The performance of the flowsheet focuses on the removal of
americium from the aqueous raffinate (DW) and on how that removal depends on
the concentration of the various components in the aqueous feed. Because it
is the least extractable of the three actinides present in the PFP waste,
Am(IIl) is the key component in TRO removal from PFP waste and, hence, the
most likely to be affected by variations in acidity, nitrate salt concentra-
tion, and temperature. [The distribution ratios of Pu(lV) and U(VI) from the
PFP feed in the extraction section are >10^; therefore, the influence of small
fluctuations in the process conditions on uranium and plutonium decontamination
factors would be negligible.] Fortunately, the distribution coefficient, or
ratio, of americium (D^,) is insensitive to HNO3 concentration above 0.6M.
In the limiting case, with only nitrate ion from HNC3 present, an increase
from 0.8 to 3,011 HNO3 would decrease D ^ only 10%. With five stages in the
extraction section, the resulting decontamination factor for americium would
be smaller; and the TRU concentration in the solidified aqueous raffinate (DF)
would increase from 3 to 5 nCi/g.

Scrub and stripping sections are more sensitive to HNO3 con-
centration because, at low HNO3 levels (<0.8M), D^m varies approximately as
the second power of the HNO3 concentration. Thus, HNO3 concentrations in
the scrub and strip feeds must be controlled carefully to get the desired
stripping of americium from the solvent. Variations of HNO3 concentrations
in thf» scrub and strip feeds will have almost no effect on the decontamination
factor for americium in the extraction section.

A ci3?rease in salt concentration would also result in a small
decrease in D ^ . If the concentration of nitrate salts in the feed were
essentially zero, D ^ would decrease 38%. In this limiting case, the reduced
decontamination factor for americium would allow the TRU concentration in the
solidified aqueous rafiinate (DW) to increase from 3 to 33 nCi/g. On the
other hand, an increase in nitrate salt concentrations would produce an
increase in DAm) particularly if the salt were aluminum nitrate.

The value of D ^ increases with a decrease in temperature.
Distribution ratios for flowsheet development studies were measured at 30°C,
which is probably higher than the actual processing temperature for PFP waste.
Therefore, processing performed at 25°C would result in somewhat mere efficient
removal of TRU elements from the aqueous feed and somewhat less efficient
stripping of the organic solvent.

b. Organic Feed

Aft with the aqueous feed, flowsheet performance focuses on the
removal of americium from the aqueous raffinate (DW) and on how that removal
depends on the concentration of various components in the organic feed. The
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distribution coefficient for araericiura varies as the third power of the con-
centration of CMPO in the solvent.* Thus, it is important to hold the CMPO
concentration in the solvent to fairly close tolerances to realize the calcu-
lated flowsheet performance. To this end, CCI4 was added to the recycled
organic solvent during the countercurrent demonstration of the flowsheet to
replace expected CCI4 losses.

Another factor that could affect flowsheet performance is an
inadequate solvent strip or solvent cleanup. If americium concentration builds
up in the recycled organic phase, the extent to which americium can be removed
in the aqueous raffinate (DW) will be limited, no matter how many extraction
stages are used.

B. Flowsheet Demonstration Results

The flowsheet described in Section III.A was demonstrated in a 14-stage
centrifugal contactor; the experimental procedure for this experiment is
described in Appendix A, Section 1. Before the requisite amounts of uranium,
plutonium, and americium were added to the feed, the process was run to obtain
samples of outlet streams fo,- measuring concentrations of inert elements,
following this run, referred to as th<; cold run, actinide elements and NaN02
(0.01M) were mixed into the feed and left to stand for 18 hours before the hot
run was begun.

The americium and plutonium concentrations in the pqueous raffinate waste
stream (DW), americium product stream (EW), plutonium product stream (FW), and
spent process solvent (FP) are shown in Tables III -3 to III-6, respectively.
Table ItI-7 shows the decontamination factois acnieved for americium and plu-
tonium from the aqueous feed (DF) and the level of alpha activity in the neu-
tralized and solidified raffinate (solidification by evaporation to a nitrate
salt mixture). The compositions of the americium and plutonium product streams
(EW and FW) with respect to inert constituents in solution are shown in Table
III-8. Total composition of both streams on a weight basis is shown in Table
III-9. Table III-10 shows the distribution ratios of americium, D^,, that
were obtained by equilibrating the aqueous and organic phases collected from
each contactor stage after the termination of the hot test run. Because dis-
tribution ratio and density measurements of FP fractions indicated that the
final CMPO concentration was about 0.30M, Table III-10 also gives calculated
"Am values obtained when the CMPO concentration was corrected from 0.30 to
0.25M.

1. Decontamination of Feed Stream (DF)

The data in Tables III-3 and III-7 show that the TRUEX process, when
operated as described in the flowsheet in Fig. III-l, reduces the TRU concen-
tration in the feed to well below the goal of 10 nCi/g of disposed waste form.
The decontamination factors and activities were calculated using the average
24l activity in samples DW-4, -5, and -6 and the plutonium activity in

*The plutonium and uranium distribution coefficients vary as the
second power of the CMPO concentration, and that for HNO3 is
assumed to vary as the first power.
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Table III-3. Plutonium and Americium Concentrations in the
DW Stream Samples

Concentration in Aqueous Raffinate Stream (DW)

Americiumk Plutonium0>d
Sample
Numbera

DW-1
DW-2
DW-3
DW-4
DW-5
DW-6

105 dpm/L

2 .1
1.5
1.5
2.4
3 .2
2.7

IO-IOM

1.1
0.81
0.81
1.3
1.7
1.5

105 dpm/L 10-8M

3.0

5.4

0.62

1.1

aTaken at three-minute intervals during run; see Section 1

of Appendix A for details.

^Specific activity = 7.6 x 1012 dpm/g.
cSpecific activity = 2.03 x 1011 dpm/g.
"Measured by isotopic dilution and mass spectrometric
analysis. Maas spectrometric analysis was performed by
E. L. Callis, Analytical Chemistry Laboratory, Chemical
Technology Division, Argonne National Laboratory.

Table III-4. Plutonium and Americium Concentrations in the
EW Stream Samples

Sample
Number^

EW-1
EW-2
EW-3
EW-4
EW-5
EW-6

Concentra t ion

Americium'3

1010 dpm/L

0.80
1.8
1.9
2.2
2.5
2.6

in Americium Product

10-5M

0.43
0.97
1.0
1.2
1.4
1.4

Stream (EW)

Pluuoniumc.d

106 dpm/L

3.7

3.4

10-8M

7 .6

7 .0

aTaken at three-minute intervals during run; see Section 1

of Appendix A for details.

^Specific activity = 7.6 x 10^2 dpm/g.
cSpecific activity = 2.03 x 1011 dpm/g.
dMeasured by isotopic dilution and mass spectrometric
analysis. Mass spectrometric analysis was performed by
E. L. Callis, Analytical Chemistry Laboratory, Chemical
Technology Division, Argonne National Laboratory.
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Table I I I - 5 . Plutonium and Araericiura Concentra t ions in the
FW Stream Samples

Sample
Numbera

FW-1
FW-2
FW-3
FW-4
FW-5
FW-6

Concentra t ion in Plutonium Product Stream

Americiumb

109 dpm/L

0.10
0.82
2.2
3.7
4 . 1
4.4

10-6M

0.054
0.45
1.2
2.0
2.2
2.4

Plutonium0

109 dpm/L

0.79
7.0
7.9
8.1
8.0
8.3

(FW)

10- 5M

0.16
1.4
1.6
1.7
1.6
1.7

aTaken a t three-minute i n t e r v a l s dur ing run; see Sect ion 1

of Appendix A for d e t a i l s .

"Speci f ic a c t i v i t y = 7.6 x 10*2 dpm/g.
c S p e c i f i c a c t i v i t y = 2.03 x 10 1 * dpm/g.

Table I I I - 6 . Plutonium, Americium, and CMPO Concentrar ions in
the FP Stream Samples

Sample
Numbera

FP-Γ
FP-21

FP-3 ,

FP-1
FP-2
FP-3
FP-4
FP-5
FP-6

107

0.
0.
1.
3.
5.
4.

Concentration in

Americium'3

dpm/L 1 0 - 8 M

15 0.081
69 0.37
9 1.0
3 1.8
0 2 .7 e

7 2 . 5 e

Recycled Solvent Stream

Plutonium0

106 dpm/L 10-7M.

_ _
_
-
-
-

5.8 1.2 f

(FP)

CM

0
0
0

0
0
0
0
0
0

A

PO,
M

.26

.26

.27

.27

.27

.27

.28

.28

.28

aTaken at three-minute i n t e r v a l s during the cold ( I , , 2 ' , 3 ' ) and

hot demonst ra t ions ; see Appendix A for d e t a i l s .

^Specif ic a c t i v i t y = 7.6 x 1012 dpm/g.
c S p e c i f i c a c t i v i t y = 2.03 x 1 0 1 1 dpm/g.

"Based on the measurements of D̂ m between 2.011 HNO3 and the FP
samples and the known D ^ value (12) between 2.0M HNO3 and 0.25^1
CMFO-0.75M T3P in CCI4.

eAverage of americium in samples 5 and 6 r e p r e s e n t s 0.17% of the
t o t a l americium.

^Represents 0.14% of the t o t a l plutonium.



Table III-7. Decontamination Factors for Plutonium and Americium

Extracted from Simulated PFP Waste

Activity in
Activity Activity Decon- Solid
in Feed, in Raffinate, a tamination Raffinate, c

Radionuclide nCi/L nCi/L Fectorb nCi/g

238,239,24OPu 6.58 x 105d 2.4 x 102 2.4 x 103 1 .2(0 .80) e

24lAia 5.00 x 106f 1.2 x 102 3.7 x 10^ 0.58

Totc-1 3.6 x 102 1.8 (1.38>e

aBased on the plutonium concentration in sample DW-6 and the average

241 Am concentrations in samples DW-4, -5, and -6.

bCorr'»cted for dilution of feed by scrub.
cAssuming that the weight of a l i t e r of neutralized raffinate after

evaporation is 206 g.

^Based on 7.2 x 10" 3 g(Pu)/L and a specific act ivi ty of the plutonium
mixture (0.05% 238pU) 86.46% 239pu, and 11.84% 240pu) of
2.03 x 10 1 1 dpm/g.

e Parenthetical entry is based on the plutonium a l l being 239pu (specific
activity of 1.36 x 10H dpm/g).

*Based on 1.4 x 10-^ g(24lAm)/L and a specific activity of
7.6 x 1012 dpm/g.

Table III-8 . Concentrations of Inert Constituents in EW and FW
Product Stroams during the Cold Runa

Element
0

Cr
Mn
Fe
Ni
Cu
Zn

Ew-r

3.0
2.2

570
2.4
39
1.2

Concentration in Stream Samples,

EW-2'

<2.4
<0.56

700
2.2
13
0.09

EW-3'

<2.4
<0.56

720
<2.1

9.0
0.09

FW-Γ

4.2
3.0

200
3.9
33
4.1

,b 10-6M

FW-2
1

3.6
5.1

570
14
16
0.95

FW-3
,

<2.4
1.6

570
3.5
8.4
2.0

aData were obtained by E. A. Huff,' Analytical Chemistry Laboratory,
Chemical Technology Division, Arg'onne National Laboratory, using
inductively coupled plasma/atomic emission spectroscopy.

''These sample numbers bear prime symbols because they were generated
during the operation using feed containing no U, Pα, or Am; see
Appendix A.

cThe concentvat ions of Bes Al, Mg, Ca, and Pb were a l l below the
detectabi l i ty limits of 3.9 x 10-6M, 23 x 10~6M, 1.3 x 6
7.8 x 10~&l*, and 1.5 x 10~6M, respectively.



Table III-9.

15

Composition of the Americium (EW) and
Plutonium (FW) Product Streams

Element

Mn
Fe
Ni
Cu
Zn
Pu
Am

Composition

Americium (EW)

mg/L

_

40
-

0.06
0.006
0.017
3.5

wt %

_

91
-

1.4
0.014
0.038
7.9

in Product Stream

Plutonium (FW)

mg/L

0.009
31
0.020
0.053
0.013

38
0.39

wt %

0.013
45
0.028
0.075
0.018

54
0.55

Table 111-10. Distribution Ratios of Americium
by Stage after Termination of
the Demonstration Run

Stage
No.

1
2
3
4
5

6
7

8
9

10
11

12
13
14

Stage Type

Extraction
Extraction
Extraction
Extraction

Extraction/Feed

Scrub
Scrub

Strip 1
Strip 1
Strip 1
Strip 1

Strip 2
Strip 2
Strip 2

Distribution Ratio of
Americium

Measured8

31
29
27
35
32

17
15

4.0
0.69
0.30
0.30

0.31
0.25
0.20

Calculatedb

18
17
J6
20
19

9.8
3.7

2.3
0.40
0.17
0.17

0.18
0.14
0.12

aBased on the measured D ^ values in the extraction
section, the CMPO concentration was assumed to be
0.30M.

"Distribution rat io that should have occurred had
there been no evaporative losses of CCI4; i . e . ,
for a 0.25M CMPO concentration.
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sample DW-6. However, the americium and plutonium contents of the DW samples
are not constant and generally increase in magnitude with the time of sampling.
If sample DW-3 had been used to calculate the alpha activity in the raffinata,
the level would have been only 1 nCi/g.

Worksheet calculations of the alpha activity in the raffinate pre-
dicted 3 nCi/g of solid neutralized raffinate, based on a D ^ of 17 to 18 and
a plutonium distribution ratio (Dpu) > 10^ in the extraction stages. Thus,
the americium decontamination factor was greater than expected. The plutonium
decontamination factor, on the other hand, was much lower than anticipated and
much lower than achieved during an earlier test of TRUEX using a dissolvsd
sludge waste feed [VANDEGRIFT-1984A].

2. Americium Product Stream (EW)

The data in Table III-4 show that a steady buildup of [Am]* occurred
in the americium product stream (EW). The total americium recovered in the
EW stream was 88%, based on an average concentration in sfnples EW-5 and -6.
Worksheet calculations predicted that 99.86% of the americium would be
stripped into the EW stream.

Table III-4 also shows the [Pu] lost to the EW stream. Worksheet
calculations predicted 0.23% of the plutonium would report to the EW stream,
whereas the stream contained only M).09% plutonium.

3. Plutonium Product Stream (FW)

The data in Table III-5 show that, after an ini t ial buildup to
steady-state conditions, essentially al l the plutonium was stripped into the
FW stream. However, the ineffective stripping of americium in stages 8 through
11 resulted in 1̂2% of the americium reporting to the FW stream, instead of
<0.1%, as predicted.

4. Spent Process Solvent Stream (FP)

Table III-6 shows the [Am] and [Pu] remaining in the stripped TRUEX
process solvent. The average [Am] in FP-5 and -6 and the [Pu] in FP-6 repre-
sent 0.17% and 0.14% of the total americium and plutonium, respectively.
Calculations predicted 0.001% of the americium and 0.02% of the plutonium
would be in the FP stream.

Table III-6 also shows the calculated [CMPO] in FP fractions based
on D̂ n, measurements. The FP fractions collected during the cold run are
also included. Both sets of samples show a gradual increase in [CMPO]. Gas
chromatographic analysis of sample FP-6 confirmed that [CMPO] was in the range
of 0.28-0.30M.t

*Bt-ackets around a chemical symbol indicate concentration.
^Analysis performed by A. S. Boparai, Analytical Chemistry Laboratory,
Chemical Technology Division, Argonne National Laboratory.
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5. NonTRU Constituents in EW and FW Product Streams

Table III-8 shows the concentrations of nonTRU constituents in the
americium (EW) and plutonium (FW) product streams collected during the cold
run (their concentrations in the feed are presented in Table III-2). The
concentrations of all nonTRU feed constituents except iron are reduced to
undetectable or insignificant levels in the EW and FW product streams. Table
III-9 gives the compositions of the americium and plutonium product streams
on a weight basis. Iron is a major constituent in both products.

C. Discussion

Overall, the flowsheet demonstration run went well. Based on the results,
modifications to the reference flowsheet in the extraction, scrub, and both
strip sections can be recommended with a high degree of confidence. The sol-
vent cleanup operations, discussed in Section III.C.7, are given a conditional
recommendation pending further laboratory and flowsheet tests, because they
were determined from laboratory tests discussed in Section V and have not yet
been subjected to a full countercurrent flowsheet demonstration.

In this section, the solvent loss rate is discussed first, because it
impacted on all other results. This is followed by a discussion of four key
components (HNO3, Fe, Pu, and Am), which did not behave quite as expected,
either because of unexpected values of their distribution coefficients or
because of higher-than-expected evaporative losses of the diluent. Then,
other constituents are discussed. Finally, flowsheet modifications that
address the problems reviewed are outlined.

1. Evaporative Loss Rate of CCI4

Based on the evaporative loss tests discussed in Section IV.B, we
expected that an overall evaporative loss rate of the CCli, diluent in the
solvent would be 3 mL/min during the demonstration run. Carbon tetrachloride
was added at this rate during the run to make up for its expected loss. After
the run, the evaluation of the data by four different methods (density mea-
surements of the solvent, gas chromatographic analysis of the solvent, deter-
mination of D̂ j,, of the various solvent samples, and an overall material
balance of all solvent fractions accumulated during the demonstration run)
indicated that the CCI4 loss rate had actually been substantially higher,
about 11 mL/min, on the assumption that the loss occurred only while the
contactor was operating.

Precautions had been taken to ensure that the evaporative loss rate
for CCI4 would be the same for the demonstration run as it nad been earlier
for the evaporative loss tests. To keep the solvent in a closed container and
minimize evaporative losses, a 4-L glass reaction kettle was used as the sol-
vent feed tank. The ground-glass joints in the cover of the reaction kettle
allowed connection of the solvent feed (DX) and return (FP) lines without
exposing the kettle contents to the outside air. The room temperature was
kept low, close to or below that for the earlier evaporative loss tests. The
lines going to and from the contactor and the interstage lines were free of
leaks, and the same solvent pumps were used. When this experimental setup
was used for the evaporative loss tests, the rate of CCI4 evaporation was
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found to be higher than, but close to (within 50£), the rate predicted from
the energy input into the system by the contactor rotors. The higher evapo-
rative loss rate observed during the demonstration run suggests that an addi-
tional source of heat existed while carrying out the flowsheet demonstration.
This heat could have come from the heat of solution released as the aqueous
feed containing 1.5M HNO3 was equilibrated with the organic phase containing
almost no HNO3. Further tests are needed to verify that the energy released
by this heat of solution actually caused the additional 8 mL/min of CCI4 loss.
Because of the high loss rate, several techniques to reduce evaporative loss
are discussed in Section IV.B. We expect that, by incorporating one or more
of these techniques, significantly lower loss rates, i.e., 1% or less of the
total solvent flow rate, could be realized.

The high evaporative losses of CCI4 might have occurred by another
means, by evaporation from the contactor stages as the unit sat overnight in
the glove box. These losses were expected to be minimal because of the water
layer over the solvent. However, the effectiveness of this water layer has
never been tested. As detailed in Appendix A, Section 1, the two liquid phases
remained overnight in the contactor stages both between the cold and hot (dem-
onstration) runs and between the hot run and the collection (draining) of the
stage liquids after the hot run. This possible mechanism for the extra loss
is suggested by Table III-6, which shows that the [CMPO] in the solvent during
the hot run rose from 0.27 to 0.28M, and by Table III-10, which projects the
[CMPO] in the solvent from the stage samples to be 0.30M, as measured the day
after the run. Thus, about two-thirds of the unexpected CCI4 loss may have
occurred while the solvent was sitting overnight in the contactor stages or
during further handling and aliquoting of the samples.

The [Am] in the aqueous raffinate (DW) was fairly constant, sug-
gesting that only a small fraction of americium leaving in the organic efflu-
ent (FP) was getting back to the organic feed port. A look at the overall
20-minute test shows that the [Am] in the organic feed would have been higher
with a higher degree of mixing in the solvent feed tank. With 60 to 75 mL of
solvent per stage, the americium introduced into the feed stage at time zero
takes four or five minutes to flow through the ten stages between the feed
stage and the solvent effluent. Thus, the initial [Am] in the effluent is
much less than its later steady-state value. The solvent feed and return
lines contained about 100 mL of solvent, and the solvent feed tank contained
1550 mL of solvent at the outstt. The solvent feed (DX) is taken from the
very bottom of the solvent feed tank, whereas Lhe returning organic phase
(FP), with a volume loss of up to 7% as a result of the CCI4 loss, is lass
dense and floats to the surface of the solvent feed tank, which contains no
mixer. Thus, all the solvent free of americium was used before the first
solvent containing any traces of o-mericium was used. Eleven minutes is
required before the americium-free solvent is gone. Thus, it would be 15 to
16 minutes into the run before the first solvent containing trace amounts of
americium was fed to Stage 1 where the aqueous raffinate (DW) was exiting.
The six DW effluent samples were taken at 2, 5, 8, 11, 14, and 17 minutes.
Sampling time was about 45 seconds. Thus, only the last DW sample might have
been affected by americium in the solvent, but the [Am] would still have been
very low and, thus, have had little effect. The experimental values for the
DW samples show that this was the case.
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A second explanation of why the [Am] in the DW stream was fairly
constant is that a small but rising fraction of the americium getting back to
the DX feed from the organic effluent (FP) was offset by the higher T>/im caused
by the higher [CMPO]. Thus, the [Am] in the aqueous raffinate (DW) stays
about constant. The actual situation of a fairly constant [Am] in the DW
stream was probably a result of a combination of these two explanations.

2. Nitric Acid

Because of the evaporative losses of CCI4, the [CMPO] in CCI4 rose
from its initial value of 0.25 to about 0.30M by the end of the experiment.
The distribution coefficient of HNO3 in the process would also increase,
because it is assumed to be proportional to the [CMPO] in the solvent. Thus,
the two-stage scrub section, which, among other things, scrubs much oi the
HNO3 from solvent, would be somewhat less effective than planned. In addi-
tion, with only two stages in the scrub section, the acid concentration in
the solvent leaving the scrub section is about twice as high as it would be
if more scrub stages were present. The result is a higher acid concentration
in the first stages (8 and 9) of the first strip, and a reduced ability of
the first aqueous strip to recover the americium from the solvent.

To verify the higher acid concentrations in stages 8 and 9, the
aqueous phases collected from these two stages after the hot run were measured
and found to have HNO3 concentrations of 0.26 and 0.10M, respectively. Pre-
liminary batch extraction tests of the flowsheet indicated that these values
should have been 0.14 and 0.06M, respectively. On the assumption that the
[CMPO] was constant at 0.25M, the difference in acidity in stage 8 (where the
EW stream exits) would produce a D^m of 2.6, instead of 1.0.

3. Iron

The distribution coefficient of iron (DFe) is higher (0.25) than
expected (0.061) [HORWITZ-1982, -1985D] in the scrub section, resulting in more
iron in the EW effluent. This unexpected behavior of iron may be due to the
slow kinetics of Fe(lll) extraction into the solvent [KALINA-1981]. The net
result is that the Dpe for back extraction is one to two orders of magni-
tude greater than that determined by forward extraction with a short (1- to
2-minute) period in the mixing zone. The addition of a third scrub stage
would reduce the iron concentration in the EW stream by about half. Addi-
tional scrub stages would result in similar additional reductions of iron in
the americium product until the iron from some other source, for example,
from the aqueous feed to the first strip, becomes the controlling factor.

Like the scrub section, the americium stripping section does not
effectively remove all the iron from the organic phase. Therefore, iron is
also found in the plutonium product stream (FW). This second stripping sec-
tion does effectively remove iron from the TRUEX process solvent. Thus, as
shown in Table III-9, iron is a major constituent in both the americium and
plutonium products. This probably will not present any problems if the
plutonium is recycled into the feed of a PUREX-type extraction process and
the americium product is converted to glass.
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4. Plutonium

With the higher than expected ni tr ic acid and CMPO concentrations
in the f irs t str ip section, less plutonium than expected came out in the
americium product effluent. Almost al l the p.'.utonium came out in the second
str ip where the concentration of 0.05M HF ir the aqueous phase proved to be
effective in stripping the plutonium from the solvent. After the second s t r ip ,
only 0.15% of the plutonium remained in the organic effluent (FP). This shows
the effectiveness of the dilute mixture of ni t r ic and hydrofluoric acids for
stripping plutonium from the TRUEX-CCI4 solvent. Tests made after the demon-
stration run showed that plutonium remaining in the solvent from the second
strip could be washed out using a sodium carbonate solution. Thus, a sodium
carbonate wash for Che solvent, recommended in Section III.C.7 as part of the
flowsheet modifications, would effectively remove any plutonium not recovered
by the second s t r ip .

A small amount of the plutonium (0.04%), which may be an inextract-
able plutonium polymer inasmuch as the distribution coefficient for Pu(IV) in
the extraction section is so high and that of Pu(III) is about equal to ^
came out in the aqueous raffinate (DW). The polymer could have come from
the plutonium sample used to make up the feed. Plutonium polymer is be-
lieved to have a distribution ratio less than 1.0 for TRUEX process solvent
[HORWITZ-1985C].

5. Americium

With the 16 to 20% higher [CMPO] in the solvent, the D^ values
given in Table I I I - l are increased sharply due to the third-power dependence
of DAm on [CMPO]. Thus, a 16 to 20% increase in [CMPO] produces a 56 to 73%
increase in D^, giving better than expected performance in recovery of amer-
icium from the aqueous raffinate (DW) and a poorer than expected performance
in the stripping of americium from the solvent in the s t r ip sections. Thus,
88% of the americium was recovered in the f irs t s t r ip , whereas 99.9% recovery
was expected. Then, 98% of the remaining americium was recovered in the
second s t r ip , where the higher 0/A flow rat io in this section cuts down on the
effectiveness of americium recovery. The remaining 0.2% of the americium ends
up in the organic effluent (FP). Tests on the FP samples from the demonstra-
tion run show that the americium would have been stripped from the solvent as
expected had the [CMPO] in the solvent not increased.

The actual values of D^m for each stage were measured from the
demonstration run. These actual values (Table III-10) vary from the expected
values (Table III-l) in the way that the observed changes in the HNO3 and CMPO
concentrations, mainly thp latter, would predict. The [Am] in each effluent,
calculated using an electronic worksheet [LEONARD-1385] (see Appendix A,
Section 6), is shown in Table III-l1 for these two sets of distribution
coefficients, along with the measured effluent [Am].

Also shown in Table III-l1 is a third set of americium concentra-
tions calculated for the effluent streams using corrected values of D̂ n,.
The corrected coefficients were determined, as discussed in Section 6 of



Table III-ll. Measured and Calculated Americium Concentrations in the Effluents near
the End of the Demonstration Run

Effluent
Stream

Time into
Run, min

Measured [Am],
10~6M

Calculated [Am],a 1Q-&M

Case lfc Case 2C Case 3d

Aqueous
Raffinate (DW)

Americium
Product (EW)

Plutonium
Product (FW)

Organic
Effluent (FP)

17

18

18

18

1.45E-4

13.6

2.3

0.026

8.8E-4 (8.8E-4) 4.2E-5 (4.2E-5) 1.44E-4 (1.44E-4)

16.0 (16.0)

0.039 (0.039)

12.2 (13.2)

3.6 (4.2)

1.2E-4 (1.2E-4) 0.155 (0.163)

14.1 (14.7)

1.47 (1.59)

0.025 (0.028)
aShown for the appropriate time into the run. The calculated [Am] at steady-state conditions is given

in parentheses.
t>Uses the expected distribution coefficients given in Table I I I - l , and assumes immediate recycle of

the organic effluent. This is Case A in Table A-5 of Appendix A.
cUses the measured distribution coefficients given in Table 111-10, and assumes no recycle of the
organic effluent. This is Case C in Table A-5 of Appendix A.

•%ses corrected distribution coefficients, as discussed in Appendix A, Section 6, and assumes no
recycle of the organic effluent. This is case E in Table A-5 of Appendix A.
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Appendix A, by considering the effects of temperature, stage efficiency,* and
[CMPO]. The stage efficiency "=>s essentially 100%. The temperature effect
appeared to be small. The corrected values of D^, which correspond to a
[CMPO] between 0.27 and 0.28M, as shown in Table III-6, permit prediction of
the [Am] in both the aqueous raffinate (DW) and the organic effluent (FP).
The approach of the organic effluent (FP) to a steady-state [Am], as calcu-
lated by the electronic worksheet using the corrected D ^ values and as shown
in Table A-9 of Appendix A, matches closely the measured concentrations shown
in Table III-6.

As discussed in Appendix A, Section 6, the stripping sections of the
contactor were expected to reach steady state well within three residence times
(the residence time for the organic phase is six to seven minutes, and those of
the aqueous phases are even less). However, because of the high HNO3 and CMPO
concentrations, the two strip stages nearest the EW exit, stages 8 and 9, had
americium extraction factors' close to or greater than 1.0. This caused an
americium buildup in the st^vent in the first stripping section. The buildup
occurred slowly, being limited by the rate at which americium was entering the
contactor. This slow buildup of americium in the strip sections, while the
extraction and scrub sectienj are at steady state, can be seen in the worksheet
results fot Case E in Appendix A, Section 6. Thus, the gradual increases of
americium in three output streams, EW, FW, and FP, although not seen in work-
sheet calculations based on the expected coefficients for americium, are in
agreement with calculated results using the actual D ^ values in the contactor
stages.

The [Am] in the aqueous phase, calculated from the corrected values
°f ®Am> i-s plotted as a function of stage number in Fig. III-2. The measured
effluent concentrations are also plotted on the figure, and agree quite well
with the calculated values. The aqueous concentrations of americium in the
stages, determined after the demonstration run, generally agree with, but are
somewhat scattered about, the calculated values. This data scatter results
from the way that the run was terminated. The pumps were turned off about
five seconds before the rotors were, and continued pumping for only a few
seconds. When the rotor motors were turned off, the rotors continued spinning
for 10 01 15 seconds. Thus, the spinning rotors continued to pump liquid from
stage to stage for a short time while no liquid was coming in from the pumps.
The deviations, from the calculated [Am], of the [Am] measured in each stage
can be explained qualitatively by the shutdown procedure.

Overall, the americium separation from the nonTRU elements went
well. With a reduction of [CMPO] from about 0.275 to 0.25M, more americium
would be removed from the solvent in the first strip, and The americium con-
tamination in the plutonium product (FW) would be reduced to the expected
values shown in Fig. III-l.

*Stage efficiency is the ratio of the amount of a component extracted
from one phase into the other phase to the amount that would be
extracted if the two phases were at equilibrium. Thus, if the exiting
effluents from a stage are completely equilibrated, the stage efficiency
is 100%.

extraction factor for a component is the distribution coefficient
for that component times the 0/A flow ratio in the stage.
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Fig. I I I -2 .

Americium Concentration as a
Function of Stage Number at
the End of the Demonstration
Run
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6. Other Constituents

Besides the iron discussed in Section III.C.3, the only detectable
nonTRU metals in the americium (EW) and plutonium (FW) product streams are
Cr, Mn, Ni, Zn, and Cu, as shown in Table III-8. The presence of Cr. Mn, and
Ni in these effluents is likely a result of corrosion of the stainless steel.
The source of the Cu is probably from a previous demonstration run of the
14-stage contactor bank. The source of the Zn is not known.

7. Flowsheet Modifications

Based on the above discussion, the flowsheet depicted in Fig. III-l
is being revised. An outline of possible revisions is given here. These
include the use of tetrachloroethylene (TCE) instead of CCI4 as the diluent
for the solvent, a lower HNO3 concentration in the feed to the scrub section
and the first strip section, improved control of the diluent concentration in
the solvent, and use of solvent cleanup stages.

a. Tetrachloroethylene as Diluent

Because CCI4 is more volatile than TCE, the latter must be
given serious consideration as the diluent in TRUEX process solvent. The
lower volatility of TCE is reflected in its higher boiling point (121°C vs.
77eC for CCI4) and its lower vapor pressure (about 17% of that of CCI4).
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In other respects, the two diluents have very similar properties, including
density, viscosity, latent heat of vaporization, and the distribution ratios
of Am(lll) and Pu(IV) [HORWITZ-1985C]. Thus, if TCE were used as the diluent
in place of CCI4, it would not be necessary to change the CMPO and TBP con-
centrations in the TRUEX process solvent, the number of stages, or the rela-
tive flows. In addition, the plutonium retention number and the amount of
Cl~ produced per watthour of irradiation are lower for TCE than for CCI4
[BARNEY].

b. Scrub

The HNO3 concentration in the scrub solution should be lowered
from 0.25 to 0.20M, and one or two additional scrub stages should be added.
These changes would reduce the concentration of HNO3 in the organic phac,
entering the first strip stage, which would, in turn, lower D^, in the strip
section and improve the stripping factor for the back extraction of americium.
The addition of two scrub stages would reduce the iron content of the americium
and plutonium products to about 65 and 14 wt % of the product, respectively.
The diminution in D^m that will occur in the scrub stages when the HNO3 con-
centration is reduced will increase the quantity of americium returned to the
feed stage. Although this will result in a somewhat larger buildup of ameri-
cium in the organic phase feeding into the scrub stages, it will not reduce
the decontamination factor for americium between the aqueous feed (DF) and the
aqueous raffinate (DW).

c. First Strip

The HNO3 concentration in the aqueous feed to the first strip
should be reduced from 0.05 to 0.04M. This reduction in acidity would reduce
DAm by 50%, thereby improving the stripping factor. An additional stage in
the first strip is also worthy of consideration. The additional stage would
ensure at least 99.9% removal of americium from the organic phase before it
enters the plutonium stripping section, even if the acidity in the earlier
strip stages is higher than expected.

d. Control of Diluent Concentration

As seen from the demonstration ruu, the diluent concentration
in the solvent must be controlled fairly closely if the flowsheet is to operate
as designed. As the diluent (CCI4 or TCE) evaporates, TRUEX process solvent
becomes less dense as a result of the increase in concentration of the less
dense components, TBP and CMPO. To monitor this, a continuous-reading densi-
tometer in the solvent feed line (DX) is recommended. The densitometer would
control diluent addition using a diluent feed pump. A second option is to
install such a densitometer and diluent feed pump in the solvent return line
(FP). For this case, continuous stirring of the solvent reservoir is
recommended to ensure a uniform diluent concentration in the solvent.

Another method of monitoring the solvent (although not appli-
cable to continous monitoring) is to measure the D ^ in the solvent with 2.0
and 0.01M HNO3. Because DAm is directly third-power dependent on [CMPO],
excessive evaporative loss of the diluent will cause significant increases
in D^, as was experienced in the demonstration run. The 2̂1 HNO3 measurement



25

enables one to calculate the [CMPO] to within ±2%, whereas the 0.0111 HNO3
measurement indicates the presence of acidic extractants that can reduce
stripping efficiency. Both measurements are necessary to assess the quality
of the solvent. A standard procedure for these measurements could be devised
and easily implemented. The distribution ratio measurements give a more
accurate measure of [CMPO] (when performed in triplicate), require less time,
and are less costly than a gas chromatographic analysis.

e. Solvent Cleanup

One or two solvent wash stages using Na2CO3 are envisioned
to remove any uranium and dibutyl phosphoric acid (HDBP) that may be in the
organic solvent. In addition, the Na2CO3 neutralizes HNO3 and HDBP in the
solvent and strips their sodium salts as NaN03 and sodium dibutyl phosphate
(NaDBP), respectively. The dibutyl phosphate (DBP) ion forms a gel with iron
if the DBP is not removed. The solvent wash removes uranium as a carbonate
complex. The uranium would otherwise build up in the solvent, because its
distribution coefficient in the solvent is greater than 1.0 throughout the
rest of the flowsheet. The spent wash solution would be recycled, with the
required addition of Na2CO3 to maintain its concentration at a constant
level, until sufficient buildup of nitrate ion or the trace components required
the solution to be discarded. The distribution coefficients of the trace com-
ponents removed in the solvent wash will vary as the solvent and the wash
solutions are recycled. Even if a small amount of Na2CO3 solution is
entrained in the solvent, it should have no effect on the operation of the
rest of the flowsheet.

A second solvent cleanup step, an acid rinse stage, is attrac-
tive if minimal aqueous entrainment in the recycled solvent is required. The
acid could be either 0.1M oxalic acid or O.IMHNO3. Oxalic acid is preferred,
as it would provide a further uranium removal step. In either case, the sol-
vent treated by the acid rinse produces a much clearer solvent with less
aqueous phase entrainment in the solvent being recycled.

f. Effects of the Revised Flowsheet on Species Concentrations

The revised flowsheet outlined here will have only a minimal
effect on the concentrations given in Table III-2. The concentration of HNO3
will be zero in the recycled organic solvent (DX), unless an acid rinse is
used. The iron concentration in the EW effluent will be lower by a factor of
about two for each additional scrub stage. The concentrations of Am, Pu, and
U in the DX feed will remain low. The uranium concentration in the other
effluents will be lowered by about a factor of 20. The plutonium concentra-
tion in the EW effluent will be slightly higher, but still under 1% of the
total plutonium in tue feed. The americium concentration in the plutonium
product stream (FW) will be even less than the 0.1% shown in Table III-2.
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IV. EVALUATION OF CENTRIFUGAL CONTACTORS

The hydraulic performance of annular cent r i fugal contactors used with an
acid ic aqueous phase and an organic solvent such as t r i bu ty l phosphate (TBP)
in a d i luen t of n-dodecane (nDD) or other normal paraf f in ic hydrocarbon (NPH)
is well es tabl i shed [BERNSTEIN-1973A,B; LEONARD-1980, -1983; WEBSTER]. The
contactors were also expected to work well with chlorinated hydrocarbon d i l -
uents such as te t rach loroe thylene (TCE) and CCI4; however, t h i s had never
been demonstrated and, the re fore , needed to be evaluated. When a chlor inated
hydrocarbon is the d i l u e n t , the solvent is more dense than the aqueous phase.
In t h i s sec t ion , we report the operat ion of cen t r i fuga l contactors t-hen the
more dense phase is the solvent (organic phase) and ver i fy that the contactors
do work as expected. Also discussed are the evaporative losses associated
with chlor inated hydrocarbons, which are much more v o l a t i l e than nDD or NPH.

A. Hydraulic Performance

To t e s t the flowsheet described in Section I I I , a 12-stage 4-cm contac-
to r , shown in F ig . IV-1, was b u i l t and tes ted for hydraulic performance with
PUREX process so lu t ions (aqueous phase, 0.01M HNO3; organic phase, 30% TBP in
NPH). Every stage was checked for ro tor l eaks , and none were found. Process
throughputs of 0.8 L/inin were obtained as predicted by the contactor design
theory developed at Argonne National Laboratory. The maximum throughput*
tha t was measured was 0.9 ± 0 . 1 L/min.

After the 12-stage contactor was checked out and fu l ly o p e r a t i o n a l , t
i t was operated at 300 mL/min of 0.2M HNO3 for the aqueous phase flow and
300 mL/min of TRUEX-CCI4 solvent for the organic phase flow. The aqueous-
and organic-phase r e se rvo i r s held about 1.0 and 2.0 L of each phase, respec-
t i v e l y . Contactor opera t ion, with t o t a l recycle of both phases, was continued
for 90 minutes. No accumulation of organic phase was seen in the aqueous-phase
r e s e r v o i r , and vice ve r sa , which represents exce l len t hydraulic performance at
75% of the maximum throughput for the PUREX so lven t . When operat ing at t h i s
l e v e l , one of the contactor e f f luents t yp i ca l l y contains ^0.5 vol % of the
other phase. Over the 90-minute period of the t e s t , t h i s would be expected
to r e s u l t in a s ign i f i can t accumulation (>\<140 mL) of the organic phase in the
aqueous r e s e r v o i r , or vice versa . However, no such accumulation was seen,
which ind ica tes tha t the maximum throughput for the TRUEX-CCI4 solvent was
markedly higher than that for the PUREX solvent .

As a further guide to hydraulic performance of the TRUEX-CCI4 so lvent ,
dimensionless d ispers ion numbers (N])£)f were measured for two acid concen-
t r a t i o n s (0.001 and 0.2M^ HNO3) and for thre<2 organic/aqueous (O/A) volume

*Throughput so high tha t at l ea s t one phase effluent contains 1% of
the other phase.

^An add i t iona l four s t ages , which had been b u i l t and tested e a r l i e r , were
a lso used in the flowsheet t e s t . However, they were not used in the
hydraul ic performance and evaporative loss t e s t s described in th i s sec t ion .

'The d i spers ion number is a measure of how eas i l y a d ispers ion breaks.
I t i s useful because, for a given ro tor design and ro tor speed, t o t a l
throughput is propor t ional to the dispers ion number.
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r
Fig. IV-1. Twelve-Stage 4-cm Annular Centrifugal Contactor

ratios (0.33, 1.0, and 3.0), using a procedure outlined earlier [LEONARD-1981],
The results, given in Table IV-1, show that the dispersion number is variable
when the 0/A ratio and the acid concentration are both low. This erratic
behavior at low 0/A ratios disappears at the higher acid concentrations. For
the conditions used in the TRUEX flowsheet with CCI4 as a diluent, the dis-
persion number is 1.6 x 10 or higher. The contactor was designed based on
experience with PUREX solvent and nitric acid, a combination that, typically,
has a dispersion number of 9 x 10"^. Thus, based on the higher dispersion
numbers for the TRUEX-CCI4 solvent and nitric acid, contactor throughputs
up to 1.5 L/min could, in theory, be realized. In practice, the liquid level
in the annular mixing zone of each stage would limit contactor throughput to
1.2 L/min. If the gap in the annular mixing zone of the contactor were
enlarged by 60%, with an attendant small loss in extraction efficiency, con-
tactor throughputs up to 1.5 L/min, the limit set by the dispersion number,
could be obtained in the 4-cm unit. However, near maximum throughput, one or
both effluents would then have an increased carryover of the other phaye from
some low value, much less than 0.1%, to a value close to 1%.

To conclude the hydraulic performance tests on the 4-cm contactor, the
TRUEX flowsheet was evaluated using a synthetic PFP feed without Am, Pu,
and U. The flowsheet shown in Fig. III-l was used with two minor changes:
two, rather than three, stages were used for the second strip section and
four, rather than five, stages were used for the extraction section. Trans-
lucent sections of fluorocarbon tubing permitted observation of liquid flow
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Table IV-1. Effect of Acid Concentration on the
Dispersion Number for Liquid Systems
with CCI4 as Diluenta 'b

[HNO3]
in Aqueous 0/A Dispersion
Phase (A), Volume Continuous Number

M Ratio Phase x 10*

0.001

0.2

0.33
1
3

0.33
1
3

A
0
0

A
0
0

2.1 to 11.7C

16 ± 1
23.5 + 1.5

34 ±
16 ±
25 ±

aOrganic phase (0): 1.0M TBP in CCI4.

''Based on batch tests made as described by Leonard,

using 100-mL graduated cylinders [LEONARD-1983].
cHighest dispersion numbers occur when two phases are
initially mixed. Dispersion number decreases as
successive tests are made.

in the interstage lines. All effluents were examined for possible other-phase
contamination. When the liquid was drained from the stages after tenting this
flowsheet, a very small amount of loose particles or crud was observed at the
interface between the two phases. Loose solids of this type do not impair
contactor operation. They will either pass from stage to stage and exit with
one of the contactor effluents or be collected in the stage liquid during s
run and removed later when the stages are drained. Based on these observa-
tions, all stages worked well.

B. Evaporative Losses

To measure the evaporative loss of CCI4 in the 12-stage contactor, com-
pletely closed feed systems were constructed, in which the only route for
evaporative losses was the annular gap formed between the rotor shaft as it
entered the contactor stage and the splash plate.

The evaporative loss rate was measured for three liquids: water, TCE,
and CCI4. Selected physical properties of these liquids are listed in Table
IV-2. For purposes of comparison, the properties of n-dodecane are also
listed. Water and TCE have almost the same vapor pressures, whereas that for
CCI4 is greater by a factor of five. Also, TCE and CCI4 have almost the same
latent heats of vaporization, whereas that for water is greater by a factor of
12. Thus, if vapor pressure controls the rate of evaporative loss, the loss
rates for TCE and water should be similar. If the latent heat of vaporization
controls loss, the loss rates for TCE and CCI4 should be similar.
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Table IV-2. Physical Properties of Various Solvents

Solvent

nDDa

Water

TCE

CCl4b

Vapor
Pressure at
20°C, kPa

0.01

2.3

2.0

11.9

Latent Heat of
Vaporization
at 20°C, J/g

358

2450

210

218

Heat
Capac ity
at 20°C,
J/(g'K)

2.09

4.18

0.883

0.841

aIncluded for comparison purposes.
bFor purge gas saturated with CCI4 at 20°C, the
contactor will lose 0.5 mL of CCI4 (liquid phase)
for every liter of purge gas that flows through
the system.

Test results, listed in Table IV-3, show that the evaporative loss rates
of TCE and CCI4 are about 12 times that for water, indicating that the latent
heat of vaporization is the major factor controlling evaporative loss rates.
The TCE loss rates are two to three times lower than those of CCI4, indicating
that vaf,--r pressure is an important secondary factor. As shown in the table,
introducing one mole of extractant (TBP) per liter of diluent produces a small
reduction in the evaporative loss rate of the diluent.

As a further test of the results, an evaporative loss rate was calculated
by assuming that all the energy input to the liquid due to mixing, centrifuga-
tion, and pumping was used to evaporate the most volatile liquid component.
The results of the calculations, listed in the last column of Table IV-3, show
rough agreement of this model with the experimental results. - Finally, this
model predicts that, when two phases are present so that throughput is doubled,
the evaporative loss rate should also be doubled. This effect can be seen by
comparing the data in the last.two rows of the table.

Based on the evaporative loss data given in the last row of Table IV-3,
which show that the solvent loss per stage will be 5.2 x 10-^ mL/min for
each mL/min of total liquid throughput in the stage, we have calculated that
the evaporative loss rate for the 14-stage flowsheet demonstration would be
3 mL/min. This loss rate is equivalent to 2% of the solvent flow rate through
the contactor. As larger units with higher throughputs are built and used,
this loss rate will remain at about the same percentage,.because the heat
input is roughly proportional to contactor throughput. Discussions with
Rockwell Hanford personnel indicate that this rate of loss of CCI4 is about
the same as that experienced now in solvent extraction processes using CC1,
as the diluent in pulsed columns.
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Table IV-3. Results of Evaporative Loss Tests in the 12-Stage
4-cm Contactor

Liquid System

More Dense Phase

Solvent

Water

TCE

TCE

CC14

CCI4

CCI4

TBP
Concn, Q

0.0

1.0

0.0

1.0

0.0

1.0 0.

Less
Dense
Phase

None

None

None

None

None

2M HNO3

Tn tal

Liquid
Flow
Rate,

mL/min

300

300

300

300

300

600c

5.5

39

51

90

146

225

Evaporative Loss Rate,a

mL/h (mL/min)

Measured

± 1.0

± 5

± 5

± 10

± 10

± 35

(0.092)

(0.65)

(0.85)

(1.50)

(2.4)

(3.8)

Calculated1,

5.:

74

74

79

79

140

3 (0.088)

(1.23)

(1.23)

(1.32)

(1.32)

(2.3)

aFor all 12 stages of the 4-cm contactor.

''Assuming isothermal operation, with all heat generated due to mixing,
centrifugation, and pumping in the contactor serving to evaporate the
most volatile component of the liquid.

cThe 0/A flow ratio is 1.0.

As reported Section III.C.l, the apparent loss rate of CCI4 from the
solvent was 11 mL/min, rather than the 3 mL/min expected. The additional loss
is about 5% of the total solvent flow rate. One explanation for the additional
solvent loss is that it is caused by the heat of solution released as the 1.5M
HNO3 aqueous solution was equilibrated with the organic phase containing about
0.01M HNO3. If this possibility is correct, the additional diluent loss rate
observed will be unchanged, pn a percentage basis, as the process is scaled up.
A second possibility, also reported in Section III.C.l, is that the apparent
high CCI4 loss rate during the flowsheet demonstration was actupliy due to
evaporative losses of the CCI4 while the solutions were sitting overnight in
the contactor stages. In either case, the total apparent solvent loss rate of
7% is unacceptably high, and future work is needed to control solvent losses.

Three methods for reducing the loss of diluent are envisioned; these
methods could be used individually or in combination. First, the opening
between the shaft and the splash plate could be indirectly sealed by a rede-
sign of the motor/rotor system of the contactor. A low-flow air-purge stream
is required for such a system, which results in some diluent loss that could
be controlled by the air-purge flow rate. If desired, diluent in the air
purge can be recovered and recycled to the solvent. Second, one or more feeds
or one or more stages could be cooled to offset the heat added by the heat of
solution, as well as that added by mixing the. liquids. Third, CCI4 could be
replaced by TCE, which, with its lower vapor pressure, would reduce the solvent
loss rate by a factor of two to five.
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V. GAMMA-RADIOLYTIC AND HYDROLYTIC DEGRADATION OF TRUEX-CCI4
SOLVENT AND SOLVENT CLEANUP PROCEDURES

A. H y d r o l y t i c and Gamma-Radiolytic Degrada t ion S t u d i e s

1. Introduction

The stabil i ty of the TRUEX-CCI4 solvent (0.25M CMPO-0.75M TBP
diluted by CCI4) in regard to hydrolytic and gamma-radiolytic degradation
has been studied. The experimental procedure is discussed in Appendix A,
Section 3. Reported here are the results of experiments run at 50 and 70°C
to measure the nitric-acid-catalyzed degradation of the TRUEX-CCI4 solvent
and the results of gamma-radiolytic degradation experiments run at 50°C.
Discussions on the predicted effects of temperature on the rate of hydrolytic
solvent degradation and absorbed dose on radiolytic degradation are also
presented .

2. Measurement of Solvent Degradation

The means chosen to measure the degree of solvent degradation was
the one most important to the TRUEX process—the ability to strip americium
from the TRUEX solvent by dilute nitric acid solution. Americium is extracted
into the TRUEX solvent as a nitrate salt:

ta£ + 3NO3" • 3CMPOORG ^ Am(N0,) -3CMPO
M Aq ?

Therefore, americium is more extractable by the TRUEX solvent at high aqueous
phase nitrate concentrations and less extractable at low ones ( D ^ e [NO3~]3).
The formation of acidic degradation products is the major concern in the hydro-
lytic and radiolytic degradation of neutral extractants (e.g., TBP). These
acidic degradation products (HA) inhibit the stripping of americium from the
TRUEX solvent by low nitric acid solutions through the following mechanism:

A m * + 3(HA) 2^ G ^ ± Am(A)3 ^

Americium is far more extractable by acidic extractants at low acidities than
at high acidities (D^ « [H+] -3).

The D̂ JU was measured between the treated TRUEX-CCI4 solvents and
three aqueous ni tr ic acid solutions with concentrations of 2.0, 0.05, and
O.Olfl. At 2M[ HNO3, D̂ JU is at i ts maximum, t<11, for this composition of
CMPO-TBP-CCI4 [KALINA-1985B]; this measurement is useful to see if the con-
centration of the extractant has increased as a result of volatilization of
CCI4 during treatment or decreased because of extensive degradation. The
0.05J1 HNO3 contact was the one chosen in the PFP flowsheet to preferentially
str ip americium while leaving plutonium in the TRUEX solvent. The value of

a t this acid concentration was monitored for the treated solvents as a
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means of evaluating the effects of solvent degradation on stripping. Contact
with 0.01M HNO3 was chosen as a more sensitive measure of acidic impurities.
A summary-of D^ values at these acidities for fresh, H20-washed, and
scrubbed TRUEX-CCI4 solvent is shown in Table V-l.

Table V-l. Replicate Distribution Ratios of Americiutn
Measured at Three Nitric Acid Concentra-
tions vs. Washing of Freshly Prepared
TRUEX-CCI4 Solvent

Distribution Ratio of Americium
at [HNO^], 25"C

Treatment 2M 0.05M 0.01M

None

Average

10.

12.

12.

9.

10.

9.

6

5

0

96

2

76

0.180

0.233

0.200

0.203

0.196

0.208

10.8 0.203

0.021

0.034

0.035

0.0315

0.0304

Water Washed

Average

10

11

11

.9

.7

.6

0

0

0

.222

.214

.237

11.4 0.224

0.0238

0.0238

Carbonate Washed

Average

13

13

12

13

11

12

.2

.0

.0

.2

.9

.7

0.208

0.238

0.228

0.235

0.227

0

0,

0.

0.

.0212

.0285

.0197

—

,0231
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3. Hydrolytic Degradation

a. Experimental Results

Presented in Tables V-2 and V-3 are the results of the experi-
ments performed to measure the effects of aqueous phase composition and tiins
of contact on hydrolytic decomposition of the TRUEX-CCI4 solvent. The effects
of washing the degraded solvents with O.25JM Na2CO3 are also presented in these
tables. (Sodium carbonate washing has been found to wash the hydrolysis prod-
ucts of TBPj dibutyl and monobutyl phosphoric acids, from PUREX solvents
[HEALY; VANDEGRIFT-1984B and references cited therein].) The carbonate wash
is discussed is more detail in Section V.B.

Table V-2. Hydrolytic Decomposition of TRUEX-CCI4 Solventa vs. Time and
Contact with Various Aqueous Phases at 50 ± 0.2°Cb

Aqueous
Phase

Composition

0.05M HNO3

0.25M HNO3

2.5^ HNO3

5.0M HNO3

1/9 0.25M HNO3,
8/9 Simulated
FFP Waste
Solution

Treatment
Time,
h

713

23

192

667

22

192

332

714

48

169

168

331

Distribution

2M

14.5

10.6

12.1
10.7

12.8

11.0

14.0
12.3
13.0

16.8
13.7

13.5
12.3

14.4

14.2

11.7

12.3

Aftet

0.

0.

0.

0.
0.

0.

0.

0.
0.
0.

0.
0.

0.
0.

0.

0.

0.

0.

Ratio of Am

: Treatment

05M

205

190

175
170

213

190

252
180
178

264
203

266
254

207

191

160

182

0.01M

0.0173

0.0364

0.0128
0.0098

0.0242

0.0159

0.0264
0.0290
0.0249

0.0288
0.0279

0.0906
0.0868

0.0252

0.0349

0.0083

0.0126

at [HNO3], 25 ± 0.

After Carbonate

2M

12.0

11.8

12.5

12.3

11.8

14.1

12.4

13.7

12.1

11.7

11.8

10.2

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

05M

,206

106

214

216

192

218

208

212

192

178

165

192

1"C

Wash

0.01M

0.0199

0.0191

0.0147

0.0160

0.0173

0.0183

0.0171

0.0118

0.0194

0.0171

0.0042

0.0062

As measured by distribution ratios of americium at three ni t r ic acid concentrations.
The organic phase was preequilibrated with three contacts of fresh aqueous phase,
then mixed vigorously with a fresh aqueous phase during treatment. A 125-mL volume
of TRUEX-CCI4 solvent was contacted with 50 raL of aqueous phase.
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Table V-3. Hydrolytic Decomposition of TRUEX-CCI4 Solvent a vs . Time and
Contact with Various Aqueous Phases at 69.4 ± 0.3°cb

Dis t r ibut ion Ratio of Am at [HNO3], 25 ± 0.1°C

Aqueous Treatment
Phase Time, •

Composition h 2M

After Treatment After Carbonate Wash

0.05M 0.01M 2M 0.05M 0.01M

0.05M HNO3 690 12.8 0.206 0.0223 13.2 0.196 0.00784

0.25M HNO3

2.5K HNO3

380
690

380
690

12.
12.

8.
7.

3
1

64
15

0
0

0
2

.200

.223

.723

.02

0
0

2
11

.0396

.0321

.06

.3

11
13

10
9

.9

.6

.9

.00

0.220
0.203

0.163
0.162

0.00725
0.00543

0.00786
0.0125

1/9 0.25M HNO3,
8/9 Simulated 310
PFP Waste
Solution 310

10.

11.

9

2

0.

0.

246

241

0

0

.0931

.0648

11

12

.8

.4

0.

0.

181

186

0

0

.00423

.00391

As measured by d i s t r i b u t i o n r a t i o s of americium at three n i t r i c acid
concentrat ions.

The organic phase was preequi l ibrated with three contacts of fresh
aqueous phase, then mixed vigorously with a fresh aqueous phase during
treatment. A 125-mL volume of TRUEX-CCI4 solvent was contacted with
50 mL of aqueous phase.

For the hydrolysis experiments performed at 50°C (Table V-2),
i t is important to note that the only meaningful signs of solvent degradation
were measured by an increase in D̂ m for the aqueous phase n i t r i c acid concen-
t r a t i on of 0.01M_ HNO3. Under the most severe conditions tested (contact with
2.5M^ HNO3 for 714 hours) , D̂ m increased by a factor of about f ive . However, a t
0.0511 HNO3 ( the conditions chosen for s t r ipping americium from the TRUEX-CCI4
so lven t ) , the increase in D ^ was only <35%.

Of special in t e res t in Table V-2 are the r e s u l t s of experiments
employing the aqueous phase encountered by the TRUEX-CCI4 solvent in the feed
and ext rac t ion stages (8/9 PFP waste solut ion-1/9 0.25M_HNO3). After the
treatment with th i s aqueous feed, the D^ at 0.01M HNO3 was less than half
i t s value for the or ig inal solvent . This reduction is probably due to the
formation of s table metal complexes of acidic compounds that are removed in
the water-wash s t eps . The presence of macro cons t i tuents such as iron in the
PFP solu t ion appears to actual ly improve the solvent under these condi t ions .
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Experiments were also performed at 69.4°C. These data are
presented in Table V-3. As expected, the rate of degradation appears to be
higher at 69.4°C than at 50°C. Under these conditions, substantial degrada-
tion is observed for samples treated with 2.511 HNO3 and the 0.25>l HNO3-
simulated PFP waste solution mixture. Especially important is the observation
that prolonged treatment with higher acid concentrations at this elevated
temperature results in significant increases in D^ at 0.01 and 0.05£l HNO3
and a detectable decrease in D^ at 2NI HNO3. For TRUEX-CCI4 process solvent
treated for 690 h with 2.5M HNO3 at 69.<+°C, the increases in D^ values at low
acid concentrations are very obvious. The increase in D̂ n, at 0.01NI HNO3 is on
the order of a factor of 400, whereas the value at 0.05>I increases by about ten.
This very high value would make stripping of americium impossible, under the
conditions of the proposed flowsheet design, without cleanup of the solvent.
Under these same conditions, a slight decrease in D̂ n, was observed at 2.0M
HNO3. This small but measurable decrease, observed under no other hydrolysis
conditions, may be due to (1) degradation of CMPO or (2) binding of the
extractant by other degradation products, thus lowering its ability to extract
americ ium.

b. Calculations of Hydrolytic Damage

Studies of nitr ic acid-catalyzed decomposition of TBP are
reviewed by Shoun and Thompson [SH0UN], and recently measured data are pre-
sented by St-.eglitz and Becker [STIEGLITZ]. The rate data of Stieglitz and
Becker for the formation of dibutyl phosphoric acid (HDBP) from hydrolysis of
TBP in normal paraffinic hydrocarbon solutions contacted by aqueous ni t r id
acid solutions were used to give an indication of the magnitude of the hydro-
lytic decomposition expected for TBP alone in the TRUEX-CCI4 process solvent.

The activation energy for TBP hydrolysis in this system was
calculated by plotting In k vs. 1/T, v;here k is the rate constant in units
of inverse hours for HDBP formation from TBP, and T is the temperature in
kelvin. This plot is based on the Arrhenius equation [GORDON]:

k = e"Ea/RT

where E a is the activation energy of the reaction, and R is the gas constant.
The activation energy calculated from the slopes of these plots (slopes for
both 0.5 and 3.OKI HNO3 were the same) was 22.5 kcal/mol. This equates to
increasing the rate of TBP hydrolysis at 30°C by a factor of 10 at 50°C and
by a factor of 80 at 69.4°C. Table V-4 shows the calculated rates of HDBP
formation based on the data of Stieglitz and Becker [STIEGLITZ]. Because the
diluent is different and because of the presence of CMPO in the organic phase,
this calculation can be considered only as an estimate, possibly useful for
showing trends.

c. Evaluation of Hydrolysis Products

For all the degraded solvent samples, it was found that washing
with dilute sodium carbonate solution resulted in a reduction of D ^ values
for 0.0M HNO3, indicating that the acidic degradation products are readily
scrubbed from the TRUEX solvent. This fact, combined with the knowledge that,
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Table V-4. Estimated Rate Constant for the Hydrolysis of TBP
vs. HNO3 Concentration and Temperaturea

[HNO3],
M

0.05

0.25

2.5

5.0

1

7

8

1

.3

.4

.6

.8

30

X

X

X

X

Rate

°C

10-8

10-8

10-7

10-6

Constant

1

7

8

1

, h-1

50°

.3 x

.4 x

.6 x

.8 x

, at

C

10-7

10-7

10-6

10-5

Temperature

69

1.1

5.6

6.6

1.4

.4

X

X

X

X

°C

10-6

10-6

10-5

10-4

Calculated from data of Stieglitz and Becker fSTIEGLITZ].

under most conditions, there was no significant degradation of the CMPO, is
consistent with TBP hydrolysis being the major degradation reaction in this
system. The primary hydrolysis product of TBP, HDBP, can be successfully
removed from PUREX solvent systems by sodium carbonate scrubbing.

To evaluate the importance of TBP hydrolysis, the distribution-
ratio data for 0.01M HNO3 were examined and compared with previous literature
results. The most relevant data in the literature concerning the partitioning
and extraction behavior of HDBP [DYRSSEN-1960A.B; HARDY] are the bases for
the following discussion.

(1) Partitioning of HDBP

Following hydrolysis of the TRUEX-CCI4 solvent, the organic
phase was washed three times with H2O (O/A = 1:2) to reduce its acidity and
preconditioned twice with the appropriate acid prior to measurement of V&m.
The partitioning of HDBP between organic and aqueous phases has been found to
be strongly dependent on the aqueous phase acid concentration, as well as on
the composition of the organic phase.

Hardy and Scargill reported that the distribution ratio of
HDBP (DHnBp) between 20% TBP in kerosene and HNO3 of 0.001 to 10M varies from
about 0.14 at 0.001M HNO3 to a maximum of about 17 at 6M HNO3 [HARDY].
Because the valuer of Dypgp are quite small at low acidity, appreciable
quantities of HDBP may be washed out during the water washes and precondi-
tioning steps. It was, therefore, important to calculate the extent of HDBP
scrubbing in these steps.

It had been shown that Djiogp is quite sensitive to the
composition of the organic phase, varying from 0.17 to 47 for 0.01145M TBP
ir. CCI4 and undiluted TBP, respectively (0.1M HNO3 aqueous phase) [DYRSSEN
-1960A]. The TRUEX-CCI4 solvent should resemble a solution of 1.0 to 1.25M TBP
in CCI4, in terms of the partitioning of HDBP, as a result of the presence of
C.25M of the more basic CMPO. The value of DHDBP obtained by Dyrssen and
Hay Tor 1.145M TBP in CCI4/O.IOM HNO3 was 13.8 [DYRSSEN-1960B]. Comparison
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of this value with that obtained with 20% TBP in kerosene of 5.18 [HARDY]
indicates that the behavior in TRUEX-CCI4 may be approximated by multiplying
the DjiDBP value with 20% TBP in kerosene by 2.5 to 3 to determine the par t i -
tioning of HDBP between TRUEX-CCI4 and aqueous phases of varying ni t r ic acid
concentrations. Using a value for the distribution rat io of HNO3 (DjjfjQ,)
of 0.2 for HNO3 partitioning between TRUEX-CCI4 and the aqueous phase [HORWITZ
-1985C], the aqueous HNO3 concentration during the H2O washes and, hence, the
partitioning of HDBP may be calculated. The calculated values of DjjpBp for
the water wash and preconditioning stages for the TRUEX-CCI4 process solvent
treated under different conditions are shown in Table V-5. Based on the ap-
proximations above, water washes can be seen to reduce the [HDBP] only slightly
for samples that were treated with relatively high [HNO3]. Preconditioning of .
the organic phases with 0.01M HNO3 reduces the [HDBP] by an additional 33%.
Preconditioning with the higher concentrations of [HNO3] would result in
smaller reductions.

Table V-5. Calculated Losses of HDBP from TRUEX-CCI4 Solvent Samples
during Experimental Procedures

[HNO3]Aq in

TRUEX Exposure,
M

0.05
0.25
2.5
5
1.36c

°HDBP
of

#1

4.5
14
33
40
28

for Each St.ge
H2O Washesa

#2

1.8
6.0
23
30
16

#3

0.54
2.5
15
18
9.0

% HDBP
Retained

after H2O
Washesa

37
74
93
95
90

% HDBP
Retained

in Organic
Phase*5

25
50
62
63
60

aValues based on DJJDBP(TRUEX) = 3 x DHDBP (20% TBP/kerosene) [HARDY],
assuming water washes (0:A = 2:1) with DHNOT

 = 0 .2 .
"After three water washes and two preconditioning stages (0:A = 1:1)
with 0.01M HNO3 (DHDBP = 4 . 5 ) .

Composition of 1/9 0.25>l HNO3, 8/9 simulated PFP waste solut ion
(1.5M HNO3).

(2) Americium Extract ion by HDBP

The effect of HDBP on the ex t rac t ion of americium at 0.01M
HNO3 is qui te profound for highly degraded TRUEX-CCI4 solvent . Values of
I>Am up to 11 were observed for highly degraded TRUEX-CCI4 solvent , compared
with about 0.02 for untreated solvent . Rate constants for TBP hydrolysis under
the conditions of the hydrolyt ic degradation experiments have been estimated
and are presented in Table V-4. Using these values and data for americium
ext rac t ion by HDBP [DYRSSEN-1960B], an attempt vas made to cor re la te the pre-
dicted concentrat ion of HDBP with the observed change in D̂ m at 0.01M HNO3
with degraded TRUEX-CCI4 solvent . —

Dyrssen and Hay have studied the ex t rac t ion of americium
by HDBP in a number of d i l u e n t s , including CCI4 and undiluted TBP [DYRSSEN
-1960B]. Americium ex t rac t ion by HNP in degraded TRUEX-CCI4 solvent should
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f a l l somewhere in between i t s behavior when di lu ted by CCI4 and when di lu ted
by TBP. The D ^ at 0.10M HNO3 with HDBP in CCI4 was found to follow an
approximate th i rd-order ex t rac tan t dependence, as follows:*

In D^, 1 0 = 2.79 In [HDBP] + 7.15 ( I )

Assuming an inverse third-power dependence on [H+], th i s equation becomes, a t
0.01J1 HNO3:

In DAm01 = 2.79 In [HDBP] + 14.06 (2)

For HDBP in TBP, the extractant dependence at 0.10M HNO3
is nonlinear due to the extraction of americium by the TBP. Assuming that
the limiting value of D ^ in this system (about 3 x 10~3) is due to extrac-
tion by TBP, a fairly good straight-line dependence of D^m vs. [HDBP] can be
obtained by subtracting 3 x 10~3, the distribution ratio of TBP (DTBP), from
all DAIH values to yield the values due to HDBP extraction. The resulting line
may be described by the equar.'on:

l n DAm10 = 1 > 9 6 l n [HDBP] + 0.44 (3)

At 0.0m HNO3, Eq. 3 becomes:

In D ^ 0 1 = 1.96 ln [HDBP] + 7.35 (4)

Equations 2 and 4, in conjunction with the calculated

[HDBP] based on time, temperature, and acidity during degradation, can be used

to correlate changes in D̂ m with [HDBP].

For the various hydrolytic degradation conditions employed,
the calculated [HDBP] values range from 7.0 x 10~5 to 3.4 x 10 -2M. This range

of concentrations would correspond to increases in D̂jJ, of 3.3 x 10~6 (unde-
tectable) to 103 using Eq. 2 and to increases of 1.12 x 10~5 (undetectable) to

2.06 using Eq. 4. The actual range of values for D^m is about 0.02 for
untreated TRUEX-CCI4 to 11.3 for the most highly hydrolyzed solution. For

solutions with intermediate [HDBP], the observed changes in D̂jJ, generally
fall within the range of values predicted by Eqs. 2 and 4. Considering experi-
mental errors and the assumptions involved in these calculations, the agreement
is quite good. The observed values of D ^ and the theoretical values
predicted by Eqs. 2 and 4 are plotted in Fig. V-l.

No calculations based on extraction due to the acidic
degradation products of CMPO were performed. Because of the predicted higher
hydrolytic stability of the CMPO and the poorer expected extraction of ameri-
cium by its degradation products, HDBP should be the predominant species
responsible for elevated D^m values at low acid concentrations.

The data in Fig. V-l are not corrected for the loss of
HDBP due to partitioning of the acidic compound during water washes and pre-
conditioning. Taking the data of Table V-5 into account, the calculated

In the designat ion D ^ , x refers to [HNO3] of xM.
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10"
2

10
[HDBP], M

Fig. V-l. The Distribution Ratio of Americium vs.
the Concentration of HDBP, Aqueous
Phase = 0.01M HNC-3, T = 25°C. The
dashed line represents data for HDBP
dissolved in TBP; the continuous line
represents data for HDBP dissolved in
CCI4. The data points represent our
measured D^ values vs. the [HDBP]
calculated from TBP degradation rates
from the l i tera ture under the condi-
tions of time and temperature in our
experiments.

^increases in D ^ would be reduced to about 0.24-0.40 of those tabulated for
solutions treated with [HNO3] >̂  1.36M (based on Eqs. 2 and 4) . For 0.05 and
0.25JI HNO3, the calculated changes would be reduced by factors of 15-48 and
4-7, respectively.

d. Effect of Hydrolysis on the PFP Process

Based on a PFP process (1) having five extraction, two scrub,
four americium-strip, and three plutonium-strip stages; (2) operating for 250
days per year; and (3) employing a 2.5_M HNO3 solution to simulate the PFP
waste extract ion/feed aqueous phase, the amount of HDBP formed per year can be
estimated using the following equation:
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[HDBP]formed = fTBP] I (k • At)

where k values for each section are taken from Table V-4, and At is 2050 h for
the extract ion/feed, 820 h for the scrub, and 2870 h for the two s t r ips . The
calculation indicates that a concentration of 1.4 x 10""3M HDBP would be formed
in one year of processing. This inconsequential amount of degradation would
ha^e l i t t l e effect on solvent quality, even with no solvent cleanup in the
process.

4. Radiolytic Degradation

a. Experimental Results

The calculated yearly dose (primarily due to alpha radiation)
that the TRUEX-CCI4 solvent would experience during processing of PFP waste
is 0.82 Wh/L. The gamma doses that the solvents received in the experiments
reported in this study were substantially higher than this . The conditions
for these experiments, which were run in a 6OC0 radiation field, are
presented in Table V-6.

The D^ data at 2_M HNO3 for irradiation doses up to MO Wh/L
show only slight differences when compared with the original solvent (D^ =
10.8). Even at the extremely high dose of 102 Wh/L, the reduction in the value
of D^ at 211 HNO3 is sl ight. This drop may indicate that CMPO is being
destroyed by irradiation; i t may also be a sign that some of the degradation
products are binding up the extractant, thereby impairing its abili ty to
extract americium.

The effect of gamma irradiation on Dijn at 0.05hl HNO3 is also
small and could be interpreted as a mix of two parameters: (1) the decrease
in the concentration of CMPO as a result of i ts destruction and (2) the for-
mation of acidic degradation products. In any case, this variation would
not have a significant effect on the TRUEX processing of PFP waste.

The effect of gamma-radiolytic degradation is more evident in
t n e Âm values at 0.01M HNO3. However, here too, the effect at reasonable
doses (up to about 10 Wh/L) is n i l .

A much more dramatic effect than the changes in D^ values for
the degraded solvents was the direct correlation of the yellowing of the TRUEX-
CCI4 solvent with (1) accumulated gamma dose and (2) the concentration of
n i t r ic acid in the aqueous phase with which i t was contacted during irradia-
tion. The yellow color varied from almost imperceptible at 6.5 Wh/L with
0.051tf HNO3 to br i l l iant at 102 Wh/L with the PFP aqueous feed solution.
Both the aqueous and organic phases were colored. No solid formation was
noted for any of the irradiations, but the volume of the organic phase was
noticeably lessened; after long irradiations i t dropped from 125 to M10 mL.

Much as had been observed in the hydrolytic degradation studies
of TRUEX-CCI4, we found that low doses of gamma irradiation in the presence
of the PFP waste solution were actually beneficial in reducing D/̂ , at O.OIM̂
HNO3. A similar effect was observed in the cases where, due to cracking of
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Table V-6 Decomposition of TRUEX-CCI4 Solvent8 vs. Gamma Radiation Dose
and Contact with Various Aqueous Phases at 49 + 2°cb

Aqueous
Phase

Composition

0.05M HNO3

0.25M HNO3

1/9 0.25M HNO: ,

8/9 Simulated

PFP Waste

Solution

Dose ^
Wh/L

0.37

1.1

6.5

9.4

70

102

0.37

1.1

5.9
8.5

70

102

0.50

1.5

5.9
8.5

70

102

2.

12

12

9

9

7

8

14

11

9

10

8,
7,

9.
9.

12.
11.
11.

11.

8.

7.

Distribution

After

0M

.6

.0

.93

.80

.97

.64

.2

.9

.80

.3

.46

.83

,55
.18

,4

8

7

2

33

15

0

0

0

0

0

0

0

0

0,

0

0.

0.
0.

0.
0.

0.

0.

0.

0.

0.

0.

Ratio of Am

Exposure

.05M

.218

.196

.176

.182

.144

.165

.227

.155

.175

.174

.203

.203

196
204

168

176

168

167

191

302

0.01M

0.0145

0.00611d

0.0229

0.0345

0.287

0.425

0.00711d

0.00555d

0.0252

0.0283

0.279
0.352

0.492
0.467

0.00548

0.0125

0.00739

0.00765

0.256

1.31

at [HNO3]

After

2.1

12
12

12

12

10

11

13

12,

11.
11.

9.

10.

11.

12.

13.

12.

11.

10.
10.

0M

.5

.6

.3

.5

.4

.5

.8

.1

.4

.9

,17

8

8

0

6

0

2

9
2

, 25 ± o.rc
Carbonate Wash

0

0

0

0

0

0

0

0,

0,

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.
0.

.05M

.203

.206

.203

.189

.108

.122

.247

.173

.205

,227

105

132

172

175

201

157
11s
116
0947

0.01M

0.00766

0.00494

0.0107

0.0122

0.0105

0.0144

0.00627

0.00548

0.0110

0.0115

0.0152

0.0190

0.00451

0.00715

0.00552

0.00505

0.00467

0.00508
0.00392

aAs measured by distribution ratios of americium at three nitric acid
concentrations.

"The organic phase was preequilibrated with three contacts of fresh aqueous
phase, then mixed vigorously with a fresh aqueous phase during exposure.
A 125-mL volume of TRUEX-CCI4 solvent was contacted with 50 mL of aqueous
phase.

cTotal dose to the solvent. This value is based on a calculated electron
density of the solvent of [e~] = 700̂ 1 (compared with 555M for water). Thus,
water absorbs 100 erg/(g>rad), and the TRUEX-CCI4 solvent absorbs
126 erg/(g-rad). Because TBP and CMP0 make up 20 vol % and 10 vol %,
respectively, their fractional doses are 0.2 and 0.1 of the total dose,
respectively.

^This lower-than-expected value is likely due to the presence of dissolved
iron in the aqueous and organic phases. The Teflon cover of the magnetic
stirring bar cracked due to radiation damage during this run.
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the Teflon s t i r bar cover as a result of radiolytic damage, the aqueous phase
contained high iron concentrations. This reduction in D^ at 0.01M HNO3
is probably due to complexation of acidic degradation products by the iron.

b. Calculations of Radiolytic Damage

Based on a reasonable range of G values* for TB? degradation
to HDBP of 0.3-3 [DAVIS], the expected amounts of HDBP formed at each dose
given to the TRUEX-CCI4 can be calculated. Concentrations of HDBP would be
expected to range from 4.14 x 10"5M^ (0.37 Wh/L) to 1.140 x 10~2M (102 Wh/L)
for a G value of 0.3. For G = 3.0, the HDEP concentrations would be expected
to be a factor of ten higher.

Alternatively, the G values for TBP degradation can be cal-
culated for these solutions based on the increase in D^, at 0.01M HNO3 and
Eqs. 2 and 4. The results of these calculations for a l l samples that showed
an increase in extraction of americium at low acid concentration are shown in
Table V-7.

These calculations, which are based on a calculated [HDBP] and
are, therefore, subject to the same errors as discussed in Section V.A.3.b,
yield a range of G values for the samples. These va1ues range from an average
of 0.24 for the lower limit of the extraction power of HDBP in the TRUEX-CCI4
process solvent to 0.55 for the upper limit. These values are in reasonable
agreement with the G values that have been determined previously for two-phase
(TBP in diluent and aqueous HNO3) degradation studies of TBP [DAVIS].

c. Evaluation of Radiolysis Products

As in the hydroiytic degradation experiments, i t appears
that the gamma-radiolysis of TRUEX-CCl̂  process solvent is dominated by TBP
decomposition. Only after very high radiation doses to the solvent OlO Wh/L)
is there any significant change in the extraction behavior. Radiolytic
degradation manifests itself primarily by increased D̂ n, at 0.01>f HNO3,
indicative of the formation of relatively small concentrations of acidic
materials.

Evidence for CMPO degradation is found only at the very high
absorbed doses. The reduction of D̂ n, at 2̂ 1 HNO3 after doses of 70 or 102 Wh/L
may be indicative of IOSF of CMPO. However, because the degradation products
of TBP are expected to be more powerful acidic extractants than the CMPO decom-
position products, i t is the HDBP formed by TBP radiolysis that should be
of major concern in solvent cleanup.

d. Effect of Radiolysis on the PFP Process

The data in Table V-6 show that, even after doses of -V/IO Wh/L,
the TRUEX-CCI4 solvent performs almost identically to freshly prepared
material. From this information, i t appears that radiolytic damage to the

*The number of molecules destroyed or produced for each
100 eV of energy absorbed.
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Aqueous Phase
Composition

Calculated G

Dose
Wh/L

Values

a
5

A

for TBP

n0.01
b

DAm

Radiolysis in TRUEX-CCI4

Calculated Value

[HDBP],> MC

Solvent

G

0.05M HNO3

0.25M HNO3

1/9 0.25M HN03,
8/9 Simulated PFP
Waste Solution

Average

6.5 2.9 x 10-3

9.4 1.45 x 10-2
70 2.67 x 10-1

102 4.05 x 10_1

5.
8.
70
102

70
102

9
5

5.2
8.3
2.96
4.60

2.36
1.29

X

X

X
X

X
X

10-3
10-3
10-1
10-1

10-1
100

8.0 x 10-4-1.2 x 10-3
1.4 x 10-3-2.7 x 10-3
4.0 x 10-3-1.2 x 10-2
4.7 x 10-3-1.5 x 10-2

9.8 x 10-4-1.6 x 10-3
1.2 x 10-3-2.0 x 10-3
4.2 x 10-3-1.3 x 10-2
4.9 x 10-3-1.6 x 10-2

3.9 x 10-3-1.1 x 10-2
7.1 x 10-3-2.7 x 10-2

J value.Determined by subtracting 0.020 from each measured

Range of concentrations calculated on the basis of Eqs. 2 and 4.

0.33-0.49
0.40-0.77
0.15-0.46
0,12-0.39

0.45-0.73
0.37-0.64
0.16-0.50
0.13-0.42

0.15-0.43
0.19-0.70

0.24-0.55

Total dose to the solvent. See footnote c of Table V-6.

solvent, even after extended use, should be inconsequential, because the
expected yearly dose is only 0.82 Wh/L. It seems that the hydrolytic degra-
dation of the solvent (discussed in Sec. V.A.3) will be more of a problem in
the operation of the TRUEX process with PFP waste.

B. Sodium Carbonate Scrub Solvent Cleanup

1. Solvent Behavior

Contact with aqueous sodium carbonate solution has been the chief
means of cleaning up degraded PUREX solvent from TBP degradation products
[HEALY; VANDEGRIFT-1984B and references cited therein]. All the treated
TRUEX-CCI4 process solvent samples in this study were contacted with 0.25.M
Na2CO3 to see if this treatment would bring the solvent back to its extrac-
tion performance before treatment. The effect of a carbonate wash on the
untreated solvent was also measured. Following are some general comments on
the results of this procedure:

• The harsher the treatment of the TRUEX-CCI4 process solvent,
the more easily the phases separated after mixing.

• After the first contact with a carbonate solution, only the most
severely treated samples had complete phase separation in less
than three minutes; the original TRUEX-CCI4 process solvent (as
prepared, with no treatment to degrade it) showed no signs of
disengagement after 30 minutes.
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• After the second contact, some less severely treated samples
showed phase disengagement within three minutes.

• Progressive carbonate washes continued to improve phase separa-
tion times; even the mildest treatment seemed to improve the
phase separation characteristics of the slow-disengaging
original TRUEX-CCI4 process solvent.

• Samples of TRUEX-CCI4 process solvent that were contacted with
8/9 simulated PFP waste solution-1/9 0.25M̂  HNO3 broke very well
on the first and subsequent contacts with the carbonate wash
solution, but did form an interfacial solid with each contact—
likely, Fe(lll) complexes with acidic degradation products.

• Washing the solvents with water after carbonate washing formed
an emulsion with all but the most severely treated samples.

• For carbonate solution washing, centrifuging at about 5000 g for
three minutes was adequate for complete phase separation. For
water washing, the times had to be increased to an hour or more
for the original TRUEX-CCI4 process solvent and the mildly
treated samples.

• In general, the ease of phase separation increased with each
wat~r contact.

Also noted was the fact that, when the solvents that were radiolyt-
ically degraded in contact with PFP waste solutions were washed with sodium
carbonate solution, some of the yellow color in the organic ph-t.se reported to
the aqueous phase on the first contact, and the TRUEX-CCI4 process solvent
changed from bright yellow to orange-brown. No more color was removed in sub-
sequent contacts; but, a yellow interfacial crud continued to precipitate with
each washing.

No yellow color in the aqueous phase developed for sodium carbonate
washing of TRUEX-CCI4 process solvents contacted with other aqueous phases
during gamma irradiation; nor was any dramatic color change with Na2CO3 solu-
tion contact observed. The DAm data collected show that the colors of the
degraded and the Na2CO3-washed solvents cannot be correlated with their
abi l i t ies to extract or to be stripped of americium.

2. Efficiency of Sodium Carbonate Scrub

For all TRUEX-CCI4 solutions subjected to hydrolytic and radiolytic

degradation, the values obtained for D^ following sodium carbonate treat-
ment were lower than those measured for untreated solvent. This is especially

true for samples hydrolyzed at 69.4°C, where D ^ was found to be in the range
of 0.0039 to 9.0125 after treatment, and for samples irradiated in the presence
of the PFP solution, where D̂jJ, for the treated solution was found to be less

than 0.0072. For untreated solvent, D̂ J, was found to be <\X).O2. We found

that sodium carbonate treatment has a much smaller effect on the values of D^m

that were obtained for TRUEX-CCI4 process solvent that has not been contacted



45

with HNO3 (Table V-l). Because sodium carbonate has been shown to be very effec-
tive at removing HDBP generated during hydrolysis, the inability to reduce
D̂ J, in untreated TRUEX-CCI4 process solvent with sodium carbonate indicates
that the TRUEX-CCI4 process solvent contains some acidic impurity that must be
degraded before the carbonate scrub is effective. This fact is made especially
apparent in light of the very poor phase separation and emulsion formation
observed in the carbonate treatment of fresh TRUEX-CCI4 process solvent.
The apparently high surface activity and low aqueous solubility of the sodium
salt of the acidic impurity (or impurities) found in the solvent mixture would
indicate that the impurity is associated with the CMPO or CCI4, rather than
the TBP. Reaction of this impurity during the hydrolysis or radiolysis
experiments appears to break it down, facilitating scrubbing with carbonate

and improving ( i . e . , reducing) the values of D^

The effect of sodium carbonate scrubbing on D^ at 2.0M HNO3 also
warrants notice. For highly degraded solutions, the values of D^, decreased
to as low as 7.15. Following treatment, the values were found to be nearly as
high as for fresh extraction (10.8), indicating that most of the decrease in
*>Am w a s probably due to complexation of the CMPO by acidic degradation
products, rather than degradation of the CMPO itself.

It should be noted that, in the treatment of degraded TRUEX-CCI4
solutions, interfacial material was routinely removed with the aqueous scrub
phases. This may contribute to the improved performance of the solvent
resulting from removal of aqueous-insoluble degradation products of CMPO.
This area needs further examination in regard to solvent cleanup and
performance of the TRUEX-CCI4 process.

C. Solvent Cleanup by Strong-Base Macroporous Ion Exchange Resin

The use of a strong-base macroporous anion exchange resin appears to be
an ideal method for the secondary cleanup of TRUEX process solvent. It should
be possible to quantitatively sorb high molecular weight acidic compounds,
whether phosphoric acids generated from TBP or phosphinic acids generated
from CMPO, on a macroporous resin in the hydroxyl ion cycle. Hydrolytically
and radiolytically degraded process solvent, as well as used, but essentially
undegraded, process solvent, have been column treated with BioRad AG™ MP-1.
In both cases, the phase disengagement time of the solvent after^quilibration
with 0.25M Na2CO3 improved significantly after resin treatment, as shown
in Taole V-8. Resin-treated process solvent was also less colored than it
was before treatment.

The use of macroporous resin for the treatment of PUREX process solvent
has been studied by Schulz [SCHULZ]. The technique was found to improve sig-
nificantly the plutonium retention number of carbonate-scrubbed PUREX process
solvent. (The plutoniura retention number is an indirect measure of the pre-
sence of acidic extractants.) However, a great deal more work is needed to
assess the applicability of the macroporous resin treatment for the cleanup
of TRUEX process solvent, particularly in regard to column capacity and flow
rate.
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Table V-8. Phase Disengagement Times for TRUEX Process Solvent

Disengagement Time,̂ > s

Before After
Solutiona Resin Treatment Resin Treatment

Carbonate-Scrubbed, Degraded 120 40
TRUEX-CCI4 Solvent

TRUEX-CCI4 Solvent from Cold Run »600 40

aDefined in Appendix A, Section 5.

''After 15 seconds of vortex mixing using 1 niL each of organic and
aqueous phase contained in a 13- x 100-mm culture tube.

D. Physical Properties of TRUEX-CCI4 Solvent

1. Introduction

Samples of TRUEX-CCI4 process solvent that had been subjected to
radiolytic degradation and acid hydrolysis were compared with fresh solvent
in regard to density, viscosi ty, and interfacial tension. The samples that
were examined are shown in Table V-9. Samples 38 and D8 should approximate
the hydrolytic and radiolytic degradation, respectively, that would result
from two years of operation of the TRUEX process in the PFP fac i l i t y . Sample
D5 was examined to determine the effects of radiolysis well in excess of any
reasonably expected exposure of the solvent.

Table V-9. Samples of TRUEX-CCI4 Studied in Physical Measurements

Sample Treatment

Fresh Solvent None.

D8 I r r a d i a t e d t o 1.5 Wh/L in 6OC0 c e l l a t 50°C i n con-

t a c t wi th 8 /9 s i m u l a t e d PFP w a s t e - 1 / 9 0.25M HNO3.

D5 Same as D8, o n l y 102 Wh/L i r r a d i a t i o n .

30 Hydrolyzed for 310 h at 69.4°C in contact with 8/9
simulated PFP waste-1/9 0.25M HNO3.

2. Density

Only very slight differences in the densities were observed for the
treated and untreated TRUEX-CCI4 process solvent (Table V-10). Some of the
differences may be accounted for by the extraction of water into the organic
phase upon water washing (densities of 1.393 and 1.395 g/mL for wet and dry
TRUEX-CCI4 solvent, respectively). Additional differences may be due to the
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Table V-10. Densities of TRUEX-CCI4 Solutions

Density at
Sample 22.5°C, g/mLa

Fresh Solvent 1.395 +0.001

Water-Washed Solventb 1.393 ± 0.003

D8 1.386 + 0.003

38 1.377 + 0.003

D5 1 .387 + 0.002

Equivalent to kg/dm3.

^Prepared by three contacts with water (0/A
phase ratio = 2).

loss of small amounts of the CCI4 diluent, which has a density of 1.594 g/mL
at 20°C [WEAST]. Inasmuch as no significant changes in the extractant con-
centration in these solutions were detected as measured by the extraction of
americium, i t appears that selective loss of CCI4, either by evaporation,
decomposition, or aqueous phase solubility, was of minor importance in these
degradation experiments.

These small changes in the density of the TRUEX solvent are insig-
nificant compared with the differences in density between the solvent and the
various aqueous phases in the process: the feed plus scrub solution (density
of 1.117 0.002 g/mL) and the scrub, s t r ip , and Na2CO3 wash solutions (density
of 1.00 to 1.02 g/mL [WEAST]). Thus, changes in density due to degradation
should have no detectable effect on performance of the TRUEX process.

For comparison, 30% TBP in CCI4 equilibrated with 3>1 HNO3 wss found
to have a density of 1.339 g/cm3 [ZIELIKSKI], whereas the density of 24.8% TBP
in CCI4 is 1.324 g/mL [JOHNSON]. Water-saturated solutions of TBP in CCI4
have densities of 1.436 (25.5% TBP) and 1.375 g/tnL (34.8% TBP) [VAN ARTSEN].

3. Viscosity

The viscosities of the fresh and slightly degraded TRUEX solvents
are quite similar (Table V-ll). One possible explanation for the slight
increase in viscosity after treatment (like the slight decrease in density)
is the loss of a small amount of the diluent. Sodium carbonate treatment of
the fresh and hydrolyzed samples has only a slight effect on the measured
viscosities. From these results it seems clear that mild degradation of the
TRUEX-CCI4 solvent will have little effect on the performance of the TRUEX
process due to changes in viscosity.

Only the very highly degraded sample, D5, shows a significant change
in viscosity. This is especially true for the value obtained after Na2CO3
treatment. Clearly, only after a high dose of gamma irradiation, such as that
received by sample D5, would the flow properties of the TRUEX-CCI4 solvent be
altered.
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Table V-ll . Viscosities of TRUKX Solvents at
22.7 ± 0.3°C

Viscosity,a cpb

Sample

Fresh Solvent
D8
3S
D5

Be fore

1
1
1
1

.28 ±

.39 ±

.36 ±

.93 ±

Scrub

0.07
0.05
0.01
0.10

After

1.

1.
2.

Na2CO3

26

32
71

± 0
-
± 0
± 0

Scrubc

.01

.02

.07
aStandard deviation based on variation in descent
time only.

''Equivalent to tnPa-s.
cSamples treated by three contacts with 0.25M
Na2CO3 followed by five contacts with water
(O/A phase ratio = 2).

For comparison, the l i terature value for the viscosity of CCI4 is
0.969 cp at 20°C, dropping to 0.843 cp at 30°C [WEAST]. Water-saturated solu-
tions of TBP in CCI4 were found to have viscosit ies of 1.19 cp for 25.2% TBP
and 1.48 cp for 40.5% TBP at 25°C [BURGER]. Solutions of TBP in normal par-
affinic hydrocarbons are more viscous due to the higher viscosity of the d i l -
uents (e .g . , viscosity of 1.35 cp for dodecane at 25°C [WKAST]). A solution
of 24.6% TBP in dodecane has been found to have a viscosity of 1.577 cp (dry)
or 1.604 cp (water saturated) at 25°C [JOHNSON]. A typical PUREX solvent (30%
TBP in kerosene) has a viscosity of 2.78 cp [COLVEN].

4. Interfacial Tension

The values obtained for the absolute interfacial tensions between
the samples of TRUEX-CCI4 process solvent and various aqueous phases are sum-
marized in Table V-12. Interfacial tensions were in the range of 8 to 13 mN/m
when the TRUEX-CCI4 solutions were in contact with the PFP waste/HN03 solu-
tion. Higher values (10-15 mN/m) were observed when the aqueous phase was
0.05M HNO3. In addition to the differences caused by variation due to acid
concentration of the aqueous solutions, these differences may be in part
attributable to surface active metal-extractant complexes (as proposed by
Cox and Flett [COX]) lowering the interfacial tension when the TRUEX-CCI4
solvent is in contact with the PFP waste solution. The higher values of
interfacial tension for the degraded solvents in contact with acidic solutions
may be due to the prior decomposition of surface active materials during
hydrolytic and gamma-radiolytic treatment or to aqueous phase solubilization
of surfactants during treatment and work-up.

The low values of interfacial tension when the extractant solutions
are in contact with sodium carbonate are not surprising considering the poor
phase-separation behavior observed during Na2CO3 scrubbing. The interfacial
tension between the solvent and Na2CO3 is considerably higher following the
treatment, indicating that a significant amount of surface active material is
removed thereby.
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Table V-12. Values of Absolute Interfacial Tension between
Solvent and Aqueous Phases

I n t e r f a c i a l Tension for Aqueous P h a s e , a ttiN/m^

8/9 Simulated PFP Waste-
Sample 1/9 0.25M HNO3 0.05M HNO3 0.25MNa2CC>3

Fresh

Solvent 8 .5 ± 0 .1 ( 6 . 7 ± 0 . 7 ) 10 .6 ± 0 . 3 ( 9 . 9 ± 0 . 7 ) 2 .2 ± 0.1 ( 0 . 8 ± 0 . 1 ) c

D8 13 .2 ± 0 .1 ( 1 3 . 8 ± 0 . 3 ) 14.7 + 0 . 2 ( 1 2 . 3 ± 0 . 2 ) 1.0 ± 0 . 1 ( 0 . 6 ± 0 . 1 )

3 B 1 1 . 2 ± 0 . 2 ( 5 . 5 ± 1 . 2 ) 1 3 . 1 + 0 . 2 ( 1 1 . 2 ± 0 . 3 )

D5 12.6 ± 0.3 (10.0 + 0.6) 12.8 ± 0.2 (10.7 ± 0.7)

aMeaeured from aqueous to organic phase. Values in parentheses are organic to
aqueous measurements. Standard deviations based on ranges of apparent inter-
facial tensions.

^Equivalent to dyne/cm.
cAfter Na2CO3 scrub of the solvent, the interfacial tension increased to
6.3 ± 0.2 (1.7 ± 0.1) mN/m.

Little relevant literature data are available for compaiison with
these data. Mailen and Tallent have reported an interfacial tension of 10 to
11 mN/ra for freshly prepare 30% TBP in NPH and 6.2-7.0 mN/m for used Savannah
River Plant PUREX solvent vs. 0. 25M Na2CO3~0.02M_ sodium tartrate [MAILEN].

5. Conclusion

The physical properties measured for TRUEX solvent degraded to the
equivalent of about two years of use in the PFP process show no significant
changes compared with freshly prepared solvent. Viscosity, density, and
interfacial-tens ion measurements, combined with solvent-extraction and phase-
disengagement data, indicate that very l i t t l e effect of degradation can be
detected. Following cleanup of the solvent by Na2CC>3 treatment, i t appears
that the used TRUEX solvent shot'1 d be as good as, if not better than, freshly
prepared material.
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APPENDIX A.

EXPERIMENTAL PROCEDURES

1. Flowsheet Demonstration

The TRUEX process was tested using simulated PFP waste containing uranium,
plutonium, and americium, as well as the TRUEX-CCI4 process solvent. Fourteen
of 16 stages available in the 4-cm centrifugal contactor were used. Five
participants were directly involved in sampling and controlling the experiment
during the cold and hot runs. Both runs went smoothly. The flowsheet tested
is shown in Fig. III-l, in which the numbers in parentheses indicate the volu-
metric flow rates that were used in the demonstration run. The concentrations
of the feed streams are basically those given in Table III-2. The process
solutions in the glove box at the start of the run are listed in Table A-l.
Additional solutions in the glove box after the run are given in Table A-2.
During the actual 20-minute hot run, six samples were taken from each of four
sampling ports. On the day after the run, one sample was taken from the
aqueous PFP feed (DF) and the total liquid (organic plus aqueous) in each of
f.he 14 stages was drained for samples. Thus, 39 samples were taken and bagged
out for chemical analysis. During the cold run that was accomplished the
previous day, three samples were taken from each of the four sampling ports.
Samples were collected in the same way and with the same frequency as during
the hot test.

Before the hot run, all feed solutions were put in place, and the ameri-
cium, plutoniuntj uranium, and NaN02 stock solutions were introduced to the
DF container, mixed, and allowed to equilibrate overnight. To begin the run,

Table A-l. Initial Solutions in the Glove Box

Code

DF

DS

EF

FF

DX

C

Name

PFP Waste

Scrub

First Strip

Second Strip

Solvent

CCI4

Concentration, M

HNO3

1.5

0.25

0.05

0.05

0.01

-

HF

0.0

0.0

0.0

0.05

0.0

-

Other

a

-

-

-

c

CCI4

Volume, L

Solution Container

9.0

2.0

4.0

2.5

2.4

0.10

10.0

2.0

4.0

4.0

4.0

0.118

Container
Type

HDPEb

HI/PE

HDPE

HDPE

Glass

Glass

Americium, 6 x 10~6M; plutonium, 3 x
''High-density polyethylene.
c0.25M CMPO-0.75M TBP in CCI4.

Americium and plutonium stock solutions were prepared and quantitated
by D. L. Bowers, Analytical Chemistry Laboratory, Chemical Technology
Division, Argonne National Laboratory.



Table A-2. Addit ional So lu t ions in the Glove Box a f t e r the Run

Code
(Origin)

DW (DF+DS)C

EW (EF)C

FW (FF)C

DF

FP (DX)

S

Name

Raffinate

Am Strip

Pu Strip

Feed

Solvent

Stage Samples

HNO3

1.4

0.05

0.05

1.5

0.01

0.05-1

Concentrat ion,

HF

0.0

0.0 1

0.05 1

0.0

0.0

.4 0.0-0.05

M

Other

nonTRU

.6xl0~5 Am

.6xlO~4 Pu

e

g

i

Wastea

8.4 (15)

2.7 (4)

1.35 (2)

-

-

-

Volume

Sample

0.1

0.05

0.025

0.05f

0.05

.0.1

» I»

Sample
Container

0.25

0.25

0.25

0.25

0.118

0.118

Total
Sample

0.6

0.3

0.15

0.05

0.3

.1.4

Sample
Containers

Quan.

6

6

6

1

6

14

Typeb

HDPEd

HDPE

HDPE

HDPE

Glass"

Glass"

A high-density polyethylene or polypropylene bot t l e of the s ize shown in parenthesis was used.

All containers of narrow-mouth type with screw-on caps.

Volume from 20-min run.

High-density polyethylene.
eAmericium, 6 x 10_6M; plutonium, 3 x l O - ^ .

This sample i s taken from the residual volume l e f t in the DF container.
gC.25M CMPO, 0.75M TBP, rest CCI4.

Containers have Teflon TFE caps.

Varying amounts of americium and plutonium, depending on the stage number.
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the DX and FP pumps were started after the contactor rotors were spinning. !
When organic solvent flow was established through the unit, the aqueous feed j
pumps for DS, DW, FF, and EF were turned on. When aqueous flow was established I
in all effluent lines, the DF feed pump was started, at which time the test !
was considered to be at time zero. Samples of the DW effluent were taken i
starting two minutes after time zero and every three minutes thereafter. :•
Samples of the EW, FW, and FP effluents were taken starting three minutes r
after time zero and every three minutes thereafter. Carbon tetrachloride was
added to the solvent reservoir (DX) at the rate of 3 mL/min to compensate for
expected evaporative losses.

Four of the five participants were positioned at the 2-1/2 module glove :
box, one at each of its four windows. The fifth participant acted as foreman
and timekeeper. The duties of these participants were as follows: i

Participant 1 was in charge of the raffinate (DW) pimp switch and was the
sample taker of the raffinate (DW) and the americium product (EW) lines.

Participant 2 was the sample taker of the plutonium produc . (FW) line.

Participant 3 was in charge of the switches for five of the rotor motors
and the TRUEX solvent (FP) pump to the DX reservoir, and was sample taker of
the TRUEX solvent (FP) line. :

Participant 4 was in charge of the switches for nine of the rotor motors
and for the pumps for the TRUEX solvent (DX) reservoir and the feed (DF),
scrub (DS), strip #1 (EF), and strip #2 (FF) lines, and was responsible for
adding CCI4 from a burette into the DX reservoir at 3 mL/min.

Participant 5 was the timer, data taker, and checklist keeper. Table A-3
is the checklist used for the demonstration run. For the cold run, the test
was stopped at 11 minutes after time zero (after three samples had been taken
at each effluent port). The liquids were not drained from the contactor stages
after the cold run; thus, the startup time for the hot run on the following
day was decreased. In the first minute of startup for the hot run, the rotors
were turned on, the DX and FP pumps were started, and solvent flow was estab-
lished. In the next five minutes, the DS, DW, FF, and EF pumps were started
in sequence and effluent flow wss established so that, at the end of this time,
the DF pump could be started (time zero). After this point, the checklist
given in Table A-3 was followed exactly.

2. Sample Analyses

All DF, DW, EW, FW, FP, and individual-stage samples were gamma-counted
to measure ^*Am activity. Aliquots of each sample were placed directly in
Biogamma™ counting vials. The size of aliquot was determined by the expected
activity level of the sample. The vials were counted in a Beckman Biogamma™
automatic gamma counter with a Nal(Ti) well detector. The energy window of 1
the counter was set for measuring the 59.6-keV photopeak of ^^MP. Correc-
tions were made for the differences in the counting geometries obtained with
different size aliquots. Conversions from counts per minute to disintegra- :

tions per minute were accomplished by multiplying the former by factors rang-
ing from 5.02 to 3.74, depending on the sample size. ;
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Table A-3. Checklist for PFP Waste Demonstration Run

Time
of

-23

-22

-12

-11

-10

-10

- 6

- 5

- 3

- 1.

- 1.

- 1.

0

2

3

5

6

L<

9

11

12

14

15

17

18

20

20.

after Start
Run, min

(approx.)

(approx.)

.5 (approx.)

(approx.)

.5 (approx.)

(approx.)

,5 (approx.)

5 (approx.)

5 (approx.)

5

Participant

3,4

4

3

4

4

4

1

4

4

1

2

3

4

1

1,2,3

1

1,2,3

1

1,2,3

1

1,2,3

1

1,2,3

1

1,2,3

3,4

1,3

Action

Turn rotors on

DX pump on

Turn on FP pump when solvent appears
at exit port

Start CCl^ addition at 3 mL/min when
FP effluent starts flowing into DX
reservoir

Mark liquid level in DX reservoir

DS pump on

Turn on DW pump when flow appears
at the DW port

FF pump on

EF pump on

Indicate time that DW and EW start
flowing

Indicate time that FW starts flowing

Check that FP flow is continuing

DF pump on

Sample DW

Sample EW, FW, FP

Sample DW

Sample EW, FW, FP

Sample DW

Sample EW, FW, FP

Sample DW

Sample EW, FW, FP

Sample DW

Sample EW, FW, FP

Sample DW

Sample EW, FW, FP

Kill all pumps and rotors except DW
and FP pumps

Kill DW and FP pumps
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Selected samples of FW and FP were counted by alpha pulse-height analysis
to measure both 24lAm and 239,240pu_ Samples for counting were prepared by
heating to dryness small a l iquots of FW and FP on a tantalum disk; the FP
samples were prepared by heating in an evacuated chamber. A gold-plated
surface ba r r i e r s i l i con detector and a Davidson 4096 Multi-Channel Pulse Height
Analyzer were used to count the samples.

The plutonium concentration in selected DW and EW fractions was measured
by mass spectrometric isotopic d i lu t ion ana lys i s . * Aliquots of 4.0 and 40 mL
of EW and DW, respec t ive ly , were di luted with concentrated HNO3 to 4-5>1 HNO3.
Each solut ion was adjusted to 0.05M in NaNC>2 and spiked with an al iquot from
a standard 244pu-4ii HNO3 stock so lu t ion . The EW samples were spiked with
9.7 x 10~2 pg of 244pu; the DW samples were spiked with 9.7 x 10~4 ,jg of
244pu_ xhe spiked samples were allowed to stand for 48 hours to a t t a i n i so-
topic equilbriutn.

Plutonium was separated from a l l other cons t i tuents by ex t rac t ing i t with
15 vol % Aliquot-336™ n i t r a t e in xylene using an 0/A phase r a t i o of 1:2. The
organic phase was scrubbed three times with an equal volume of 5£1 HNO3 and
stripped three times with an equal volume of 1M formic acid-0.1M HNO3. The
combined s t r i p solut ion for each sample was evaporated to 2-4 mL, washed with
three 2-mL portions of 2-ethylhexanol to remove t races of organic ex t rac tan t ,
and then submitted for mass spectrometric ana lys i s .

Samples of EW and Fwf obtained from the cold t e s t run were analyzed for
iner t const i tuents using inductively coupled plasma/atomic emission spectro-
scopy (ICP/AES).^ A 4.0-iiiL volume of each sample was placed in a 25-mL
volumetric flask and di luted to volume with u l t rapure water from a Barnstead
Nanopure water pur i f ica t ion system. Blanks were run on the 0.05^1 HNO3 and
0.05>l HNO3-0.05M^ HF solut ions used for the EF and FF streams, r espec t ive ly .

With the exception of zinc, the blanks showed no detectable quan t i t i e s
of the cons t i tuents reported in Table I I I - 8 . In the case of z inc, the correc-
t ion in ti.e EW and FW fract ions was about 20%.

3. Hydrolytic and Gamma-Radiolytic Degradation Studies

Five thermostated vessels were set up to measure the hydrolytic
degradation of the TRUEX-CCI4 solvent (0.25M CMPO-0.75M TBP di luted by CCI4)
in contact with several aqueous phases at 5TT and 70°C.~ Two addi t ional
v e s s e l s , thermostated to 50°C, were placed in the Argonne 60(Ho I r r ad ia t ion
F a r ^ i t y to measure the gamma-radiolytic degradation of the TRUEX-CCI4
solvent .

a. Hydrolytic Degradation

Each of several samples of the orpanic solvent (125 mL) was p re -
equ i l ib ra t ed with three contacts of the aqueous phase with which i t was to be

Mass spectrometr ic analysis was performed by E. L. C a l l i s , Analytical
Chemistry Laboratory, Chemical Technology Division, Argonne National
Laboratory.

tlCP/AES analys is was performed by E. A. Huff, Analytical Chemistry
Laboratory, Chemical Technology Division, Argonne National Laboratory.
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in contact during treatment. After the preequilibration, the 125-mL samples
of the TRUEX solvent and 50 mL of the aqueous phase were stirred vigorously
for periods of time between one day and one month in one of two thermostated
vessels (at either 50 ± 0.2°C or 69.4 ± 0.3°C), each fitted with a water-cooled
condenser. When the treatment period was completed, both phases were poured
into a separatory funnel and, after phase separation was completed, the aqueous
phase was removed. The organic phase was washed with water to remove nitric
acid and, in tht. case of contacts with the PFP feed solution, ferric ion from
the organic phase. Based on a nitric acid distribution ratio of 0.2, three
to five water washes of the organic phases (1.2 0/A volume ratio) were suffi-
cient to reduce the nitric acid concentration below 1 x 10 -^. After washing,
the organic phases were stored in glass-stoppered bottles.

b. Radiolytic Degradation

Experiments were run in the 60Co cell in pairs. The two vessels
were identical to those used in the hydrolytic degradation studies. Because
the samples were located at different distances from the source, their measured
dose rates were different (1.9 x 10^ and 2.8 x 10^ R/h). Experiments were
run for irradiation times of 30 to 4500 minutes. Reaction vessels were main-
tained at 49 ± 2°C. The organic phase (125 mL) was preequilibrated with three
50-mL portions of the appropriate aqueous phase before its final contact in
the irradiation cell. The phases were stirred vigorously during exposure.
After irradiation, the degraded TRUEX solvents were washed three times with
water to remove dissolved nitric acid (2.0 0/A phase ratio).

c. Sodium Carbonate Scrubs

A 6-mL quantity of each organic phase was separated and contacted
with three consecutive 3-mL aliquo'.s of 0.25̂ 1 Na2CO3 solution. This operation
was followed by three to six water washings in the same phase ratio. The
number of water washings was set by the time the water/organic emulsion took
to break; as water washing continued, the time for the emulsion to break,
decreased. In the final water wash, the phases broke within one minute with
no centrifugation. Also, in all washes, a white froth was evident at the
interface. With continued washing and separating of the white froth from
the aqueous phase, both solutions were clear at completion of the washing
operation.

d. Distribution Ratio Measurements

Aliquots of 1 mL of TRUEX-CCI4 were preequilibrated with two con-
secutive 1-mL aliquots of the appropriate aqueous phase. A spike of 24lAm was
added to a third 1-mL contact, and the solutions were thermostated at 25°C
with intermittent vortax mixing. The samples were then centrifuged, and the
phases were separated. Duplicate 50-uL aliquots of both phases were then
taken for liquid scintillation counting.

4. Physical Properties of TRUEX-CCI4 Process Solvent

Samples of TRUEX-CCI4 subjected to gamma-radiolysis and hydrolysis
were compared with fresh material with respect to density, viscosity, and
interfacial tension.
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a. Density

The densities of the various TRUEX-CCI4 solutions were determined
by weighing samples contained in 10-mL volumetric flasks. The densities were
calculated from the average of three separate measurements at 22.5 ± 0.2°C.

b. Viscosity

The viscosities of the TRUEX solvent solutions were measured at
ambient temperature (22.7 ± 0.3°C) using a Gilmont falling ball viscometer
with a stainless steel bal l . The viscometer constant, K, was calculated based
on the behavior of water, using values for the density (pstd

 = 0.9975 g/mL)
and viscosity (u s td = 0.9325 cp) of water at 23°C [WEAST] and the density of
the stainless steel ball (Pball = 8-02 g/mL) provided by the manufacturer.
The average time of descent of the ball in water, t s td , was found to be
43.10 ± 1.36 s. The value of K was then calculated using the following
equation.

K = , Vstd
s , r- = 3.08 x 10-3 cp-mL/Cg-s)

W>ball-Pstd) (fcstd)

This value of K was then used to calculate viscosities of the other
solutions using the following equation.

V = - p) t

where \i, p, and t are the viscosity (cp), density (g/mL), and descent time
(s) , respectively, for each sample. The viscosity of each sample was calcu-
lated from toe average of at least five measurements.

c. Interfacial Tension

The interfacial tension measurements were performed at ambient
temperature (22.7 ± 0.6°C) using a Fisher Model 21 tensiometer equipped with
a platinum/iridium ring 6.065 cm in circumference. Both organic-to-aqueous
and aqueous-to-organic interfacial tensions were measured. The aqueous-to-
organic measurements were found to be generally higher and more reproducible
than the organic-to-aqueous measurements, probably due to better wetting in
the aqueous phase, as explained by Goankar and Neuman [GOANKAR]. Measurements
were performed using about 15 mL of each phase. Samples were allowed to
equilibrate for a minimum of 15 minutes before the measurements were made.
At least five measurements for each sample were averaged to obtain the inter-
facial tension, using the correction factor of Zuidema and Waters [ZUIDEMA],
with the ratio of the radius of the ring to that of the wire forming the ring
(R/r) equal to 54.3318.

5. Secondary Solvent Cleanup Using Macroporous Anion Exchange Rosin

About 2 L of hydro lytically and radiolytically degraded TRUEX process
solvent and 1 L of TRUEX process solvent that was not degraded were purified
using macroporous anion exchange resin in the hydroxide form. The TRUEX-CCI4
process solvent fraction that was a mixture of all the solutions tested for
hydrolytic and radiolytic degradation was subjected to the carbonate scrub
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cleanup before treatment with macroporous resin; the undegraded solvent was
not. A 2.5-cm-ID, 25-cm-long Bio-Rad™ column was slurry packed with AG MP-1
(50-100 mesh) resin under 35 to 70 kPa (5 to 10 psi) of N2 pressure. The
lOO-cm^ resin bed was converted to the hydroxide ion cycle by eluting it
with 14 bed volumes of 414 NaOH, followed by a water wash to neutral pH. After
rinsing, the resin bed was washed with five bed volumes of anhydrous methanol
to remove water, followed by five bed volumes of CCI4 to remove the methanol.
During the crossover from methanol to CCI4, a great deal of heat was produced,
which caused the resin bed to separate slightly. After one to two bed volumes
of CCI4 had passed thrcugh the column, the heating subsided and voids in the
resin bed disappeared. No explanation for this behavior can be given at this
time. Flow rates of 1 to 2 irL/Ccm^-min) (5-10 mL/min) were used during
the preconditioning steps.

Prior to being passed through the resin bed, both batches of solvent were
equilibrated with 0.01M HNO3 (0/A = 2), followed by one water wash (0/A = 2),
to ensure that all sodium salts of acidic extractants that may have been
present were converted to the acidic form. The pH levels of the acid washes
were checked to ensure that the solvents contained no residual basicity. The
2-L batch of degraded TRUEX process solvent was passed through the column
f i r s t . The solvent was yellow and cloudy before passing through the resin
bed. After passing through the bed, the solvent was much lighter colored and
clear. A flow rate of 5 to 10 mL/min was used throughout the cleanup proce-
dure. The 1-L batch of TRUEX-CCI4 process solvent in i t ia l ly appeared clear
before and after column treatment; however, near the end of the procedure the
eluate became slightly cloudy.

Both batches of TRUEX-CCI4 process solvent became cloudy on standing
overnight and appeared to have a small quantity of precipitate near the
surface. The precipitate was easily removed by f i l t rat ion through Wattman
#1 Qualitative f i l ter paper or a small s i l ica gel (Porasil™-B) column;
however, the cloudiness reappeared on standing overnight a second tima. The
two batches of solvent were combined and diluted with 200 mL of CCI4 to restore
the CMPO and TBP concentrations to 0.25 and 0.75£t, respectively. (The amount
of CCI4 required was determined by measuring D̂m at 2>1 HNO3.) After diluting
with CCI4, the process solvent was divided equally between two 2-L glass bot-
t l e s . About 100 mL of water was added to each bottle as a barrier to lessen
the evaporative loss of CCI4. The TRUEX process solvent s t i l l appeared cloudy,
but began to clarify after small quantities of 4M̂  HNO3 were added to the water
layer and manually mixed. Once the pH of the water layer reached ^2 to 3,
the solvent became clear. The solvent was stored in this condition for the
demonstration run.

The extraction properties of a sample of the resin-purified TRUEX process
solvent were tested in a simulated batch extraction of 24lAm from synthetic
PFP waste, which was followed by two consecutive scrub contacts and thiee con-
secutive s t r ip contacts. This was done to ensure that the process solvent
gave the proper D̂m values in each stage of the process. In addition, the
disengagement times of the purified TRUEX solvent were measured using
0.25M Na2CO3. The D̂m values obtained with the resin-treated TRUEX-CCI4
process solvent used for the hot test run are listed in Table A-4. These
values are experimentally identical with D^ values measured using freshly
crystallized CMPO [HORWITZ-1985A.B].
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Table A-4. Batch DAm Values for Consecutive
Extraction, Scrub, and Strip
Operations for Resin-Treated
TRUEX-CCI4 Process Solventa

Batch Operation D ^

Extraction1, 18

Scrub 1 8.2

Scrub 2 6.4

Strip lc 0.96

Strip 2C 0.15

Strip 3c 0.098

Pleasured at 25°C with the same phase ratio
as used in the demonstration.

Synthetic PFP waste solution with no
addition of scrub solution.

Americium strip solution (0.05M HNO3).

6. Worksheet Calculations

The worksheet calculations presented in this section were made following
the procedure given by Leonard [LEONARD], The electronic worksheet used was
DIGICALC, as implemented on a VAX computer. The work discussed here is for
one component, americium. The concentrations for the other components of the
reference flowsheet (Table III-2) were calculated in a similar fashion. In
some cases, the results were extrapolated from those for other components; in
such a case, the concentration in Table III-2 is simply shown as being less
than a given value. Calculations were first made using the expected DAm
values; then the measured values; and finally, the corrected values. In the
last two instances, the calculations were done both with and without solvent
recycle.

a. Expected Coefficients

A summary of worksheet calculations using the expected values of the
americium distribution coefficients given in Table III-l is listed in Table A-5
as Case A. Tha temperatures shown are those at which the distribution coeffi-
cients were measured. When solvent recycle is indicated in the table, the
organic effluent (FP) is assumed to be immediately recycled to the organic
feed port (DX). When this is the case, the DX concentration is determined as
part of the worksheet calculations.

To get the worksheet results for the six cases summ-irized in
Table A-5, the americium concentration was calculated as a function of stage
number and time. Computer listings of these americium concentrations for
Case A are given in Tables A-6 and A-7 for the aqueous (x£) and organic (yi)
phases, respectively, where i is the stage number. Because of the computa-
tional technique, each americium concentration in each column is calculated
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Table A-5. Effect of Americium Distribution Coefficients on the Calculated
Americium Concentration in the Effluents of the Reference
Flowsheet at Steadv-State Conditions3

Parameter A

Temperature, °C 30
Solvent Recycle Yes

Americium

DF
DX

Americium

B

25
Yes

C

25
No

Case

D

25
No

Concentration (input data except as noted), 1O~6M:

6 .0
1.25E-4b

6 .0
0.170b

Distribution Coefficient Type:

Extraction Expected
Scrub &

Americ ium

Stage 1
Stage 2
Stage 3
Stage 4
Stage 5
Stage 6
Stage 7
Stage 8
Stage 9
Stage 10
Stage 11
Stage 12
Stage 13
Stage 14

Americium (

DW
EW
FW
FP

Strips Expected
Measured
Measured

5.81
0

Measured
Measured

Distribution Coefficient Values:

16
16
17
17
17
8 . 8
6 . 5
0.87
0.13
0.11
0.11
0 . 1
0 . 1
0 . 1

31
29
27
35
32
17
15
4
0.69
0 . 3
0 . 3
0.31
0.25
0 . 2

31
29
27
35
32
17
15
4
0.69
0 . 3
0 . 3
0.31
0.25
0 . 2

Concentration (calculated values), 10~6M:

8.8E-4
16.0
0.039

1.25E-4

5.5E-3
13.8
4 . 4
0.170

4.2E-5
13.2
4 . 2
0.155

5.81
0

Corrected
Measured

23.7
22.9
21.7
26.7
24.9
17
15
4
0.69
0 . 3
0 . 3
0.31
0.25
0 . 2

1.43E-4
13.2
4 . 2
0.163

E

25
No

5.81
0

Corrected
Corrected

23.7
22.9
21.7
26.7
24.9
12.5
11.0

2 . 9
0.51
0.22
0.22
0.23
0.184
0.174

1.44E-4
14.7
1.59
0.028

F

25
Yes

5.81
0.028b

Corrected
Corrected

23.7
22.9
21.7
26.7
24.9
12.5
11.0

2 . 9
0.51
0.22
0.22
0.23
0.184
0.174

1.33E-3
14.7
1.59
0.028

aflow rates and stage numbers are as shown in Fig. I I I - l . No americium in feed
streams DS, EF, and FF, as shown in Fig. I I I - l .

Calculated value.



Table A-6. Americium Concentration in the Aqueous Phase of the Contactor Stages for Case A

Approx. Aqueous fnase Concentration (x^ of Americium In Stage (i), 10 H

l^T' ~ *l *~3 ^ *~5 \ *7 *8 T9 *10 "n *Tl *Tj ^
0 o o o o o o o o o c o o o o
0.5 O.OOOE'OO O.OOOE'OO O.OOOE'OO O.OOOE'OO 8.000E-01 O.OOOE'OO O.OOOE'OO O.OOOE'OO 0.000B*00 O.OOOE'OO O.OOOE'OO O.OOOE'OO O.OOOE'OO 0.000E->00
1 O.OOOE'OO O.OOOE'OO O.OOOE'OO 1.200E-01 8.000E-01 1.189E*00 O.OOOE'OO O.OOOE'OO O.OOOE'OO O.OOOE'OO O.OOOE'OO O.OOOE'OO O.OOOE'OO O.OOOE'OO
1-5 O.OOOE'OO oioOOE'OO 1.800E~02 1.200E-01 9.268E-O1 1.489E'O0 1.9l8E<00 O.OOOE'OO O.OOOE'OO O.OOOE'OO O.OOOE'OO O.OOOE'OO O.OOOE'OO O.OOOE'OO
2 O.OOOE'OO 2.8H2E-03 1.8OOE-O2 1.513E-O1 9.268E-01 1.795E'OO I.918E'OO 6.665E'OO O.OOOE'OO O.OOOE'OO O.OOOE'OO O.OOOE'OO O.OOOE'OO O.OOOE'OO
2.5 U.188E-01 2.812Ei-03 2.542E-02 1.543E-O1 9.611Ef01 1.795E'OO 2.312E'OO 6.665E*00 5.132E'OO O.OOOE'OO O.OOOE+00 O.OOOE'OO O.OOOE'OO O.OOOE'OO
3 u!t88E-0U H.392E-O3 2.5"42E-02 1.658E-01 9.611E-O1 1.8?3E'OO 2.312E'O0 1.078E*01 5.132E'O0 6.QV0E-01 O.OOOE'OO O.OOOE'OO O.OOOE'OO O.OOOE'OO
3-5 6!935E-01 i!392E-O3 2.838EfO2 ;.65BE-01 9.721E-01 1.873E'OO 2.l412E'0O 1.078E*0! 8.831E'OO 6.010E.-01 5.956E-02 O.OOOE'OO O.OOOE'OO O.OOOE'OO
4 6.935E-O1 5.055E-03 2.838E-O2 1.6S9E-01 9.72IE-O1 1.897E-00 2.112E»00 1.3ME'O1 8.831E'OO 1.O88E'OO 5.956E>-02 1.092E-02 O.OOOE'OO O.OOOE'OO
4.5 7.997E-O1 5.065E-03 2.951E^02 1 .699E>-01 9.761E-O1 1 .897E'OO 2.W1E'00 1.311E'O1 1.1O5E'O1 l.O88E'OO I.O78E-0I 1 .092E"-02 1 .820E-03 O.OOOE'OO
5 7 997E-01 5.338E-O3 2.951E-02 1.715E-01 9.761E-O1 1.9O6E'OO 2."41HE'OO i.iHIE'OI 1.1O5E'O1 1.392E'OO 1.078E-01 2.128E-02 1.820E-03 3.O33E-OU
5 5 s' l tSE-OI 5.338E-O3 3.OOOE^O2 1.715E-01 9.776E-O1 |.9O6E'OO 2.i)55E'00 l.HHIE'Ol 1.232E'O1 1.392E»00 I.379E-01 2.I28E-02 3.8OOE-O3 3.O33E-O1
b 8 1I45E-O1 5.11«8E-03 3.O00E-02 1.721E-01 9.776E-01 1 .909E-00 2.155E'OO 1.512E*01 1.232E'O1 K567E'OO 1.379E-01 2.815E-02 3.800E-O3 G.333E-OU
6.5 8.635E-014 5.1H8E-03 3.018E-02 1.721E-01 9.781E-O1 1 ,9O9E'O0 2.l459E*OO 1.512E'O1 1.3O3E'O1 1.567E»OO 1.553E-O1 2.845E^02 5-27OE^O3 6.333E-OU
7 8.635E-O1 5.U92E-O3 3.O18E-O2 1.72tE-01 9.781E-01 1.91OE'OO 2.159E'OO I.551E*O1 1.3O3E'O1 1.666E'OO 1.553E-01 3.287E-02 5.270E-03 8.783E-OU _
7.5 8.718E-01 5.192E-03 3.025E-02 1.721E'O1 9.781E-O1 1.910E*00 2.t60E'00 1.551E«O1 1.312E'O1 1.666E-OO 1.651E-01 3.287E-02 6.210t"03 8.7B3E-06 &
8 8.718E-01I 5.510E-03 3.025E-02 1.725E-01 9.78tE-01 1.91'E'OO 2.l)60E'0O 1.573E*O1 1.3l)2E*O1 1 .720E'00 1.651E-01 3.511E-0P 6.21OE-O3 1.O35E-OJ
8.5 8.755E-0H 5.510E-03 3.028E"02 1 .725E>-01 9.7B1E<-01 1 .91 IE'00 2.H6lE*00 1.573E'O1 1-363E'O1 1 .72OE'OO 1 .7O5EiO1 3.5"1E"0.', 6.769E-O3 1.O3bE»O3
9 8.755E-0I) 5.518E-03 3.O28E-O2 1.72C--0i 9.781E-01 1.911E»00 2.161E'OO 1.5aiE»01 1.363E»O1 1.75OE'OO 1.7O5E-OI 3.689E-O2 6.769E-03 I.128E-O3
9.5 8.772E-OI4 5.5i8i>03 3.029E-02 1.725E-01 9.785E-O1 1.911?'00 2.16lE'OO 1.581E'O1 1.375E'O1 1.75OE»OO 1.731E-O1 3.689E-02 7-O89E-O3 1.128E-03

10 8.772E-01 5.521E'O3 3.029E-02 1.725E-01 9.785E-O1 1.911^*00 2.161E»00 1-591E'C1 1.375E'O1 1.766E'OO 1-731E-O1 3.77OE-02 7.089li-03 1.182E-03
10.5 8.780E-01 5.521E-O3 3.029E-02 1.725E-01 9.785E-01 1.911E'OO 2.161E'OO 1.591E'O1 1.381E'O1 1.766E*00 1.750E-01 3.770E-02 7.268E'O3 I.182E-O3
11 8.78OE-OI) 5.523E-03 3.029E-02 1.7252-01 9.785E-01 1.9UE'OO 2.«61E'0O 1 .59'4E-'O1 I.381E'O1 1.775E'OO 1.75OE-O1 3-81 'IE-02 7.268E-03 1.211E-03
11.5 8.781)Ef01 5.523E-03 3.O3OE-O2 1 .725'E^OI 9.785E-O1 1.911E'OO 2.H6iE'00 1.591E'O1 ' . 38HE»O1 ' .775E'OO 1 .759E-01 3.811E-02 7-367E-O1 I.211E-O3
12 8.781E-OI) 5.523E-03 3.O3OE-O2 1.725E-01 9.785E-01 i.911E*00 2.«61E'00 1.596E'O1 •,.381E'-01 i.780E'0O 1.759E-01 3.839E-0? 7.367E-03 1.228E-03
12.5 8.786Er-O1 5.523EiO3 3.O3OE^O2 1.725E-01 9.785E-01 I.911E'OO 2.1(61E'OO 1.596E'O1 1.386E'O1 1.780E'00 1.761E-O1 3.839E-02 7.121E-03 1.228E-O3
13 8.786E-0I) 5.521E-03 3.O3OE-O2 1.725E-01 9.785E-01 !-91IE'00 2.161E'OO 1.597E'O1 1.386E'O1 1.7B2E*00 1.764E-O1 3.852E-02 7.121E-03 1.237E-03
13.5 8.787&-O1 5.52tErO3 3.TJ3O&-O2 1.725E-01 9.785E-01 1.911E'00 2.H6iE'00 1.597E'O1 1.387E'O1 1.782E'OO 1.766E-01 3.852E-02 7.1bOE-O3 1.237E-O3
14 8.787E-01 5.521E-03 3.O3OE-O2 1.725E-01 9.785E-01 1.911E'OO 2.l |61E'00 1.597E«01 1.387E'O1 1.781E'OO 1.766E-01 3.859E"02 7."50E~03 1.2'I2E-O3
14.5 8.787E>-01) 5.521e-03 3.030&-02 1.725EnO1 g-TeSE^Ol 1.911E»00 2.1)61E'OO 1.597E'O1 1.388E*O1 1.781E'OO 1.767E-01 3.859E-02 7-16bE-O3 1.212E-O3
15 8.787E-O1 5.521E-03 3.O3OE-O2 1.725E-01 9.785E-O1 1.91'E'OO 2.161E'OO l.597E«01 1.388E'O1 1 .781E'OO 1 .767EKJ1 3.863E^02 7.,)66E'-O3 1.211E-O3
15.5 B.787E-01 S.SZIE-OS 3.O3OE-O2 1.725E-01 9.785E-01 1 .9I1E'OO 2.161E*00 1.597E'0l !.388E»O1 1.781E*OO 1.768E-01 3.863E-02 7.17'4E-O3 I^'JIE-OS
16 8.787E-01 5.52fE-03 3.O3OE-O2 1.725E-01 9.785E-O1 1.911E'OO 2.t61E'00 1.598E'OI 1.3BBE*O1 1.785E«00 1.768EM)! 3.865E-O2 7-17'iE-O3 1.216E»03
16.5 8.788E-0I4 5.521E-.03 3.O3OE-02 1.725E-01 9.785En01 1.911E'OO 2.161E'OO 1.593E'O1 1.388E'O1 1.7B5E*OO 1.769E-01 3.865E-02 7.179E-03 1.216E-O3
17 e^SeE-O'i 5.521E-03 3.O3OE-O2 1.725E-O1 9.785E-O1 1.911E»00 2.46lE'0O 1.598E'O1 1.388E'O1 1.785E'OO 1.769E"O1 3.866E-02 7.179E-03 1.217Eo03
17.5 8.788&-01 5.521E-03 3.O3OEnO2 1.725E-01 9.785E-O1 1.9 IE'00 2.«61E'00 1.598E«O1 1.388E»O1 1.785E*00 1.769E-O1 3.866E-02 7.182E-03 1.217E-03
18 8.788E-O1 5.521E-03 3.O3OE-O2 1.725E-01 9.785E-O1 1.911E*00 2.161E'OO 1.598E*01 1.388E'O1 1.785E'OO 1.769E-O1 3.866E-02 7.182E"03 1.217E-03
18.5 8.788E-01 5.521E-03 3.O3OE-O2 1.725E-01 9.785E-01 1.911E'OO 2.I401E'00 1.598E'O1 1.388E'O1 1.785E'OO 1.769E-01 3.866E-02 7.183E-O3 1.217E-03
19 8.788E-0U 5.521E-03 3.O3OE-O2 1.725E-01 9.785E-O1 1.911E»00 2.161E*00 1.598E»01 1.388E'O1 1.785E'OO 1.769E-01 3.867E-02 7.183E--O3 1.217E"03



67

W
ra

o

u
o

M
ra

0)
M
ra

.c
a .

c
CO
t > 0
S-.

o

(0
1-1

j->
c
a)
u
o
o

u
1-4

I
I

TO

o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o
• + • • + + • + + 1 1 1 1 1 1 I L I 1 I I t L 1 I I I t i l l I I I I . I L I

CO C O C O h J C O C O C O C O C O U J u J C O U l t O U l C O C O U J C O U J t O U J C O O U J C O C O U i C O C O U J U J U J t O C O C O t u U
i^ j t • ^ 2 i » t ^ ^ 2 £ 5 - ^ ^ 3 ̂ J OO PO PO PO PO PO ^ ^ ^Ot CO OO AJ AJ ^"• •̂ ^ uO OO p ^ ̂ ^ f>J A J T ^ X >O ^ O ^ ^ ^ ^ ^ ^ ^ ^ ̂ ^"

0 0 0 0 0 0 0 0 ^ 3 , a i ^ ' - 3 ' 3 , - 3 - 3 - ^ ^ j i 3 ^ a ' s ^ a j s j j s , ^ v s . s r ^ r . v ^ ^ a '
o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o
• • • • • • • • L l l f l I I I 1 I I c 1 1 ' I 1 1 1 ,1 ,', I I I I W I I 1 I 1

O O O O O O O O O O O O O O O O O> O> j > 3> QO CO f*- C*- ^ •— O O O \O ̂  ^ O> O> Aj CM PO r o
O O O O O O O O A I A J O O t ^ r — ' - « - \ 0 ' O c o a ) ^ 0 < ^ O v O ( \ l C \ J i n . n ^ O ' > O t — C - - C - - r - C O C O C C C O
O O O O O O O O CO CQ CO OO Oj C\J Aj Aj f^. f ^ O O AJ Aj PO PO ^ T ^ ^ ^ ^ ^ ^ ^ ^ T Z T ^ ^ Z3" ZT
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twice. This happens because two rows represent a complete time cycle, based
on the interaction between adjacent stages. Each row represents the average
time that a phase stays in one stage, that is, the stage residence time. The
calculation assumes that the stage residence time is the same for both phases.
In actual practice, contactors usually deviate from this assumed condition;
thus, the approach-to-steady-state values calculated by this procedure will
b only an approximation to the actual situation. However, the steady-state
values given by the calculation will be correct. The organic phase volume in
each stage is 50 to 75 mL; thus, based on the organic phase flow rate of
150 mL/min, the stage residence time is 20 to 30 seconds. The aqueous phase
volume in each stage is 25 to 50 mL; thus, based on the various aqueous flow
rates of 50 to 450 mL/min (the higher flow rates are associated with the
higher stage volumes of the aqueous phase), the stage residence time is 7 to
30 seconds. Thus, each row of calculated results shown in Tables A-6 and A-7
represents a process time of 30 seconds or less, and *:he 38 rows shown repre-
sent a total process time of 19 minutes or less. A review of Tables A-6 and
A-7 on this basis, shows that stage 14 is the last to reach steady-state
conditions. Even this stage is within 99% of its steady-state americium
concentration within 14 minutes. Based on tnese calculations, the total time
for the demonstration run was set at 20 minutes, with the collection of the
last samples to start 18 minutes into the run.

Because of evaporative losses of the CCl^, the actual distribution
coefficients during the demonstration run were not the expected values used
in these calculations. Additional calculations were done to show that, with
more appropriate values for the americium distribution coefficients in the
demonstration run, the electronic worksheet closely predicts the observed
concentration of americium in each effluent.

b. Measured Coefficients

After the demonstration run was completed, the americium distribu-
tion coefficients were measured for each stage at 25°C. Using these higher
values for the Am distribution coefficient, the above calculations for the
expected coefficients were repeated. Note in Table A-5 that the average value
for the measured americium distribution coefficients in the extraction section,
stages 1-5, is 30.7 (Case B), compared with 16.6 for the expected coefficients
(Case A). A key result in the new calculation is the much higher americium
concentration than that observed in the aqueous raffinate (DW). This is the
result of the immediate recycle of the solvent in the calculations. As dis-
cussed in the body of the report and shown by the fairly constant values for
the aqueous raffinate, essentially no americium was recycled with the solvent
during the demonstration run.

To reflect the fact that almost no americium was recycled in the
demonstration run, the worksheet was modified so that i \l solvent fed to the
contactor had no americium in it. The results of this calculation are
summarized at Case C in Table A-5. Note that the americium concentration in
the DW effluent is now two orders of magnitude lower than it was in the recycle
case (Case B). In fact, the americium concentration in the DW effluent is
now lower by a factor of four than the observed concentration during the
demonstration run. To address this problem, it is necessary to correct the
values of the americium distribution coefficients, as is discussed in the main
body of the report.
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c. Corrected Coefficients

When the extraction/scrub sections of the contactor were analyzed,
it was found that a small drop in the extraction efficiency from 100% to
97.26% would explain the observed difference in the calculated americium concen-
tration in the DW effluent and the observed value. This lover extraction
efficiency gives the effective distribution coefficients, shown as Case D
in Table A-5, and the appropriate value for the americium concentration in
the DW effluent. (Note also that the average value for the corrected americium
distribution coefficients in the extraction section is 23.9.) As discussed
in the main body of che report, these corrected or effective distribution
coefficients include any deviations of extraction efficiency from 100% (as
much as 2.74%), as well as americium distribution coefficients that are lower
because of a CMPO concentration lower than 0.3M_ in the solvent or because of
a temperature effect.

Further analysis is required to determine how much of the correction
to the distribution coefficients for the extraction section is due to some
loss in extraction efficiency and how much is due to the distribution coeffi-
cients actually being lower. This further analysis is possiole by looking at
the scrub and strip sections, stages 6-14, of Case D. Any deviation of the
extraction efficiency from 100% in the scrub and strip sections would result
in a higher americium concentration in the solvent effluent (FP) than that
predicted by Case D. Lower americium distribution coefficients in these
sections would result in a lower americium concentration in the FP effluent
than that predicced by Case D. The measured americium concentration in FP is
about six times lower than the value predicted by Case D; thus, it would
appear that the controlling factor is a lower value for the americium distri-
bution coefficients throughout the contactor. For the extraction section, the
average corrected americium distribution coefficient is made 0.778 times that
of the measured coefficient, to produce the required americium concentration
in the DW raffinate.

In the scrub and strip sections, the correction factor is 0.735.
When this factor is used, the worksheet calculation gives the americium con-
centration in the organic effluent (FP) observed at 18 minutes into the run.
The results of this calculation, summarized as Case E in Table A-5, show the
steady-state value for the americium in the FP effluent, which is slightly
higher than the concentration observed at 18 minutes into the run. Because
of the third-power dependence of the americium distribution coefficient on
the CMPO concentration, this suggests that CMPO concentration is slightly
lower than the 0.30M value seen in the stage liquid samples (taken after the
test and used to measure the distribution coefficients). The CMPO concentra-
tion during the run was measured in FP effluent samples to be between 0.27
and 0.28M_. This would make the ratio of the corrected americium distribution
coefficients to the measured values lie between 0.729 and 0.813, which is just
what was observed. Thus, the problem in analyzing the data ssems to be due,
in part, to a loss of CCI4 from the solvent after the test. The solvent
and the lighter aqueous phase, which covers the solvent and so minimizes
evaporation, were not removed from the contactor stages until the day after
the test. The samples of the effluent streams were sealed as soon as they
were taken and bagged out of the glove box the day of the test. Thus, all
the correction in the americium distribution coefficients seems to be due to
the solvent concentration; the contactor stage efficiency was not measurably
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different from 100%. Also, because the two phases stayed in the contactor
overnight between the c«.ld and hot runs, there might have been solvent losses
to account for those seen on the following day. This would put the initial
CMPO concentration in the solvent at about 0.25J4, the actual initial value.
Thus, based on this analysis, an overnight loss" not greater than the expected
evaporative loss during the test, would appear to be the most likely explana-
tion for the CCI4 losses. Further tests to clarify this point are needed.

Detailed listings of the americium concentrations as a function of
stage number and time for the aqueous and organic phases when the corrected
americium distribution coefficients for all stages (Case E) are used are given
in Tables A-8 and A-9, respectively. These listings show how, with the higher
americium distribution coefficients in the strip sections of the contactor,
the americium concentration in these stages approaches steady state more
slowly than was the case when the expected americium distribution coefficients
were used. As with Case A, the first 38 lines of data in Tables A-8 and A-9
correspond roughly to the first 19 minutes of the run. In addition, 20 lines,
which correspond roughly to a 10-minute interval between 44 and 54 minutes
into the run, are included to show that the americium concentrations calculate<
with the corrected distribution coefficients do approach a steady-state value,
even in the strip sections. The calculations also show that, as observed in
the stage liquid samples, the americium concentrations are high in the first
stages of the first strip section. It is these high americium concentrations
that caused the strip sections of the 14-stage contactor to take so long to
reach steady-state conditions.

One final question remains. What would have happened to the
americium concentration in the DW effluent had the demonstration run continued
to operate with the same corrected americium distribution coefficients until
complete solvent recycle with the americium had been established? This
scenario was calculated with the worksheet and the results are summarized as
Case F on Table A-5, If steady-state operation with complete solvent recycle
had been realized, the americium concentration in the DW effluent would have
been higher than in Case E, but the solidified DW waste still would have
contained less than 10 nCi/g of TRU waste.

7. Preparation of Synthetic PFP Waste

Table A-10 shows the quantities of reagents used to prepare 20 L of the
synthetic PFP waste solution used in the reported studies. The requisite
amounts of uranium (3 x 10~6 M ) > plutonium (3 x 10~5 M), and americium
(6 x 10~6 M) were added to the feed solution 18 hours-before the hot run
began. Distribution ratios of americium and plutonium were measured in batch
experiments by spiking the synthetic PFP waste solution with tracer quartities
of 24lAm and 239pu frOm nitric acid stock solutions.

8. Preparation of TRUEX-CCI4 Process Solvent

The CMPO used in this study was obtained from M&T Chemicals, Inc.,
Rahway, NJ. Gas chromatographic analysis showed the material to be <>,97% CMPO
and to contain essentially the same level of contaminants as previously pur-
chased samples of this compound [VANDEGRIFT-1984]. The crystalline solid had
a slight yellowish color. Because the solid contained black specks, the CMPO
was dissolved in CCI4 and filtered before preparation of the TRUEX-CCI4 sol-
vent. The TBP and CCI4 were industrial-grade chemicals.



71

Table A-8. Americium Concentration in the Aqueous Phase
of the Contactor Stages for Case E

Approx.
Aqueous Phase Concentration (x.) of Americiuni in Sta^e (i), 10 tl

Time,
mln

0
0 . 5
1
1 .5
2
2.5
3
3 . 5
4
4 . 5
5
5 . 5
6
6 . 5
7
7 . 5
8
8.5
9
9 . 5

10
10.5
11
11.5
12
12.5
13
13.5
14
14.5
15
15.3
16
16 5
17
17 .5
18

18.5
19

44.5
45
45.6
46
46.5
47
47.5
48
48.5
49
49.5
50
50.5
51
51.5
52
52.5
53
53.5
54

x l

0
O.OOOE+00
O.OOOE^OO
O.OOOEtOO

O.OOOE*00
8.867E-O5
8.867E-05
1.258E-01
1.258E"0i
1.382E-04
1.382E-01
1.42OE-O1
1.120E-01
K132E-01
1.132E-OU
1.136E-O1
1.136E-O1
1.137E-01
1.137E-01
1.137K-01
1.437E-O1
I.137E-O1
1.'I37E-O1
1.137E-O1
1.137E-01
1.137E-01
1.437Et-.O1
K137E-O1
1 .U37E-OU
1.137E-O1
1.137E-01
1.137E-01
1.137E-O1
1.437E-O1
1.137E-01
1.437E-O1
1.137E-01
1.137E-O1
I.137E-01

1.137E-O1
1.137E-O1
1.137E-OM
1.137E-01
1.137E-01
I.137E-O1
1 .t37E"O1
1.137E-01
1.137&-01
1.137E-O1
1.137E"01
1.137E-O1
1.137E"O1
1.137E-01
1.137E«O1
1.137E-01
1.137&-O1
I.137E-Q1
1.137E-01
1.137E-01

C
0
C

7
7
1
1
1

t
1
1
1
1
1

x 2

0
I.000E+0O
i.OO0E»0O
>.0O0E*OO
.891E"01
.891E-01
.120E-03
.120E-03
.23OEtO3
.23OE-O3
.261&-03
.261E-03
.275B-03
.275E-Q3
.278E-03

1.278E-03
1
1
1
1
1

.279E-03

.279E-03

.279E-03

.279E-03

.279E-03
1.279E-03
1
1
1
1
1
1
1
1
1,
1,
1,

1,
1.
1,
1.
1.
1.

1 .
1 .
1 .
1 .
1 .
1 .
1 .
1.
1.
1.
1.
1.
1.
1.
1 .
1 .
1 .
1 .
1 .
1 .

.279E-03

.279E-03

.279E"03

.279E-03

.279E-03

.279E-03

.279E-03

.279E-03

.279E-03

.279E-03

.279E--03

.279E-O3

.279E«03
,27913-03
•279E-O3
.279E-03
.279E-03

279E-03
279E-03
279Er03
279E-03
279E-O3
279E-03
279E-03
279E-O3
279E-03
279E-03
279Ex03
279E-O3
279E-O3
279E-O3
279E-O3
279E-O3
279&*03
279E-03
279E»03
279E-O3

0
0
6
6
8
8
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9.
9.
9.
9,
9.
9.
9.
9,
9.

9.
9.
9 .
9.
9 .
9.
9 .
9.
9.
9 .
9 .
9.
9.
9.
9 .
9.
9 .
9 .
9 .
9.

X 3

0
.OOOE^OO
.OOOE^OO
.813E-03
.813E-O3
.966E-03
.966E^03
.621E-03
.621E-03
.823E-03
.823E-.03
.883E-03
.883E-O3
.9O1E-O3
.9O1E-O3
.9O6E-03
.9O6E-O3
.9O8E-03
.908E-03
.908L-03
.9O8E-O3
.9O9E-03
.9O9E-03
.9O9E-O3
.9O9E~O3
.9O9E-O3
.909E-03
.9O9E-03
,909E«03
.9O9E-03
,909E"O3
.9O9E-O3
.909E--03
.9O9E-O3
•9O9E-O3
,9O9E-03
,9O9E"O3
.9O9E-O3
.909E-O3

9O9EXO3
9O9E-O3
909E-O3
9O9E-O3
909E"03
9O9E-O3
9O9E"O3
909E-03
9O9&-O3
9O9E-O3
9O9EnO3
9O9E-O3
9O9E-O3
9O9E-O3
909E>-03
9O9E-O3
909E"03
909E-03
9O9E**O3
9O9E-O3

0
5
5
6
6
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7,
7.
7.
7.
7.
7.
7.
7.
7.
7.
7.

7.
7.
7.
7.
7.
7.
7.
7.
7.
7.
7.
7.
7.
7.
7.
7.
7.
7.
7.
7.

x /

0
.OOOE^OO
.609E-02
.609E-02
.779Ef*02
.779E-02
.O69E-O2
.069E-02
. 1 1 9 E - 0 2
.119E-02
.172E-02
.172E-02
.179E-02
.179E-O2
.181E-02
.181E-02
. 1 8 1 E - 0 2
.181E-02
.182E"02
.182E-02
. 182En02
.182E-O2
.182E<-02
.182E-02
.182E-02
.182E-02
.182E*02
.182E-02
.182E-02
.182E-02
. 182E>02
.182E-02
.182E-02
.182E-O2
182ES02
182E-02
182E"O2

.182E-02
182E-O2

182E"02
182E-02
182E-02
182E"O2
182E-03
182E"0?
182E-02
182E-02
182E»O2
182E-02
182E>-02
182E-02
182B-02
182E-02
182E«02
182E-02
182E»02
182E-02
182E-O2
182E-02

5
5
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
b
6
6
6
6
6
6
6
6
6,
6.
6.
6.
6,
6,
6.
6.
6,
6.
6.

6.
6.
6.
6.
6.
6.
6.
6.
6.
6.
6.
6.
6.
6.
6.
6.
6.
6.
6.
6.

X5

0
-553E-O1
.553E-O1
.219E-01
.219E^0l
.35OE-O!
.35OE'-O1
.381E-O1
,381E"O1
.39OE-O1
.39OE-O1
.392E-01
.392E-O1
.393E-O1
.393E-01
.393E-O1
.393E-O1
.393E-O1
.393£>-O1
.393E-OI
.393E'-O1
.393E-O1
.393E-O1
.393E-O1
.393E-O1
.393E-O1
.393E-O1
.393E-O1
.393E-01
.393E-O1
.393E-O1
.393E-O1
•393E-O)
.393E-O1
.393E"O1
•393E-01
,393E"O1
393E-O1

• 393&O1

393E-O1
393E-01
393EhO1
393E-O1
393E-O1
393E-O1
393EnOl
393E-O1
393E"O)
393E-O1
393EiOt
393E"O1
393K-O1
393E-O1
393E"O1
393E-O1
393E«01
393E-O1
393E"01
393E-O1

0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
;
1
1
i
1
1
1
1
1
1
1
1,
1.
1,
1 ,
1 ,
1 ,

1.
1.

1.
1 ,
1,
t.
1.
1 .
1,
1.
1 .
1 .
1 #

1 .
1 .
1 .
1 .
1 .
1 .
1 .
1.
1 .

X6

0
.OOOE

.078E

.078E

.238E

.238E

.268E

.268E

.27t)E

.275E

• 00
• 00
• 00
• 00
• 0 0
• 0 0
• 0 0
• 00
•oo

.277E+00

.277E • 0 0

.277E*00

.277E

.277E

.277E

• 0 0
• 0 0
• 00
• 0 0

.277E^00

.277E

.2Y7E

.277E

.277E
.277E
.277E
.277E

• 00
• 00
• 00
• 00
• 0 0
• 00
• 00

.277E^00
• 00

-277E^00
.277E
.277E
.277E-

• 00
• 00
•00

.277E+00

.277E+00

.277E-• 0 0

•277E+00
.277E-
.277E-
•277E-

.277E-

.277E-

• 0 0

•00
• 0 0

• 0 0

•oo
• 0 0

,277E^00
.277E-• 0 0

,277E^O0
277Ei
277E^
277E<

• 0 0

•00
• 0 0

277E^0O
277E+00
277E<
277E<
277E--
277E<
277E*

00
•00
00

•00
00

277E^00
27 7E*
27 7E^
277E+

00
00
00

277E+00

0
0

1
1
!
,
1
\
1

1
1
1
1
1

1
1
1
j

!

1
!
1
!
1
1

1
1
1

1
1
!
1
1

1

1

1

1
1
1 ,

J ,

1.
1.
1.
1 ,

1.

1 .
1 .
1 .

1 .

1.

1 .

X7

0
. O O O E + 0 0

.OOOE^OO

.186E+00
•362E^00
.362E+00
.395E+OO
. 395E+OO
.102E^00

.101E+00

.1O4E+00
,l)05E^00
.l|05E^00
.tO5E^O0
.105E+00
.105E+00
.105E+00
.105E+00
.1O5E+O0
.105E+00
.105E+00
.105E+00
•4O5E+OO
.105E+00
.105E+00
.105E+00
.105E+00
.105E+00
. 105E+00
.105E+00
.105E+00
.105E+00
.105E+00
•105E+00
.105Ei00

.105E*00

.105E.00

.105E+00

. 105E+00

.105E+00

.105E+00

.II05E+00
,105E*00
.105E+00
,105E*00

105E+00
H05E*00
105E*00
105E+00

105E+00

1O5E*00
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Table A-8. (contd)

Approx.
Time
rain

0

0.5
1
1.5
2
2 .5
3
3.5
4
4 . 3
5
5.5
6
6.5
7
7.5
8
8.5
9
9.5

10
10.5
11
11.5
12
12.5
13
13.5
14
14.5
15
15.5
16
16.5
17
17.5
18
18.5
19

44.5
45
45.5
46

46.5
47
47.5
48

48.5
49

49.5
50
50.5
51
51.5
52
52.5
53
53.5 1
54 1

Aqueous

X8

0
O.OOOE+00
O.OOOE+00
O.OOOE+00
3.318E+OO
3-318E+OO
5.1I53E+00
5."I53E'OO
7.O56E+00
7.056E+00
8.35*4E+OO
8.351E+00
9.t26E+00
9.126E+0C
1.031E+01
1.031E+01
1.105E+01
1.105E+01
1.167E+O1
1.167E+01
1.217E+01

.217E+01
1.260E+01
1.260E+01
1.295E+01
1.295E+01
1.321E+O1
1.321E+01
1.318E+01
1.318E+01
1.368E+O1
1.368E+O1
1.385E+O1
1.385t»01
I-399E+O1
1.399E+01
1.111E+01
1.111E+0I
1.120E+01

.167E+O1

. JI67E + 01

. W E + 0 1

.IJ67E+O1

.167E+O1

.J)67E+01

.167E+01

.167E+O1

.167E+0I

.167E+O1

.167E+01

.167E+01

.167E+O1

.167E+O1

.167E+O1

.167E+01
•167E*O1
. II67E+O1
.M67E+01
.H67E+01

Phase Concen t ra t i on (x .

0
0
0
0
6
6
1
1
1
1
2
2
2
2
2
2

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
1
1
t
t|

H.
U.

H.
It.

it.

U.
it.

H.
It.

It.

U.
It.
4.
1.
It.

l | .

It.

It.

It.
it.

X9

0
.000E
.OOOE
.OOOE
.OOOE
.172E
.172E
.212E
.212E
.715E
.715E
. 165E
.165E
.515E

• 00
• 00
• 00
• 0 0

• 00
• 0 0
• 0 1

• 0 1

• 0 1

• 0 1

• 0 1

• 0 1
• 0 1

515E+01
.806E+0'
.806E • 0 1

.017E*01

.017E

.218E

.2H8E

. MUE

.11 ME

.553E
553E
668E

• 0 1

• 0 1

• 0 1

•01
• 0 1

•01

•01

• 0 1

.668E+O1
763E
763E
812E
812E<
9O8E<
9O8E<
963E<
963E<

01
•01
• 0 1

•01

• 0 1

01
01
01

008E+01
0O8E<
016E<
0H6E<

229E+

01
01
01

01 2
229E+01 2
230E+01 2
230E+
23OE+
230E+

01 2
01 2
01 2

230E+01 2
230E« ill 2
230E+
23OE*
230E*
230E«
230E+
230E+
231E+
231 E«
231E+
231E+
231E+
231E*

01 2
01 2
01 2
01 2
01 2
01 2
01 2
01 2
01 2
01 2
01 2
01 2

X10

0
O.OOOE+00
3.OOOE+O0
D.OOOE+00
D.OOOE+00
D.OOOE+00
2.689E+00
2.689E+00
5.56OE+O0
5.56OE+O0
3.O75E+O0
3.O75E+O0

.019E+0I

.019E+0I

.196E+01

.196E+O1
• 3t3E+(H

1.3113E+OI
. t65E+0l
.165E+O1
.566E+01
.566E+O1
.651E+01
.651E+O1
.721E+0I
.721E+0I
.779E+O1
.779E+O1
.827E+01
.827E+01
.867E+01
.867E+O1
.900E+01
.900E+01
.928E+01
.928E+01
.951E+01
.951E+0!
.97OE+O1

.062E+01

.O63E+O1

.O63E+O1

.O63E+O1
.O63E+O1
.O63E+O1
.O63E+O1
.O63E+O1
.O63b+O1
,O63E'O1
.O63E+O1
.063E+O1
.O63E+O1
.O63E+O1
.O63E+O1
•063E+O1
.O63E+O1
.O63E+O1
.O63E+01
.063E+O1

) o f Americium i n Stage ( i ) , 10 M

x n

0
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
1.859E-01
M.859E-O1
I.OOtE+00
1.004E+00
1.159E+00
1.159E+00
i.eiC.cJ+OO
1.811E+00
2.161E+00
2.161E+OO
2.H26E+00
?.126E+00
2.617E+00
2.617E+0O
2.830E+00
2.83OE+0O
2.982E+00
2.982E+00
3.108E+00
3.1O8E+O0
3.213E+00
3.213E+OO
3.3O1E+OO
3.3O1E+OO
3.373E+OO
3.373E+OO
3.^33E+OO
3.133E+OO
3.183E+OO
3.183E+0O
3.525E+00
3.525E+no

3.726E+OO 1
3.726E+00 1
3.726E+00 1
3.726E+O0 1
3.727E+00 1
3.727E+OO 1
3.727E+OO 1
3.727E+00 1
3.727E+0O 1
3.727E+OO 1
3.727E+OO 1
3.727E+00 1
3.727E+00 1
3.727E+00 1
3.728E+00 1
3.728E+00 1
3.728E+OO 1
3.728E+OO 1
3.728E+00 1
3.728E+00 1

X12

0
O.OOOE+00
O.OOOE+00
O.OOOE+00
D.OOOE+00
O.OOOE+00
D.OOOE+00
O.OOOE+00
1.172E-01
: M72E-01
3.380E>-01
3.38OE-O1
5.263E'O1
5.263E-01
6.959E-O1
6.9">9E-01
8.A25EnO1
8.125E-01
9.669EMO1
9.669E-O1
1.071E+00
1.O71E+00
1.158E+00
1.158E+00
1.231E+00
1.231E+00

.292E+00

.292E+00

.312E+00

.312E+00
•384E+0O
.381E+00
.118E+00
.118E+00
.117E+00
.117E+00
.U71E+00
.171E+00
.H91E+00

.587E+00

.587E+00

.587E+00

.588E+00

.588E+00

.588E+00

.588E+O0

.588E+00

.588E+00

.588E+00

.588E+00

.588E+00

.588E+00

.588E+00

.588E+00

.588E+00

.588E+OO

.588E+0O

.588E+00

.588K+00

X13

0
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
M.905E-02
1.905En02
1.228E-01
1.228E-01
2.009E-01
2.009E-01
2.736E-01
2.736E--01
3.376E-O1
3.376E"01
3.923E-O1
3.923E-01
M.385E-O1
1.385E-01
1.771E-01
1.771Ei01
5.O93E-01
5.O93E-O1
5.362E-01
5.362E-O1
5.585E-01
5.585E-01
5.77OE-01
5.77OE'-01
5.921E-O1
5.921E-01
6.052E-01
6.052E"01
6.159E-01
6.159E-01

6.675&-01
6.675E-01
6.676E"O1
6.676E-O1
6.677E-01
6.677E-01
6.677E-O1
6.677E-01
6.678E-O1
6.678E-01
6.678E-01
6.678E-01
6.679E"01
6.679E-O1
6.679E-O1
6.679E-01
6.679E"O1
6.679E-O1
6.679E-01
6.679E-01 1

X14

0
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
O.OOOE+00
1.393E-O2
1.393E-02
3.l)88E"02
3.188E-02
5.706EI-02
5.706E-02
7.771E-O2
7.771E-02
9.587&-02
9.587E-02
1.111E-01
1.111E-01
1.215E"01
1.215E-01
1.355E-O1
1.355E-01
1.117E-01
1 .WE-01
1.523E>01
1.523E-01
1.586E-01
1.586E-O1
1 .639E'-01
1.639K-O1
1.6O3E-O1
1.683E-01

.719Er.Ol

.719E-01

.7i9EfeO1

.895E-01

.896E-01

.896E-01

.896E-01

.896E-01

.896E-01
.896EI-.01
.896E-O1
.896E>01
.897E-O1
.897E-01
.897E-O1
.897E"01
.897E-01
.897E-«01
.897E-O1
.897EMO1
.897E-O1
.897E-O1
.897E-01
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Table A-9. (contd)

Approx
Ti
mi

0
0
1
1
2
2
3
3
4
4
5
5
6
6
7
7

8
9
9

10
10
11
11
12
12
13
13
14
14
15
15
16
16
17
17
18
18
19

44
45
45
46
46.
47
hi.
48
48.
49
49.
50
50.
51
5 1 .
52
52 .
53
53.
54

me,
n

.5

. 5

. 5

.5

.5

. 5

.5

5

rj

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

5

0
0
0
9
9
1
1
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
i|

1
ii
ii

n
1
14

1
t

l>.
l | .

1 .
I I .
l>.
l>.

l>.
l>.
l>.

l>.

11.

I i .

1 .
1 .
l | .

I I .

It.

l>.
l>.
l>.

Organic Phase Concentrat ion

'a

0
.OOOE'OO
.OOOE-00
.OOOE'OO
.755E*OO
.755E*00
.6O3E+O1
-6O3E--O1
,07HE*01
.07UE»01
* 4^>6E*01
. I456E*O1
.771E*01
.77lE*01
.O33E*O1
.O33E*01
.250E»01
.250E«01
.130E*01
.ii30E*01
579E»01
579!>O1

. 70"E»01

.70iiE*01

.807E*01
8O7E-KT
893E*01
893E*01
961E*01
96UE»01
023E*01
O23E«O1
072E*01
072F»01
113E*C1
I 13E*01
1U7E«O1
1M7E+01
175E-01

312E-01
3I2E»O1
312E»01
3!?E*'J1
312E*01
312E«01
312E*01
312E*01
312E+01
313E*O1
31 3E-I-01
31 3EtOl
313E+01
31 3E + 01
313E*01
313E + O1
3)3E«-O1
313E*01
313E-O1
313E»O1

y 9

0
O.O00E»O0
O.OOOE»00
O.OOOE'OO
0.000"v»00
3.282E*00
3.282E<00
6.3OOE»OO
6.3OOE*OO
8.851E*00
8.851E*00
l.O98E*01
1.098E*0I
1.275E*01
1.275E«O1
1.H23E*01
l.123E«-01
1.5M5E+01
1.?"5E*01
1.617E*O1
1.617E»O1
1.732E»O1
1 .732E*01
1.802E-»01
1.802E*01
1.860E<-0!
1 .66OEtO1
!.90SE»01
1.908E»01
1.919EtO1
1.919E+O1
1.982E+01
1.982E*01
2.010E*01
2.010E*01
2.033E*01
2.033E*01
2.052E*01
2.052E*01

2.1H5E^O1
2.115E*01
2.115E*01
2.1IJ5E*O1
2.115E*O1
2. li)5E»01
2.115E->01
...115E*O1
2.115E»O1
2.115E+01
2.115Et01
2.115E«01
2.1'i5E+01
2.115E+01
2.1 l l6E*0 l
2.116E-»01
2.1l l6E»0l
2.1M6E*01
2.I16E->01
2.11)6^01

ho
0

0.000E*00
O.O0OE*O0
O.OO0E*O0
0.000E*00
0.000E"00
5.93OE-O1
5.930E-O1
1.226E*00
1.226E*00
1.781E«00
1.781E*OO
2.218E-00
~.2H8E*00
2.637E«OO
2.637E»OO
2.961E*OO
2.96'E*00
3.23OE»OO
3.23OE»OO
3.t51E*0O
3.151E»OO
3.6J9E»OO
3.S39E»OO
3.791E*OO
3.79J(E-'OO
3.922E*00
3.922E*00
1.028E*00
I4.O28E*OO
1.117E+00
t-117E+00
l|.190E*00
H.190E*00
1.?blE*OO
H.2blE*00
1.3O2E»OO
1.302E»00
1.3«l|E*00

K.5H8E.CC
1.5ieE»00
'l.513E»O0

li.!>l|8E»00
1.519E*00
<4.519E*00
!l,519E*00
1.519E*00
J. -519E + 00
1.519E*00
,i.51)9E*00
'I.519E+O0
1.519E+00
1.519E*O0
1.55OE+OO
1.550E»00
1.550E*00
•l.S'.'OE+OO
1.550E«0P

(y . ) of Americiura in Stage ( i ) , 10 M

y l l

0
0.0O0E*00
C.OO0E*O0
0.000E*00
o.oooE*oa
0.000E*00
O.OO0E*O0
1 .071E-01
1.071E-01
2.215E-01
2.215E-01
3.217E-O1
3.217E-01
1.061E-01
I).O6IE«O1
1.761E-O1
1.76UE-O1
5.319E-01
5.319E—01
5.836E-C1
5.836E-O1
6.2I4OE-O1
6.2H0E-ri
6.575E-01
6.575E->01
6.851E-0!
6.85ilEn01
7.O85E-01
7.O85E-01
7.278E-01
7.278F-01
7.137E-O1
7.ii37E^01
7.570E-01
7.57OE-O1
7.68OE-O1
7.680E»-01
7.772E-O1
7.772E-O1

8.216E-01
8.216E-01
8.217E-O1
8.217E-01
8.217E-O1
8.217E-01
8.el8E-01
8.218E-01
8.218E-01
8.218E-01
8.219E--01
8.219E-OI
8.219E-01
8.219E-01
8.219E"01
8.219E-O1
8.219E-01
8.219E-O1
S.<;20E-01
8.220E-C1

hi

0
0.O00E»00
O.O00E*00
O.OOOE*00
o.oooE*no
O.O00E»0O
0.000E+00
O.OO0E»0O
3.35JIE'-02
3.351E-02
7.701E"02
7.7O1E-O2
1.199E-01
1.199E-01
1 .!j86E-0t
1.586E-01
1.920E-01
1.9PCE-01
2.203E-01
2.203E-01
2.HHIE-01
2.H1I1E-01
2.6IIOE-O1
2.6H0E-01
2.805E-01
2.805E-0I
2.913E<-01
2.913E-O1
3.O57E-01
3.O57E-O1
3.152E-01
3.152E-01
3.231E"01
3.231E-01
3.297F 01
:.297E-01
3.352E-01
1.352E-01
3.397E-OI

3.616E-O1
3.61 7E-01
3.617E-O1
3.617E--O1
3.617E-01
3.617E-O1
3.617E-O1
3.618E-O1
3.618E-01
3.618E-01
3.£18E-O1
3.618E-O1
3.618E-O1
3-618E-OI
3-618E-O1
3.618E-01
3.618E-01
3.618E-01
3-618E-01
3.619E-01

y 13

0
0.000E»00
O.OOOE'OO
O.OOOE'OO
O.OOOE-i-00
O.OOOE*00
0.000E*00
O.OOOE*00
O.0O0E*O0
9.O13E-O3
9.O13E--O3
2.257E-02
2.257E-02
3.692E-02
3.692E-02
5.028E-02
5.028E>-02
6.2O3E-O2
6.203E>02
7.20CE-02
7.2O8E-02
8.0!)7E-02
8.057E-02
8.767E-02
8.767E-02
9.359E-02
9.359E<-02
9.852E-02
9.852E-02
1.026E-01
1.026E--01
1.060E-01
1.060E-01
1.089E-O1
1.O89E-O1
1.112E-01
1.112E-01
1.132E-01

1.227E^u1
1.227E-01
1.227En01
1.227E-0!
1 .227Ef-01
1.227E-01
1.227E-01
1.227E-01
1.227E"0'
1.227E- 01
1.2271-01
1.227E-01
1.227E-01
1.227E-01
1 .227E'-01
1.227E-01
1.227E-01
1.227E-01
1.227E-0!
1.227E-01

y14

0
O.OOOE*00
0.000E*00
O.OOPE*00
0.0O0E*O0
O.OO0E*O0
O.O00E*O0
O.OOOE*00
O.0O0E*O0
0.0O0E«00
2.018E-O3
2.018E-03
5.127E-03
5.127E-03
8.387E-03
8.387E-03
1 .\i>2E"02
1 .1I42E-O2
1 .iJO9EnO2
1.1O9E-O2
1 .638E»-02
1.638E-02
1 .83OE»-O2
1.830E-02
1.992E-02
1.992E-O2
2.126E--02
2.12SE-02
2.238E-02
2.238E-02
2.332E-02
2.332E-02
2.W9E-02
2.1I09E-02
2.1I7 3E-02
2.173E-02
2.527E-02
2.527E-O2
2.571E-02

2. '86E-02
2.787E-02
2.787F-02
2.787E-02
2.787E-02
2.787E-02
2.787E-02
2.788E-02
2.788E-02
2.788E-02
2.788E»02
2.788E-02
2.788E-02
2.788E-02
2.788E-02
2.788E-0?
2.788E-02
2.788E-02
2.788E-02
2.786E-02



Table A-10. Preparation of Simulated Nonradioactive PFP Waste Solution

Constituent

HN03

Be

Na

Mg

Al

K

Ca

Cr

Mn

Fe

Ni

Cu

Z.i

Pb

F"

^C/,2-

NO3-

Form

Concentrated
Solution

Be

Na2S04
NaN03

Mg(NO3)2-6H2O

A1(NO3)3-9!(2O

KNO3

Ca(N0 : ;)2-2H2O

Cr(NO3)3-9H2O

MnS04-H2O

Fe(N0 3 ) 3 -9H 2 O

Ni(NO3)2-6H2O

CuSO4•5H20

Zn(NO3)2-6H2O

Pb(NO3>2

Cone . HF s o I n

Na2SO4

CuSO4-5H2O

" . ;O4-H2O

-

Formula

Weigh t ,

g

15.6H

9.01

142.0
35.0

256.41

375.13

101.1

236.16

400.18

169.02

404.0

290.82

249.68

297.5

331.23

28.3M

-

-

\ .
(1

7

1.
2.

4 .

6

4.

3

6

4

3

3

4

3

6

5

9

1

3

W

5
.41

34
66

00

3

.06

Concentration

1

x IOO
added)

x lO"5

x 10-2
x 10-2

x 10-2

X 10-2

x 10"'

x 10"3

x 10-2

x lO"4

x 10 - 3

x 10-2

x lO"4

x i0-^

x lO"4

x lO"4

-. 10-2

X 10-2

X 10°

g/20 L

1.808b

0.0126

19.03
45.22

-

307.69

3226

6.07

283.39

3.20

10.14

242.46

2.33

1.50

3.57

3.31

63.6d

-

[NO3-]
Added, K

1.41

-

0.0266

-

0.12

1.29

0.003

0.12

0.0012

-

0.09

0.0008

-

0.n012

0.001

-

-

•*

Other Constituent
Added

(Concentration, M)

H+(1.41)

H+(1.4xl0"4)

SO42-(6.7x10-3)

-

-

-

-

-

-

SO42-(3xl0-3)

-

-

SO42-(6vl0-'<)

-

-

H+(0.09i

Listed above
as the metal-

ion salts

Listed above
as the metal-

ion salts

Amount
Added,

mg/L

6.45

9.20

1.46

1.16

1.14

2.40

2.08

1.65

1.69

2.35

1 "0

3.92

1.04

-

x 10"1

-

x 102

x 103

x 104

x 102

X 1 0 3

x 101

x 102

x 103

x 10I

x 101

x 101

x 102

-

-

Measjred
Re-.ults,3

mg/L

7

9.3

1.54

1.20

1.4

2.3

2.0

1.75

1.71

2.1

2 . 0

4.0

9.6

-

x 10"1

-

x 102

x 103

x 1O4

x 10°C

. .03

x 101

x 101

x 103

x 101

x 101

x 101

x 10'

-

-

aInductively coupled plasma/atomic emission spectroscopic analyses wera performed wi"h an error of 3 to

^Liters per 20 liters.

"-Estimated error is greater than 10%.

"•Milliliters per 20 liters.

10%.
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