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BASIC TRUEX PROCESS FOR ROCKY FLATS PLANT
by

R. A. Leonard, D. B. Chamberlain, J. A. Dow, S. E. Farley, L. Nufiez,
M. C. Regalbuto, and G. F. Vandegrift

Argonne National Laboratory
Chemical Technology Division
9700 S. Cass Avenue
Argonne, IL 60439

ABSTRACT

The Generic TRUEX Model was used to develop a TRUEX process flowsheet
for recovering the transuranics (Pu, Am) from a nitrate waste stream at Rocky Flats Plant.
The process was designed so that it is relatively insensitive to changes in process feed
concentrations and flow rates. Related issues are considered, including solvent losses,
feed analysis requirements, safety, and interaction with an evaporator system for nitric
acid recycle.

I. INTRODUCTION

The major method for the recovery and purification of plutonium from fabrication and process
residues from national security missions at Rocky Flats Plant (RFP) and at the Los Alamos National
Laboratory (LANL) is dissolution in nitric acid and hydrofluoric acid, followed by an ion exchange and
precipitation process. These processes generate nitric acid waste streams that contain 0.001 - 0.01 g
plutonium per liter and similar amounts of americium. Over the years, decontamination of this waste
(and the accompanying steam condensate, acid evaporator distillate, and caustic scrubber solutions) has
resulted in the creation of millions of kilograms of transuranic (TRU) waste sludges (i.e., >100 nCi alpha
emitters/gram) and tens of millions of kilograms of saltcrete (a cemented low-level waste [LLW] form).
TRU wastes will require geologic disposal in the Waste Isolation Pilot Plant (Carlsbad, New Mexico).
The saltcrete is currently disposed of at the Nevada Test Site. Current disposal costs for low-level waste
are $10.6/L ($300/cu ft), while TRU waste disposal costs are about $24/L ($5,000/drum). Future pluto-
nium recovery facilities will encounter a similar or worse situation.

A joint research effort is underway by LANL, RFP, the Oak Ridge Y-12 Plant, academia, and
private industry to develop a process to recover nitric acid from these waste solutions.” If such a process
reduced saltcrete generation by 50%, the expected savings at RFP would be $12M. One promising can-
didate is the TRUEX process (described below). Use of TRUEX as a pretreatment process greatly facili-
tates the recycling of nitric acid by providing a feed stream to the evaporators that has very low concen-
trations of plutonium and americium.

Besides simplifying nitric acid recycling, other benefits would result from implementing the
TRUEX process. RFP would be able to (1) recycle hundreds of grams of plutonium for reuse in produc-
tion facilities, (2) eliminate the need to recycle liquid effluents that now only slightly exceed discard
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limits, saving hundreds of person-hours per year, (3) reduce operator exposure by keeping both ameri-
cium and plutonium in properly shielded facilities instead of the unshielded waste treatment facility,

(4) recover backlog residues now limited because of restrictions on the amount of americium that can be
transferred to waste treatment, and (5) greatly reduce the volume of TRU waste, saving an estimated
$5-10M per year.

The TRUEX process was invented in the Chemistry (CHM) Division and is being developed in
the Chemical Technology (CMT) Division of Argonne National Laboratory. TRUEX is a solvent extrac-
tion process that is very efficient at extracting and recovering both americium and plutonium from acidic
waste solutions. The key ingredient in TRUEX is octyl(phenyl)-N,N-diisobutylcarbamoylmethyl-
phosphine oxide, which is abbreviated O¢D[iBJCMPO but generally called simply CMPO. This extract-
ant is combined with tributyl phosphate (TBP) and a diluent to formulate the TRUEX solvent. The
diluent is typically a normal paraffinic hydrocarbon (NPH).

The potential for successfully implementing TRUEX processes at the various U.S. Department of
Energy nuclear production and processing facilities is substantially enhanced by carrying out the pro-
cesses in centrifugal contactors. The small size, high efficiency, and easy maintenance of centrifugal con-
tactors allow a TRUEX process to be retrofitted in an on-line facility in existing space.

In a typical TRUEX process flowsheet, shown in Fig. I-1, the organic solvent passes from left to
right and the aqueous solute from right to left in countercurrent flow. In this example, the flowsheet is
divided into five sections.” Each section contains a number of stages, the specific number depending
upon the TRU waste solution to be processed and the specific process goals.** A label consisting of a
two-letter code is placed on each entering stream and on each effluent stream. In addition, labels shown
in parentheses are placed on some streams leaving one section and entering another section.

The first section, shown on the left side of Fig. I-1, is the extraction section, in which the TRU
elements are extracted from the TRU-containing waste solution. As the TRU-containing waste solution
travels through the extraction section (right to left in Fig. I-1), its TRU content decreases while that of the
solvent (traveling in the opposite direction, left to right) increases.

Next, the solvent encounters the scrub section. The objectives of this section are (1) to wash back
impurities, which are either entrained or dissolved in the solvent coming from the extraction section, and
(2) to lower the concentration of nitric acid in the solvent so that americium can be effectively stripped in
the first strip section. Typically, dilute (0.04M) nitric acid is used as feed to the scrub section. Note that
no effluent stream leaves the process from this section; the aqueous stream from the scrub section mixes
with the aqueous (DF) feed as the two streams enter the extraction section.

The next series of stages makes up the first (or americium) strip section. In this section, ameri-
cium, curium, and rare-earth elements are removed from the solvent and exit in the americium product

*A section is identified by the incoming aqueous phase that enters it at its last stage (the stage on the right
side) and either exits at the first stage (the stage on the left side) or continues on to the next section. In
the example presented in Fig. I-1, there are five sections, identified in terms of the five incoming aqueous
feed streams.

**A stage in a countercurrent solvent-extraction process performed in a centrifugal contactor is a physical
unit where a single equilibration between two phases takes place.
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Fig. I-1. General TRUEX Flowsheet

stream. Typically, dilute (0.04M) nitric acid is used as feed to the strip section. As the solvent moves
from left to right in Fig. I-1, its concentration of these elements decreases from stage to stage. As the
aqueous phase moves countercurrent to the solvent, its concentration of these elements increases. When
the americium product stream exits the process at the first strip stage, it contains essentially all the ameri-
cium, curium, and rare-earth materials that had been present in the TRU feed.

Following the americium strip section is a series of stages that make up the second (or plutonium)
strip section. In this section, plutonium and any residual americium not stripped from the solvent in the
preceding section are removed from the solvent. Typically, an aqueous-phase complexant such as oxalic
acid, ammonium oxalate, 1-hydroxyethane-1,1-diphosphonic acid (HEDPA), tetrahydrofuran-2,3,4,5-
tetracarboxylic acid (THFTCA), or hydrofluoric acid is used in the feed to this section.

The last section shown in Fig. I-1 is called the solvent wash section. Here the solvent is further
processed through a series of solvent cleanup stages before being recycled to stage one of the extraction
section as the TRUEX solvent feed stream. The solvent wash stages are designed to remove acidic
extractants formed from hydrolytic and radiolytic degradation of the TRUEX solvent, as well as any
actinides that escape the strip sections. Although only one feed stream and one raffinate stream are
shown in this figure, several feed and raffinate streams are sometimes employed in the solvent wash
section to adequately purify the solvent. Alumina columns may also be used to polish the solvent.

In this report, we discuss the work that was completed for this program in FY 1991. Essentially,
we evaluated the applicability of the TRUEX process for removing actinides from RFP wastes by using
the Generic TRUEX Model developed earlier at ANL [VANDEGRIFT-1993]. This model was devel-
oped to act as a tool for designing TRUEX process flowsheets for specific waste stream compositions,
process constraints, and process goals. A summary and conclusions section is presented next in
Section II. Then, in Section III, we present the criteria used to design our flowsheets, and we describe the
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base-case flowsheet developed to meet these criteria. This flowsheet generates both an americium
product stream and a plutonium product stream. In addition to discussing the various sections of the
flowsheet, we evaluate how sensitive the base-case flowsheet is to variations in feed concentrations, flow
rates, and number of stages in various sections. In Section IV, we present a second TRUEX flowsheet in
which the extraction, scrub, and americium strip sections were modified in order to concentrate the
americium in its product stream by a factor of 50. In Sections V through X, information is presented on
solvent losses, solvent make-up, safety, the interaction of the TRUEX process with nitric acid recycling,
feed analysis requirements, and other process considerations such as filtration and contactor size. Work
that still needs to be completed or verified is also discussed.



II. SUMMARY AND CONCLUSIONS

The Generic TRUEX Model (GTM) was used to develop a viable TRUEX process flowsheet (the
base-case flowsheet) for a typical Rocky Flats Plant (RFP) feed composition generated from the
conditioning of waste residues for final disposal. This flowsheet will work over the expected
range of variations in the feed composition. A 32-stage centrifugal contactor was suggested to
implement this base-case flowsheet.

The base-case flowsheet has been optimized to achieve a process that is relatively insensitive to
changes in process flow rates and feed compositions. As a design criterion, the base-case
flowsheet will tolerate changes of 10% in these process variables over the expected range of feed
compositions (see Table III-1).

The base-case flowsheet should give a TRUEX process that will convert nitrate TRU waste
streams at RFP to nonTRU waste containing less than 0.01 nCi/mL of americium and plutonium.
The plutonium will be recovered in a separate effluent from the americium, so it should be pos-
sible to recycle the plutonium to the plant.

Possible interactions between the TRUEX process and the nitric acid recycling process have been
examined, and it appears that implementing the TRUEX process will not have any detrimental
impact on nitric acid recycle.

Because of the robustness of the base-case flowsheet design, routine chemical analysis of the
TRU waste feed to the TRUEX process may not be required.

Solvent losses have been estimated, and ways to minimize these losses are discussed.

The GTM was used to develop an alternative TRUEX flowsheet (high americium flowsheet) for a
typical RFP feed composition that will also work over the expected range of feed compositions.
The difference between the base-case and the alternative flowsheet is that in the alternative flow-
sheet, the americium concentration in the americium product stream will be greater by a factor of
50. A 40-stage centrifugal contactor will be required to implement this alternative flowsheet.
Further work is needed to optimize the alternative flowsheet.




III. BASE-CASE TRUEX FLOWSHEET

The base-case TRUEX flowsheet for processing of TRU waste at RFP is presented here. First,
the design criteria used to develop the flowsheet are discussed. Second, the flowsheet design is given,
along with a discussion of how each section contributes to the design criteria. Finally, the base case is
shown to be relatively insensitive to variations in the process feed concentrations and flow rates as well as
to the number of process stages. The Generic TRUEX Model (GTM), which has been developed at
Argonne over the last five years [VANDEGRIFT-1993], was the key tool used to design this base-case
TRUEX flowsheet for RFP. The GTM version used here was Version 2.4.*

A. Design Criteria

The design criteria for the base-case TRUEX process include (1) the concentration range for the
various components in the TRU waste stream that is the aqueous (DF) feed to the TRUEX process, (2) the
desired component concentrations in the various process effluents, and (3) other process considerations
relating to solvent cleanup and to process robustness when flow rates and component concentrations vary.

1. Process Feed

On the basis of discussions with people at the Los Alamos Technical Office at Rocky
Flats Plant (in particular, with Anthony Muscatello and Jeff Hatchell), we developed a typical concentra-
tion for the nitrate waste feed. This feed concentration is shown in Table III-1, along with the maximum
and minimum values. This range of feed compositions was used to develop the TRUEX flowsheets pre-
sented here. Several components present in typical RFP wastes (Na, Ca, and Cr) were eliminated from
this list because their concentrations are low enough that their presence does not affect the process.
Several components were also eliminated because they are not included in the GTM (NO,, Cl, NH,, and
Si). The effect of these latter components on the TRUEX process is discussed below. The addition of
caustic wastes to the nitrate waste feeds was not considered because such wastes could present a problem
if they caused the formation of any plutonium polymer.

2. Effluent Concentrations

The basic design criterion for the effluent concentrations is to have less than 0.01 nCi/mL
of TRU elements (Am, Pu) in the extraction section (DW) raffinate. This removal of TRU elements from
an acid feed solution is the basic function of the TRUEX process. Note that 0.01 nCi/mL corresponds to
1.22 x 10-1IM for 24! Am and to 6.1 x 10-1!M for Pu that is 96% 239Pu and 4% 240Pu. A second design
criterion is to have less than 1% Pu in the Am (EW) product stream from the Am strip so that greater than
99% of the Pu is recovered in the Pu (FW) product stream. The Pu recovered in the FW stream can then
be recycled back to the plant. A third design criterion is to have less than 0.1% Am in the FW stream
from the Pu strip so that greater than 99.9% of the Am is recovered in the EW stream.

The third design criterion, less than 0.1% Am in the Pu product, must be met to prevent
Amy(C,04); from precipitating on contact with the Pu strip solution, which contains oxalic acid. The
solubility limit of Am,(C,04); is reached when the concentration of Am exceeds about 1 x 10-6M. The
solubility of Am,(C,04)3 is not affected much by variations in the concentration of oxalic and nitric acid
in the Pu strip section.

*Version 3.1.1 was released September 30, 1994.



Table IMI-1. Composition of RFP Feed to the TRUEX Process
Feed Composition, M

Component Minimum Typical Maximum
Nitric Acid
HNO; 5.0 7.5 1.5
TRU Elements
Pu# 4.2E-06 5.9E-06 1.3E-04
Am3 2.1E-06 6.6E-06 2.1E-04
T Uo% 0 3.4E-09 8.4E-06
Metal Ions
Mg 0 0.24 0.24
A+ 0 0.03 0.15
Fe3+ 0 2.2E-03 0.04
Anions
NOj- 5.0 8.1 8.6
F- 0 0.03 0.03
SO,% 0 0.04 0.04

In an initial base-case flowsheet, both the Am and Pu would have been recovered in a
single strip section. Because of the low solubility limit for Am in oxalic acid, this flowsheet had to be
abandoned. By splitting the strip into two sections, one for Am and one for Pu, we avoid the formation of
an Amy(C,04)3 precipitate in the Pu strip section.

3. Other Considerations

In order to achieve very low concentrations of TRU elements in the extraction section,
the recycled solvent must contain very low concentrations of the TRU elements. Our design criterion is
for the organic (DX) feed to contain less than 0.01 nCi/mL of the TRU elements. To reach this goal, the
stripping sections were designed so that the concentration of the organic phase leaving the Pu scrub
section should be approximately 0.01 nCi/mL for the TRU elements. Some TRU elements may be held in
the organic phase by degradation products of CMPO and TBP. These degradation products, typically
organic acids, and the TRU elements contained in them must be removed in a solvent cleanup section
such as the one identified in this report.

For the process to be robust, the TRUEX flowsheet should work over the entire range of
concentrations expected in the aqueous (DF) feed. In addition, the process should achieve the desired
effluent criteria even if (1) the feed rate of any process stream varies by £10% and (2) the component
concentrations in the various feed streams, except the DF feed, vary by £10%. In the DF feed the varia-
tions in component concentrations are much greater than £10%; that is, they were assumed to have the
range given in Table III-1.

For general process operability, a second organic phase should not form, and no solid
phase should be generated by precipitation. To prevent the formation of a second organic phase, the nitric
acid concentration in the process is kept below 6M. The oxalic and nitric acid concentrations in the Pu
strip are adjusted so the Pu does not precipitate in the contactors as Pu(C,04),. This adjustment is dis-
cussed below in Section IIL.B.2.b. The criterion to prevent the formation of Amy(C;04)3 as a precipitate
is discussed below in Section III.B.2.a.




B. Flowsheet Design

By using the design criteria above with the GTM, a base-case flowsheet was developed for
TRUEX processing of TRU wastes at RFP. This TRUEX flowsheet, summarized in Table III-2 and
shown in Fig. III-1, achieves all of the design criteria by means of a 32-stage centrifugal contactor.
Additional GTM reports and charts for the flowsheet are given in Appendix A. The design considerations
for (1) the extraction and scrub sections, (2) the stripping sections, and (3) the solvent cleanup sections are
discussed here.

Table II-2. Summary of Feed and Effluent Concentrations for the Base-Case Flowsheet Created by Using the GTM

Component Concentration, M

Section Stage Flow Stream glz?t:

Name No. Phase® Direction Identity? L/h¢ H* Put Am¥* U0 AP+ C,04*
Extraction 1 o} In DX 150 1E-15 1E-15  1E-15 1E-15 1E-15 1E-15
Extraction 10 A In DF 200 1.5 1.3E-04 2.1E-04 8.4E-06 0 0
Scrub 15 A In DS 100 025 0 0 0 0.03 0
AmStip 23 A In EF 150  0.04 0 0 0 0 0
Pu Strip 24 A In FF 10 1.0 0 0 0 0 0.5
PuScrub 28 A In FS 140 9.0E-03 0 0 0 0 4.0E-03
Extraction 1 A Out DW 2992 50  <IE-16 122E-14 <IE-16 99E-03 5.0E-16
Am Strip 16 A Out EW 150 0.184 7.1E-07 2.8E-04 1.26E-07 1.81E-04 <IE-16
Pu Strip 24 A Out FW 150.8 0.0663 1.72E-04 3.6E-09 1.10E-05 <IE-16  0.0315
PuScrub 28 0 Out Fpd 150 0.01087 3.0E-16 <IE-16 <IE-16 <IE-16 5.395E-3

30 = organic; A = aqueous.

bOnly streams calculated by GTM are included here.

“These GTM flows differ from Fig. IlI-1 flows in that they include the effect of 0.5% other-phase carryover in all
interstage flows.

dThis stream is not marked in Fig. III-1 as it is neither a feed nor an effluent. It is the interstage organic-phase flow
going from the plutonium scrub section to the first carbonate wash section.

1. Extraction and Scrub Sections
a. Extraction

The extraction section removes the TRU elements from the.aqueous (DF) feed so
that the aqueous (DW) raffinate emerges as a nonTRU waste. The single-stage options of the GTM were
used to calculate the distribution ratios for Pu*+, UO,%, and Am3* over the range of processing conditions
in the extraction section. These distribution ratios, typically called D values, represent the concentration
of a component in the organic phase divided by its concentration in the aqueous phase when the two
phases are at equilibrium. For nitric acid concentrations ranging from 1 to 7.5M, the lowest D values
obtained were for Am at 7.5M HNOj: Dy, was between 19 and 20 at 7.5M HNO;. Thus, for initial
design purposes, we assumed a constant D, value of 18.



LD oy Suisy Aq padojeaa(] isep dY 10J 199Ysmojd aseD-aseq “|-111 "8

(u 0s1)
HdN
» W'l dal i
, Weo  OdWo
anar (u1054) (4 os4)
= hoe vy s nd: (un 00g)
RMMMA zw o\“m.mmA wy qW/Ou 100> Nyl
Weooo  €onH Avo-38'L v Ai00 IV
Weoo  Yo%o%H Wsio  FONH Wo's CONH
. ~w: pold 1onpoid ojeuyjey
-oBeis ey 40} jus) pee ejepdoidde o} Juenyye yoee epkosy winuoinid wnjoawy NY.LUON
A \ \
H

(urost) (unost)
W0 €ONH Wszo €ooceN
cit Usem

asuty py ajeuoqie) (unovy) {unot) (un ost) (43 001) Eoo.A_m,_\v._moomv n
Wio00  CONH Wso Yoo || wroo CONH Weoo ECONWV | |Wroarz wy
Wrooo YololH Wszo  SONH| |Wro-3€1 _ nd
{unost) (un os1) qioS ams ams Ws'L €ONH

0 €and . €402 :

Wszo tooceN RAso 00% wnuoN|d wnjuon[d wnoUaWY qnias paad NY.L
€# ysem L# Usem
sjeuoqie) ajeuoqien




10

Using the minimum D 5, value (18) and the maximum Am concentration
(2.1 x 10*M) in the aqueous (DF) feed and assuming no other-phase carryover, a simple extraction sec-
tion model was developed to show the interaction of the organic-to-aqueous (O/A) flow ratio (R), the
number of extraction stages, and the Am concentration in the organic feed ({Am]px)[LEONARD]. The
results for [Am]px values of 1 x 10-10M (10 times higher than the upper bound set by the design criteria)
and 1 x 10-''M (right at the design limit) are shown in Fig. I1I-2 and III-3, respectively. Note that no
matter how many stages there are or how high the R value, the minimum americium concentration in the
aqueous (DW) raffinate is [Am]px /Dap. Thus, for both figures, [Am]pw bottoms out below the design
value of 1.22 x 10-1'M Am in DW as long as the [Am] in DX is less than 1 x 10-1M. This sets the upper
limit for the TRU concentration in the recycled solvent no matter how many stages are used in the extrac-
tion section. We needed an R value low enough to get a satisfactory aqueous flow in the scrub and high
enough to reduce the number of extraction stages, so we chose an extraction section R value of 0.5 for our
base-case design. Figure III-3 shows that we can meet our design goal of 0.01 nCi/mL if we use eight
stages. We added two more stages to allow for process variations, for a total of 10 extraction stages for
the base-case design.

1E'O4 T T S S

1E-05
1E-06
1E-07
1E-08
1E-09
1E-10
1E-11

Am Concentration in DW Effluent, M

]E']Z T 1 1 l'llll: 1 1 |1|l||T
! 10 100

Number of Extraction Stages

Fig. III-2. Effect of the Number of Extraction Stages and the O/A Flow Ratio
(R) on the Am Concentration in the Aqueous (DW) Raffinate for
1 x 10-19M Am in the Organic (DX) Feed. These calculations for
the extraction section are based on 2.1 x 104M Am in the
aqueous (DF) feed. -

As shown in Fig. III-1, no nonTRU metal ions are present in the TRU (DF) feed
used in the GTM model of the TRUEX process. Since all metal ions would act to increase D Ams leaving
them out represents a worst-case situation. The omitted ions include not only Mg2+, Al3+, and Fe3+, but
also Na*, Ca?*, and Cr3*. As these elements generally are not extracted, they will all end up in the
aqueous (DW) raffinate. The other components of the TRU feed (F, SO4*, NOy, CI-, NH4*, and SiO,)
generally do not affect Do, either and will also end up in the DW raffinate. The one exception is F-
without A3+ present. In this case, D is close to 1.0, so uncomplexed F- will move into the scrub section,
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1E-04
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1E-07
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1E-09
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Number of Extraction Stages

Fig. IlI-3. Effect of the Number of Extraction Stages and the O/A Flow Ratio
(R) on the Am Concentration in the Aqueous (DW) Raffinate for
1 x 10-1I]M Am in the Organic (DX) Feed. These calculations for the
extraction section are based on 2.1 x 10M Am in the aqueous (DF)
feed.

where it can cause corrosion or precipitate AmF; as the acid concentration drops. To prevent this,
AI(NO3); is added to the scrub (DS) feed so that the aluminum concentration will be 0.03M. This
aluminum will complex the small amounts of fluoride that might be in the TRU (DF) feed and keep the
fluoride ion from being carried through the scrub section by the organic phase.

b. Scrub

The purpose of the scrub section is to remove most of the nitric acid from the
organic phase before it enters the Am strip section so that the Am can be stripped easily. By running the
single-stage options of the GTM (options 4 and 5), as well as some scrub section cases (option 7), we
determined that Dyno, was approximately 0.29 in the DF feed stage and 0.34 £ 0.05 in the scrub section.

Using this typical Dyno, value for the scrub section (0.34) and the maximum
HNO; concentration in the aqueous (DF) feed, and assuming no other-phase carryover, 2 simple scrub
section model was developed to show the interaction of the O/A flow rate (R), the number of scrub sec-
tions, and the HNOj3 concentrations in the aqueous (DF) and scrub (DS) feeds [LEONARD]. The results
for [HNOs]pp = 7.5M and [HNO;3]ps = 0.25M are shown in Fig. IlI-4. Note that no matter how many
stages or how low the R value or how high [HNO3]p, the minimum nitric acid concentration in the
organic phase leaving the section is [HNO;3]ps * Duno,- Thus, for this case, the limit is 0.075M HNOs.
We needed an R value high enough that the contribution of scrub (DS) flow to the aqueous (DW) raffi-
nate is small, yet low enough that the number of scrub stages is small, so we chose a scrub section R value
of 1.5 for the base-case design. Figure ITI-4 shows that we can meet our design goal of 0.13M HNOs; in

TR I T T
227
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Fig. IlI-4. Effect of the Number of Scrub Stages and the O/A Flow Ratio (R) on the HNO3
Concentration in the Organic Phase Exiting the Scrub Section. These calculations
are based on 7.5M HNOj in the aqueous (DF) feed and 0.25M HN O3 in the scrub
(DS) feed.

the organic phase leaving the scrub section if we use five stages. In this case, we did not add extra scrub
stages because this HNO; concentration is balanced between lower values that will allow too much Pu
into the Am (EW) product and higher values that will make the Am harder to strip in the Am strip section.

With the exception of the Al3+ added to scrub out any fluoride ion, the metal ions
in the scrub section will be the Am3+, Pu#+, and UO,? ions. They will exit the scrub section and enter the
Am strip section along with a small amount of HNO5, which can be determined from Fig. I1I-4. As the
concentration of nitric acid in the aqueous (DF) feed ([HNO3]pg) drops, the slope of the curves in
Fig. IlI-4 will also drop. However, the minimum nitric acid concentration that is possible in the organic
phase exiting from the scrub section ([HNOs]pp) will stay the same. Thus, since the design range for
[HNO:s]pp is 0.07 to 0.2M, one can see from Fig. ITI-4 that [HNOs3]pp will not drop below its design value
even if [HNOs]pg drops all the way to 1.0M.

2. Stripping Sections

a. Am Strip

Because the solubility of Am in an oxalic acid solution was thought to be low, the
need for an Am strip was considered. Assuming that the solubility of La oxalate [LIDE] to be the same as
that for Am oxalate, the solubility of Am oxalate is estimated to be 1 x 10-6M. Thus, since Am concen-
trations can be as high as 2.1 x 10“M in the aqueous (DF) feed, an Am strip is clearly needed. The design
criterion for the Am strip is that it should recover 99.9% of the Am. Asa result, the maximum Am con-
centration in the Pu strip will be about 3 x 10-7M, well below the solubility limit for Am oxalate.
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Since the Am strip is too complex for a simple model, in that the Dap value
drops sharply as the [HNO;] drops, the GTM (option 7) was used to model this section for a variety of
process conditions. The effect of the total number of stages for the Am strip on the [Am] in each stage is
shown in Figs. ITI-5 and ITI-6 for the aqueous and organic phases, respectively. In these figures, [HNOs]
in the organic phase leaving the strip section and going to the Am strip section is 0.15M, the [HNOs] in
the Am strip (EF) feed is 0.04M, and the O/A flow ratio (R) is 1.0. Note that the [Am] in the aqueous
phase first increases, then decreases. This happens because the [HNO3] in the organic phase entering this
section is high. This high acid concentration keeps the distribution coefficient for Pu high in the first Am
strip stage so that less than 1% of the Pu is lost in the EW effluent.
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Fig. MI-5. Effect of the Total Number of Am Strip Stages on
the Am Concentration Profile in the Aqueous Phase
of the Am Strip Stages

For design purposes, we focus on the [Am] in the organic phase leaving the Am
strip section, which we can get from Fig. ITI-6. This figure shows that we can meet our design goal of
3 x 10-’M Am in the solvent leaving this section if we use six stages. We added two more stages to allow
for process variations, for a total of eight Am strip stages for the base-case design.

b. Pu Strip and Scrub

The designs of the Pu strip and scrub sections are driven by the need to prevent
the precipitation of Pu oxalate in the first strip stage. A model for Pu(C,04), solubility was developed
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Fig. [1I-6. Effect of the Total Number of Am Strip Stages on the
Am Concentration Profile in the Organic Phase of the
Am Strip Stages

and compared with experimental data (Table ITI-3). The numbers generally agree within a factor of 2.
For design purposes, we applied a factor of 0.2 to all the Pu solubility values from the Pu solubility
model. These modified values are also listed in Table III-3. Since the maximum value for [Pu] in DF can
be 1.3 x 10M, the [Pu] in the first Pu strip stage can be as high as 1.73 x 104M. From Table ITI-3, one
can see that if [HyC,04] is between 0.02 and 0.05M and if [HNOj3] is between 0.002 and 0.005M, Pu
solubility with the design factor included will be greater than 1.04 x 10-“M. Thus, the precipitation of Pu
oxalate should not occur within the centrifugal contactor used to carry out the TRUEX process.

The four Pu scrub stages that are a part of the overall Pu stripping operation get
the Am and Pu concentrations down to less than 0.01 nCi/mL in the organic phase going to the solvent
cleanup sections. This actually occurs in the first two Pu scrub stages. The last two Pu scrub stages
provide a safety factor and also reduce the amount of H,C,0, and HNO; that are carried by the organic
phase into the solvent cleanup sections. This reduces the rate at which the K,COs in the first carbonate
wash is neutralized by these two acids. As noted above, if some Pu and Am are tied up in the solvent by
solvent degradation products, the total Pu and Am concentrations in the organic phase going to the solvent
cleanup sections could be greater than 0.01 nCi/mL.
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Table II-3. Effect of Nitric Acid and Oxalic Acid Concentrations on
Pu Oxalate Solubility in the Aqueous Phase

Pu Solubility
Model with Design
[H,C,04], [HNOj3], Actual? ModelP Factor®
M M mg/L mg/L mg/L M

0.01 1E-07 1562 312 1.31E-03
1E-05 1562 312 1.31E-03

0.001 1416 283 1.18E-03

0.002 1293 259 1.08E-03

0.005 1017 203 8.5E-04

0.01 735 147 6.2E-04

0.02 455 91 3.8E-04

0.05 183 37 1.5E-04

0.1 75 15 6.3E-05

02 27 5 2.3E-05

0.5 7 1 5.9E-06

0.015 1.61 15 3 1 2.5E-06
0.02 1E-07 1604 321 1.34E-03
1E-05 . 1604 321 1.34E-03

0.001 1516 303 1.27E-03

0.002 1439 288 1.20E-03

0.005 1240 248 1.04E-03

0.01 993 199 8.3E-04

0.02 688 138 5.8E-04

0.05 319 64 2.7E-04

0.1 186 37 1.6E-04

0.2 51 10 4.3E-05

0.5 12 2 1.0E-05

0.05 1E-07 1633 327 1.37E-03
1E-05 1627 325 1.36E-03

0.001 1586 317 1.33E-03

0.002 1545 309 1.29E-03

0.005 1428 286 1.19E-03

0.01 1263 253 1.06E-03

0.02 1011 202 8.5E-04

0.05 580 116 4.9E-04

0.1 293 59 2.5E-04

0.2 116 23 9.7E-05

0.5 26.6- 27 5 2.3E-05

1 133 9 2 7.5E-06

2 9.7 4 1 3.3E-06

0.25 0.5 97 58 12 49E-05 -
0.25 0.75 58 40 8 3.3E-05
0.4 0.78 144 83 17 6.9E-05
0.6 0.5 361 233 47 1.9E-04
aSee [WICK].
bBased on formation constants of the mono-, bis-, and tris-oxalato species
from [KATZ].

¢Apply a design factor of 0.2 to all model values. This factor looks to be
conservative; that is, the solubilities in these two columns should be lower
than the actual solubility of Pu oxalate.
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3. Solvent Cleanup Sections

The solvent cleanup sections consist of three carbonate wash sections and one acid rinse
section. Each section is one stage, and the aqueous feed to each stage is recycled. The first carbonate
wash uses 0.5M K,COj3 because it is more soluble than Na,CO; and so can be used at higher concentra-
tions. Thus, it can run longer before it is neutralized by any HNO; and H,C,0; in the organic phase
entering to this stage. The carbonate washes clean up the solvent by removing any acidic degradation
products as well as any Am or Pu that might be bound to these degradation products. These carbonate
washes have been used with TRUEX flowsheets currently being tested at Argonne National Laboratory
with good success for aqueous (DW) raffinate values of 0.1 nCi/mL for the TRU elements.

The acid rinse section removes any of the carbonate wash solution entrained in the sol-
vent, thus preventing the carbonate from transferring back to the extraction section. When the solvent has
not been rinsed, we have observed foaming in the interstage lines of the extraction section.

C. Sensitivity to Process Variations

In this section, we report the results of a sensitivity analysis applied to the base-case flowsheet by
using the GTM. For a more detailed discussion of the bases and the techniques used in performing such
analyses, see [REGALBUTO]. °

For the sensitivity analysis reported here, the process feeds are as shown in Fig. IlI-1 for the base
case. The GTM was also set to include 0.5% other-phase carryover in each phase from each stage. Each
parameter examined was varied by up to +40% from its base-case value. A graph for each parameter
shows its effect on one of the three variables of concern, the [Am] in DW, the [Pu] in EW, and the [Am]
in FW. Also shown on each graph is the upper bound for the variable of concern, that is, the value above
which the process would be out of specification with respect to the design criteria. Overall, the results
show the process to be very robust with respect to changes in the feed flow rates or the feed concentra-
tions.

1. Feed Flow Rates

The variations in feed flow rates, given in Figs. III-7 through III-18, show that the base-
case flowsheet can tolerate reasonable variations in the process flows. In particular, Figs. I1I-8 and I1I-9
show how if the DX flow becomes too low (20% less than the design flow), we will exceed the upper
bound for an acceptable [Pu] in EW; if the organic (DX) feed flow becomes too high (25% higher than
the design flow), we will exceed the upper bound for an acceptable [Am] in FW. Figure III-18 shows
how if the Am strip (EF) feed flow rate becomes too low (28% less than the design flow), we will exceed
the upper bound for an acceptable [Am] in FW. If the EF flow becomes too high, the volume of Am strip
(EW) product will become greater than it needs to be.
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Fig. III-7. Effect of Flow Rate for DX Feed on Am Concentration in DW Raffinate.
Base-case value of the flow rate for DX feed is 150 L/h.
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Fig. I1I-10. Effect of Flow Rate for DF Feed on Am Concentration in DW Raffinate.
Base-case value of the flow rate for DF feed is 200 L/h.
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Fig. IlI-11. Effect of Flow Rate for DF Feed on Pu Concentration in EW Effluent.
Base-case value of the flow rate for DF is 200 L/h.
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Fig. INI-12. Effect of Flow Rate for DF Feed on Am Concentration in FW Effluent.
Base-case value of the flow rate for DF feed is 200 L/h.
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Fig. ITI-13. Effect of Flow Rate for DS Feed on Am Concentration in DW Raffinate.
Base-case value of the flow rate for DS feed is 100 L/h.
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Fig. III-14. Effect of Flow Rate for DS Feed on Pu Concentration in EW Effluent.
Base-case value of the flow rate for DS feed is 100 L/h.
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Fig. II-15. Effect of Flow Rate for DS Feed on Am Concentration in FW Effluent.
Base-case value of the flow rate for DS feed is 100 L/h.
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Fig. ITI-16. Effect of Flow Rate for EF Feed on Am Concentration in DW Raffinate.
Base-case value of the flow rate for EF feed is 150 L/h.
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Fig. II-17. Effect of Flow Rate for EF Feed on Pu Concentration in EW Effluent.
Base-case value of the flow rate for EF feed is 150 L/h.
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Fig. ITI-18. Effect of Flow Rate for EF Feed on Am Concentration in FW Effluent.
Base-case value of the flow rate for EF feed is 150 L/h.
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2. Feed Concentrations

The variations in feed concentrations, given in Figs. III-19 through ITI-24, show that the
base-case flowsheet can tolerate reasonable variations in the component concentrations in the process
feeds. In particular, Fig. ITI-20 shows how the base case process is somewhat sensitive to a low [HNOz3]
in the DS feed. Figure III-24 shows how the process is somewhat sensitive to a high [HNO3] in the EF
feed.
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Fig. IlI-19. Effect of Nitric Acid Concentration in DS Feed on Am Concentration in DW
Raffinate. Base-case value for nitric acid concentration in DS feed is 0.25M.
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Fig. ITI-20. Effect of Nitric Acid Concentration in DS Feed on Pu Concentration in EW
Effluent. Base-case value for nitric acid concentration in DS feed is 0.25M.
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Fig. III-21. Effect of Nitric Acid Concentration in DS Feed on Am Concentration in FW
Effluent. Base-case value for nitric acid concentration in DS feed is 0.25M.
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Fig. IMI-22. Effect of Nitric Acid Concentration in EF Feed on Am Concentration in DW
Raffinate. Base-case value for nitric acid concentration in EF feed is 0.04M.
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Fig. ITI-23. Effect of Nitric Acid Concentration in EF Feed on Pu Concentration in EW
Effluent. Base-case value for nitric acid concentration in EF feed is 0.04M.
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Fig. IlI-24. Effect of Nitric Acid Concentration in EF Feed on Am Concentration in FW
Effluent. Base-case value for nitric acid concentration in EF feed is 0.04M.

3. Number of Stages

The variations in the number of stages, given in Figs. ITI-25 through III-36, show that the
base-case flowsheet is reasonably robust and can tolerate the loss of at least one stage in each of the

sections shown. However, this reduction is not recommended because the overall process becomes less
tolerant of other process variations.

Figures I11-29 and ITI-30 show how five stages are about optimum for the scrub section.
If there are fewer scrub stages, the [Am] in FW will increase towards its upper bound for acceptable
operation; if there are more scrub stages, the [Pu] in EW will increase towards its upper bound.
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Fig. II-25. Effect of Number of Stages in Extraction Section on Am Concentration in
DW Raffinate. Base-case value for number of stages in extraction section is

10 stages.
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Fig. I11-26. Effect of Number of Stages in Extraction Section on Pu Concentration in EW
Effluent. Base-case value for number of stages in extraction section is 10 stages.
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Fig. IlI-27. Effect of Number of Stages in Extraction Section on Am Concentration in FW
Effluent. Base-case value for number of stages in extraction section is 10 stages.
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Fig. III-28. Effect of Number of Stages in Scrub Section on Am Concentration in DW
Raffinate. Base-case value for number of stages in scrub section is five stages.



29

1E-05 4= } } } ]
2_ GTM Curve
& 1E-06
- ' e 1 |77 Upper Bound for
—_ Acceptable [Pu]
£
1E-07 } l }

0.6 0.8 1.0 1.2 1.4

Number of Stages in Scrub Section
Relative to Base Case

Fig. II[-29. Effect of Number of Stages in Scrub Section on Pu Concentration in EW
Effluent. Base-case value for number of stages in scrub section is five stages.
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Fig. ITI-30. Effect of Number of Stages in Scrub Section on Am Concentration in FW
Effluent. Base-case value for number of stages in scrub section in five stages.
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Fig. II-31. Effect of Number of Stages in Am Strip Section on Am Concentration in
DW Raffinate. Base-case value for number of stages in Am strip section is

eight stages.
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Fig. II-32. Effect of Number of Stages in Am Strip Section on Pu Concentration in
EW Effluent. Base-case value for number of stages in Am strip section is
eight stages.
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Fig. II-33. Effect of Number of Stages in Am Strip Section on Am Concentration in
FW Effluent. Base-case value for number of stages in Am strip section is

eight stages.
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Fig. III-34. Effect of Number of Stages in Pu Scrub Section on Am Concentration in

DW Raffinate. Base-case value for number of stages in Pu scrub section is
four stages.
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Fig. IlI-35. Effect of Number of Stages in Pu Scrub Section on Pu Concentration in
EW Effluent. Base-case value for number of stages in Pu scrub section is
four stages.
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Fig. I1I-36. Effect of Number of Stages in Pu Scrub Section on Am Concentration in
FW Effluent. Base-case value for number of stages in Pu scrub section is
four stages.
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IV. ALTERNATIVE TRUEX FLOWSHEET

In this section, we present an alternative TRUEX flowsheet that concentrates the Am in the Am
strip (EW) effluent. This flowsheet is like the base case except that (1) it requires seven more stages and
(2) the rate at which liquid is withdrawn from the Am strip effluent is greatly reduced. The rest of the
aqueous phase exiting the Am strip section passes on to the scrub section, where it becomes the major
scrubfeed. Since the Am is pinched by the extraction section at one end and the strip section at the other
end, the Am is concentrated in the EW effluent.

As with the base case, this alternative TRUEX flowsheet was developed by using the GTM.

A.  Design Criteria

The design criteria for this alternative TRUEX flowsheet for RFP waste are essentially the same
as those for the base case. The only difference is that the EW flow is now only 2% of the DF flow, so Am
is concentrated in the EW effluent by a factor of 50.

B. Flowsheet Design

By using the design criteria for the alternative flowsheet, a second TRUEX process was devel-
oped for processing of TRU wastes at RFP. This flowsheet, shown in Fig. IV-1 and summarized in
Table IV-1, achieves all of the design criteria using a 40-stage centrifugal contactor. Additional GTM
reports and charts for the flowsheet are given in Appendix B. The designs for the various processing sec-
tions are the same as those for the base-case flowsheet, with three exceptions. First, two more extraction
stages are required to hold back the higher concentrations of Am in the scrub section so that the same low
level of Am is achieved in the DW raffinate. Second, a low-flow concentrated AI(NO3); stream is added
to the aqueous feed going from the Am strip section to the scrub section so that the aqueous phase in the
scrub section has an Al concentration sufficient to keep the F- out of the Am strip. Third, the number of
stages in the Am strip section is increased from 8 to 14 so that greater than 99.9% of the Am will be
recovered there, even though the [Am)] in the scrub section is higher and the stripping factor in the Am
strip section is lower because the aqueous flow rate there has been reduced from 150 to 104 L/h.
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Table IV-1. Summary of Feed and Effluent Concentrations for the Alternative Flowsheet Created by Using the GTM

Component Concentration, M

Section  Stage Flow Stream Il:{laot‘:,

Name No, Phase® Direction Identity® L/h¢ H* Pu Am3* U0 AP C,04%
Extraction 1 (0] In DX 150 1E-15 1E-15 1E-15 I.E-IS 1E-15 1E-15
Extraction 12 A In DF 200 7.5 1.3E-04 2.1E-04 8.4E-06 0 0
Scrub 17 A In DS 3 0 0 0 0 1.5 0
Am Strip 31 A In EF 104 0.04 0 0 0 0 0
Pu Strip 32 A In FF 10 1.0 0 0 0 0 0.5
Pu Scrub 36 A In FS 140 9.0E-03 0 0 0 0 4.0E-03
Extraction 1 A Out DW 302.2 5.0 <1E-16 1.63E-16 <IE-16 0.0149 5_.0E-16
Am Strip 18 A Out EW 4 0.24 8.1E-07 0.0105 1.49E-07 3.8E-04 <IE-i6
Pu Strip 32 A Out FW 150.8 0.0660 1.72E-04 1.36E-07 1.11E-05 <IE-16 0.0314
Pu Scrub 3 - O Out Fpd 150 0.01119 3.0E-16 <IE-16 <IlE-16 <IE-16 5.46E-03

a0 = organic; A = aqueous.

bOnly streams calculated by GTM are included here.
¢These GTM flows differ from Fig. IV-1 flows in that they include the effect of 0.5% other-phase carryover inall

interstage flows.

dThis stream is not marked in Fig. IV-1 as it is neither a feed nor an effluent. It is the interstage organic-phase flow
going from the plutonium scrub section to the first carbonate wash section.

C. Sensitivity to Process Variations

This alternative flowsheet has not been optimized, that is, developed to achieve the maximum

robustness for a given number of stages. For this reason, no sensitivity analysis was applied to the

alternative flowsheet design.

[
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V. SOLVENT LOSSES AND REQUIRED VOLUME

Solvent losses can be accounted for by three primary mechanisms: (1) hydrolysis and radiolysis
of the solvent components, (2) solubility of solvent components in the aqueous effluents, and
(3) entrainment of the solvent in aqueous effluents. These three mechanisms are treated in separate
sections below. In a fourth section, the solvent inventory required is discussed in terms of how solvent
losses affect its makeup. Methods for recovery of solvent lost to aqueous raffinates are also discussed.

A. Radiolysis and Hydrolysis of the TRUEX Solvent

Radiolysis of the TRUEX solvent [SIMONZADEH] is caused by alpha and gamma decay of
241Am, 239Py, and 2%0Pu. For calculating the absorbed dose to the solvent, all plutonium was considered
to be 2°Pu. Table V-1 shows the input data, the intermediate results, and the total dose to the TRUEX
solvent when it is used to treat the RFP waste for 3600 h. The absorbed dose rate (0.0057 W/L) is a small
fraction of that expected for treating high-level waste (0.01 to 10 W/L depending on how long it has been
out of the reactor). Therefore, radiolysis of the solvent is of minor concern. ’

The GTM (option 9) was used to calculate the loss of CMPO that would occur due to a combina-
tion of radiolysis and hydrolysis if the base-case flowsheet were used at RFP. Table V-2 shows the pre-
dicted destruction rate of CMPO as a function of the ambient temperature of the processing facility.
These results are plotted in Fig. V-1.

As well as calculating the rate at which CMPO is destroyed, the GTM estimates the rate at which
the solvent quality is degraded. Figures V-2 and V-3 show how solvent damage by radiolysis and hydro-
lysis will affect the D value for Am as a function of dilute nitric acid concentration (0.01M and 0.05M),
processing temperature, and number of cycles that the solvent passes through the process with no solvent-
wash treatment. The increase in Dy, with the number of cycles at low HNO3 concentrations is not good
since Am becomes harder to remove from the solvent. These results can be used to estimate the number
of cycles the solvent can be used without solvent washing or the fraction of the solvent stream that must
be continually treated by solvent wash. At 25°C, treatment after every 100 cycles or treating 1% of the
solvent stream continually should allow the solvent to strip Am. However, we recommend the continuous
use of a solvent wash section as a precaution so that essentially all actinides are removed from the solvent
before it is recycled.
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Table V-1. Calculation of Dose Received by TRUEX Solvent after Processing RFP Nitric Acid Waste Stream for

3600 h

Absorbed

TRU Conen., Conv. factor, Concn.,,  Concn, Alpha Power, DoseRate, Dose,
Element M (nCi/mLYM nCi/mL dps/L  Energy,eV (eV/s)L W/L Weh/L2

Pu 1.3E-04 1.5E+07 1.95E+03 7.22E+07 5.16E+06 3.72E+14 596E-05 2.15E-01
Am 2.1E-04 8.3E+08 1.74E+05 6.45E+09 5.49E+06 3.54E+16 S5.67E-03 2.04E+0l

Total

1.76E+05 _6.52E+09 3.58E+16  5.73E-03 " 2.06E+01

aTotal dose after 3600 h of exposure.

Table V-2. CMPO Loss by Hydrolysis and Radiolysis Calculated by Using the GTM

Temperature, Fraction of CMPO CMPO Loss?
°C Lost per Cycle? kgly lbly
20 1.22E-06 0.024 0.052
25 2.15E-06 0.042 0.093
30 4.08E-06 0.080 0.176
35 8.01E-06 0.156 0.34
40 1.59E-05 0.31 0.68
45 3.12E-05 0.61 1.34
50 6.04E-05 1.18 2.6

a Based on 0.17 h in the contactor per cycle.

b The GTM was used to calculate the solvent damage due to hydrolysis and radiolysis.
In these calculations, the dose to the solvent due to radioactive decay of Pu and Am
was taken to be 0.0057 W/L. The TRUEX process is assumed to have 30 stages:

10 extraction stages with an average [HNO3],q of 6M, 10 scrub stages with an
average [HNOj3],q of 1.5M, and 10 strip stages with an average {[HNOs],q of 0.03M.
The solvent flow rate is assumed to be 150 L/h for 1600 h of operation each year.

Fig. V-1.
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Fig. V-2. Effect of Process Temperature and Number of Cycles on the D Value for Am

with No Solvent Cleanup When [HNO3] = 0.05M
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Fig. V-3. Effect of Process Temperature and Number of Cycles on the D Value for

Am with No Solvent Cleanup When [HNO3]} = 0.01M
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B. Solubility Losses

An earlier publication [VANDEGRIFT-1984A] addressed the loss of solvent components by their
partitioning to the aqueous solutions during contact with the TRUEX solvent. That reference gives
D values of 6.7 x 103 for CMPO and 1.6 x 103 for TBP in a solvent of 0.2M CMPO and 1.2M TBP in
Norpar 12* and 1M HNO;. In our calculations here, we have used D values of 7 x 103 for CMPO and
2 x 103 for TBP in a solution of 0.2M CMPO and 1.4M TBP in dodecane. The partitioning for dode-
cane™ was estimated from data in Vandegrift [VANDEGRIFT-1984B]. The solubilities (in water) for
hexane, heptane, and octane are 0.1 g/L,, 0.03 g/L, and 0.01 g/L, respectively; the decrease suggests that
the solubility of normal paraffinic hydrocarbons decreases by a factor of three each time the carbon length
is increased by one. By extrapolating from octane to dodecane, we estimate that the solubility of dode-
cane is lower by a factor of ~34 (~100) than that of octane, giving dodecane an aqueous-phase solubility
of 1 x 104 /L. (5 x 107M). Table V-3 shows the expected partitioning losses of CMPO, TBP, and dode-
cane in the effluent streams for the base-case flowsheet. Over a year, 26 1b of CMPO, 394 Ib of TBP, and
0.2 1b of dodecane will be lost to the aqueous effluents due to the solubility of the organics in these
streams.

Table V-3. CMPO/TBP/Dodecane Loss in Base-Case Flowsheet Resulting
from Solubility of Organics in the Aqueous Phase?

Feed Effluent

Flow Flow CMPO Lossb¢ TBP Lossbd Dodecane Loss?®€
Section I;;}g ‘;g ﬁ";—' Rate, movh  kgh by molh kgh by molh  kgh iy
Extraction 10 200 300 0.009 0.004 1291 0.21 0.06 196.86 0.00015 0.00003  0.09
Scrub 5 100 0 0
Am Strip 8 150 150 0.0045 0.002 645 0.105 0.03 98.43 7.5E-05 0.00001 0.04
Pu Strip 1 10 150 0.0045 0.002 645 0105  0.03 9843 7.5E-05 0.00001 0.04
Pu Scrub 4 140 0 0
Carb. Wash 1 1 150 recycle 0.02 0.70 0.01
Carb, Wash 2 1 150 recycle 0 0 0
Carb, Wash 3 1 150 recycle 0 0 0
Acid Rinse 1 150 recycle 0 ) 0 0
TOTAL 32 0.018 0.007 26 0.42 0.11 394 0.0003 . 0.00005 0.2

aAssumptions are that Deypo = 7 x 10° and Dygp =2 x 103, on the basis of Vandegrift et al. [VANDEGRIFT-1984A], and that dodecane
partitioning to aqueous phases is equal to the approximate solubility of dodecane in water, ~1 x 10 g/L or 5 x 10°M. Based on these
assumptions, the aqueous phase will have [CMPO] =3 x 10°M, [TBP] =7 x 10M, and [dodecane] = 5x10°M.

bBased on processing time of 1600 /y. Recycled streams such as the carbonate wash are assumed to have a holdup volume of 120 L.
Based on the amount of acid (nitric and oxalic) in the solvent entering the first carbonate wash, the recycled carbonate wash solution
would be half-neutralized in about one year, and should be changed at that time. Otherwise, the recycled carbonate wash feeds would
need to be changed in the event of a process upset. - -

SMW for CMPO is 407.6 g/mol.

dMW for TBP is 266 g/mol.

MW for dodecane is 170 g/mol.

fOrganic flow rate is 150 L/h.

* A commercial normal aliphatic hydrocarbon mixture with an average carbon chain of 11.4.
** In this analysis, we use dodecane, one of the principal components of typical diluents (e.g., NPH and
Norpar 12) to estimate diluent loss.
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C. Entrainment Losses

When the centrifugal contactor is operating in its prescribed throughput range and the dispersion
number for the contacting liquids is greater than or equal to the value for which the contactor was
designed, the other-phase carryover (entrainment) can be limited to 0.04 volume %. That level of entrain-
ment was used in calculating the entrainment losses presented in Table V-4. For CMPO (69 1b/y) and
dodecane (313 Ib/y), entrainment is a more serious factor than solubility in process losses; for TBP
(315 1bly), the solubility and entrainment losses are similar. These calculations show that entrainment is a
significant factor in solvent loss and that process design criteria should include specifications on the
extent of other-phase carryover.

Table V-4. CMPO/TBP/Dodecane Loss in Base-Case Flowsheet Resulting
from Entrainment of Organics in the Aqueous Phase?

Feed Effluent Solvent

No.of FlowRate, Flow Rate, Loss, CMPO Loss TBP Loss Dodecane Loss

Section  Stages - L/P L/h L/ " kg/h byl kg/h  Ibyd ke/h  IbryS
Extraction 10 200 300 0.12 0.010 34 0.045 157 0.044 156
Scrub 5 100 0 0 0.000 0 0.000 0 0.000 0
Am Strip 8 150 150 0.06 0.005 17 0.022 79 0.022 78
Pu Strip 1 10 150 0.06 0.005 17 0.022 79 0.022 78
Pu Scrub 4 140 0 0 0.c00 0 0.000 0 0.000 0
Carb. Wash 1 i 150 recycle 0 0.000 0 0.000 0 0.000 0
Carb. Wash 2 1 150 recycle 0 0.000 0 0.000 0 0.000 0
Carb. Wash 3 1 150 recycle 0 0.000 0 0.000 0 0.000 0
Acid Rinse 1 150 recycle 0 0.000 0 0.000 0 0.000 0
TOTAL 32 0.24 0.020 69 0.089 315 0.089 313

3The TRUEX solvent is 0.2M CMPO and 1.4M TBP diluted by dodecane. This is equivalent to 81.4 g/L CMPC, 372 g/L TBP, and

370 g/L dodecane.

Organic flow rate = 150 L/h.

“Based on an aqueous entrainment of 0.04% in effluents. It is assumed that solvent entrained in recycled streams would be
essennally zero, because the entrained solvent is returned to the process.
dBased on processing time of 1600 h/y (200 production days per year).

D. Solvent Inventory and Makeup

Table V-5 summarizes the yearly losses of CMPO, TBP, and dodecane by hydrolysis/radiolysis,
solubility, and entrainment. Table V-6 shows what these losses would mean for four possible solvent
inventories. The minimum solvent inventory requirement would be twice the holdup in the contactor,
lines, and pumps. For a flow rate for the TRU waste stream feed of 200 L/h, this holdup is estimated to
be S0 L. A more conservative approach would be to have two separate tanks, each with two solvent
holdup volumes. In that case, the backup supply would be available if a process upset caused loss,
contamination, or chemical alteration of the solvent being used for processing. Increasing the solvent
inventory to even larger volumes (4 hours or 8 hours) would reduce the rate at which the solvent
composition changes with time and thereby lengthen the replacement interval.
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Table V-5. CMPO/TBP/Dodecane Loss in Base-Case Flowsheet Resulting from Hydrolysis,
Solubility, and Entrainment?

CMPO Loss TBP Loss Dodecane Loss
Reason for Loss Ibly kgly Ibly kgly Ibly kgly
Hydrolysis/Radiolysis® 0.09 0.04 1 0.5 0 0
Solubility 26 11.8 -394 179 0.2 0.1
Entrainment 69 31 315 143 313 142
TOTAL® 95 43 710 323 313 142

aAssumes operation for 1600 h/y.
bCMPO loss calculated by the GTM (option 9) for base-case flowsheet at 25°C. TBP loss is estimated to be

about twice that of CMPO on a molar basis. Damage to dodecane would be nil.
CThe loss of organic components would be divided among the various effluent streams.

Table V-6. Solvent Inventory and Replacement Rate

Solvent Inventory?
CMPO TBP Solvent Replacement
Inventory Time to Dodecane, Loss Rate, Interval,
Basis Recycle,h  Liters b kg b kg L L/ hb

Twice Holdup Volume 0.67 100 18 8 126 57 53 024 417
Two Tanks, Each with 1.33 200 36 16 252 114 107 024 833
Twice Holdup Volume
4 Hours 4 600 107 49 755 342 320 0.24 2,500
8 Hours 8 1200 215 98 1510 684 640 024 5,000

aTRUEX solvent is 0.2M CMPO and 1.4M TBP in dodecane.

bTime taken to deplete the entire solvent inventory if entrainment is 0.04 volume %. In practice, smaller quantities of
solvent would be added at much shorter intervals.

E. Removal of Solvent Components from Aqueous Effluents

Recovery of the organic constituents of the solvent is an important concern for two reasons. First,
and certainly more important, is the safety and operational concern of having organic constituents in an
aqueous stream that is going to be concentrated by evaporation. This concern is discussed in Section VI.
The second concern is the value of these constituents. It is likely that CMPO will cost close to $1000/1b
at the quantities needed at RFP. At that price, the total annual losses for CMPO, TBP, and dodecane
shown in Table V-5 represent a significant cost, especially the CMPO. Table V-7 shows the concentra-
tions of these constituents in the effluent streams. Because these concentrations are likely to be unaccept-
able in feeds to an evaporator (see Section VI.B), recovery of these organics, especially CMPO and TBP,

should be investigated.

In an attractive approach, both entrained and soluble CMPO and TBP are removed and recovered
by means of solvent extraction in centrifugal contactors with dodecane as the solvent. By using a four-
stage unit in which dodecane and the aqueous effluent run countercurrently, CMPO and TBP could be
effectively eliminated from the effluent and recovered in concentrated form for recycling.
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Table V-7. Concentration of CMPO, TBP, and Dodecane in Aqueous
Effluents for Base-Case Flowsheet

Type of CMPO, TBP, Dodecane,
Concentration mg/L mg/L mg/L
Soluble 12 186 0.2
Entrained 33 149 148

Total 45 - 335 148
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VI. SAFETY INFORMATION

Although TRUEX processing has never been run as a full-scale operation over extended periods
of time, it has been studied at the laboratory and pilot-plant scale for almost eight years. Also, because
the solvent is essentially a PUREX-process solvent (that is, TBP in a normal paraffinic hydrocarbon) and
because with the exception of CMPO, the chemicals used in TRUEX processing (¢.g., HNO;, HF,
H,C,0,) have been used in PUREX plants, the only unknown safety concern in opening and operating a
new TRUEX facility would be CMPO. Material safety data sheets (MSDSs) for CMPO and the other
chemicals can be obtained from their suppliers.

A. CMPO Safety Considerations

According to its primary commercial manufacturer, ATOCHEM North America, Philadelphia,
Pennsylvania, CMPO can be stored in normal warehouse storage in a cool, dry area. Local exhaust is
recommended for its use; mechanical (general) exhaust is required. In handling the material, goggles and
butyl or nitrile gloves are recommended. Special precautions are a warning against eye contact ("may
cause severe irritation to eyes") and, to a lesser extent, skin contact ("may cause mild irritation to skin
upon contact"). The flash point for CMPO is considered to be high (above that of TBP—146°C [295°F])
because of its low volatility and high molecular weight [VANDEGRIFT-1984A]. It should also be noted
that compounds with structures similar to CMPO have been used as flame-retardant finishings for pile
carpeting [HOECHST].

B. Safety Considerations for Feeds to the Evaporator for Nitric Acid Recycle

Heating concentrated nitric acid in the presence of organic compounds is always a concern

because of the potential for violent oxidation/nitration reactions. Shoun and Thompson [SHOUN] cite a '

review paper by Burger [BURGER] as the authoritative source on this topic. Oxidation of TBP by nitric
acid or nitric-acid/nitrous-acid mixtures does not occur at temperatures below 70°C; TBP is oxidized at
higher temperatures.

A recent publication shows that, except for one terrible accident, evaporation of PUREX effluents
has been nearly accident-free [DURANT]. That one incident, a "red oil” explosion that occurred
January 12, 1953, is brought up whenever evaporation of PUREX effluents is discussed. The incident
occurred during evaporation of a uranyl nitrate solution to remove about 50% of the nitric acid. The inci-
dent was presumed to have resulted from the following series of events:

o Presence of about 80 1b of TBP in the 1800 gal of aqueous uranyl nitrate solution,
« Concentration of the solution to >78 wt % uranyl nitrate,
« A solution temperature >130°C, and

o Buildup of a 50-100 psi (345-690 kPa) back pressure resulting from partial plugging
of plates in the evaporator.

This incident and the investigation that followed led to the establishment of operating limits on
organic concentrations and on temperature for evaporators at the Savannah River Site, Aiken,
South Carolina. In an incident 22 years later, an explosion and fire occurred during calcining of uranyl
nitrate, which was caused by the inadvertent addition of the uranyl-nitrate/TBP adduct to the denitration
step [GRAY].
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Shoun and Thompson [SHOUN] have summarized the findings of several investigators of "red
oil" [COLVEN, EAKIN, NICHOLS, NOWAK, PUGH, SEGE, SHEFCIK, WAGNER, WILBOURN-
1977A, -1977B] in the following statements:

“Red oil" is a complex, dense (1.1-1.6 g/mL) mixture of organic compounds formed
as a result of hydrolytic and other reactions (including nitration) between certain
TBP-diluent mixtures and aqueous metal nitrate solutions.

"Red oil" decomposes in the range of 130-150°C.

The presence of organic-phase complexes of UO,(NO3),, Pu(NO3),, or Th(NQOs), is
essential to its formation.

Explosive decompositions and accompanying fires in several plant-scale evaporator
incidents [COLVEN, DURANT, PUGH, SEGE, WAGNER] involved decomposition
of UO,(NO3), ¢ 2TBP rather than ignition of "red oil."

The presence of "red oil" during evaporation or denitration of these metal-nitrate/TBP
complexes complicates control of these operations because "red oil" decomposes at a
lower temperature than the complexes and can trigger their decomposition. Control
of these processes is vital to their safe operation.

Current diluents such as NPH being used in fuel reprocessing are more resistant to
the nitration and better suited for concentrator operations from a safety standpoint.

Bench-scale experiments show that red oil is not formed when TBP/NPH is used as a
solvent.

These findings lead to the conclusions that (1) under properly controlled conditions of feed
composition and evaporator temperature, evaporation of the nonTRU and other effluent streams can be
safely accomplished, and (2) removal of organics from this feed, especially CMPO and TBP, would
increase evaporator operation and safety.
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VII. INTERACTION OF TRUEX PROCESS WITH NITRIC ACID RECYCLE

In the implementation of the TRUEX process, the aqueous (DW) raffinate would be fed to an
evaporator that concentrates the raffinate and recovers HNO3 for recycle to the plant. This raffinate
stream would contain all the elements that are in the aqueous (DF) feed except for the Am, Pu, and U.
The concentration of these three elements would be very low (<0.01 nCi/mL). The concentrations of all
the other elements would be somewhat less than their concentrations in the DF feed because of dilution by
the scrub (DS) feed. The DW raffinate would also contain the aluminum that is added in the DS feed.
None of the anions or cations in the DF feed are expected to be a problem in the evaporator if appropriate
construction materials are used. In the past, entrained solvent has caused problems; however, as discussed
in Section V.E, entrained CMPO and TBP can be removed and recovered by using a dodecane strip in
centrifugal contactors. Without such a recovery system, the concentrations of the various organic
constituents in the DW raffinate would have the concentrations shown in Section V.
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VIII. FEED ANALYSIS REQUIREMENTS

For both the base-case and alternative TRUEX processes, the flowsheets are designed to handle
the range of aqueous (DF) feed compositions given in Table III-1. Thus, no feed analyses should be
required. If one feed analysis is to be done, it should be to contact a small quantity of the feed with a
small quantity of TRUEX solvent to check that the TRU elements are extracted by the solvent in the
expected amounts.

If the alternative TRUEX process is used, a radiation-counting device should be built into the
process to monitor the [Am] in the Am (EW) product stream. The effluent pump that draws off the EW
streamn should be controlled by this monitor so that the [Am] in the EW stream is held essentially con-
stant. In this way, even very low levels of Am in the DF feed would be concentrated to about 0.0IM Am
and the total volume of the EW stream would be reduced accordingly.
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IX. OTHER PROCESS CONSIDERATIONS

A. Ammonium Oxalate Strip

Recent work at Argonne National Laboratory has shown ammonium oxalate solutions to be an
efficient and effective strip for removing Pu and Am from the TRUEX solvent. We began to investigate
alternative stripping agents during our treatment of New Brunswick Laboratory Pu waste. Because the
concentration of Pu in this waste is about 1 g/L, Pu will precipitate as it is stripped from the solvent by
HF, H,C,0;, or HEDPA. In our treatment of this waste, we used oxalic acid as the stripping agent, and,
as predicted, Pu(C,O,), precipitated in the contactor. On the basis of the extremely limited solubility of
lanthanide oxalates, Am precipitation would be a much more severe problem.

1. Benefits of an Ammonium Oxalate Strip

Ammonium oxalate was chosen for two reasons. First, the oxalate-complexation equi-
libria for Pu(IV) predict increased solubility of Pu in oxalate solution at high oxalate ion concentrations.
The tris-oxalato complex, Pu(C,04)3%", will be the predominant species when the concentration of the
oxalate ion is above 10M [KATZ], and the solubility of Pu in oxalate solution begins to increase appre-
ciably as the oxalate jon concentration increases above 10-4M. Because of the complex acid equilibria of
oxalic acid, it is impossible to prepare a solution of oxalic acid with an oxalate ion concentration above
~3 x 104M. However, using an oxalate salt provides an oxalate ion concentration limited only by the
solubility of that salt. The second reason for using ammonium oxalate is its instability on heating to form
ammonia and oxalic acid, both of which are volatile. After the Pu is stripped, the solution can be evapo-
rated to dryness and calcined to prepare pure, salt-free PuO,.

Experiments at Argonne using a 0.28M solution of ammonium oxalate have shown the
solubility of Pu(IV) to be greater than or equal to 2 g/L (10-2M) and the Pu distribution ratios for the
TRUEX solvent to be less than 10+4. The solubility of Am in that same solution was ~0.3 g/L. (10-3M),
and its distribution ratio was less than 10-3. By using this stripping agent, it should be possible to design a
TRUEX flowsheet with only one strip for all TRU elements. Data must still be collected to find an upper
limit to Pu solubility and to measure the solubility of UO,?* in ammonium oxalate.

Another very important research area is the safety aspects of using this reagent (and the
ammonium bioxalate and nitrate formed by its reaction with nitric acid) in the solvent extraction process
and the concentration and calcining steps. Safety concerns are discussed briefly below.

2. Safety Concerns

When ammonium oxalate is used, ammonium bioxalate and ammonium nitrate will be
formed. This happens because the TRUEX solvent that contacts the strip solution will contain nitric acid,
nitrate, uranyl nitrate, and americium nitrate. All four compounds will be stripped into the aqueous strip
solution. Ammonium oxalate will react with the hydrogen ion to form ammonium bioxalate and with
nitrate to form ammonium nitrate.

The major safety concern is the potential for explosion of ammonium nitrate. Ammo-
nium nitrate volatilizes reversibly at moderate temperatures (300°C) to form gaseous NH; and HNO;. At
higher temperatures, it decomposes irreversibly, forming mostly N,O. At still higher temperatures, its
decomposition gives mostly N; and O,. Because it can detonate when initiated by another high explosive,
it is used in some bombs [COTTON]. Clearly, before ammonium oxalate can be considered for use in
this process, a great deal of work must be done to test its safety in all operations of the plant.
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B. Contactor Size

The TRUEX flowsheets shown in Figs. III-1 and IV-1 have process flow rates listed that could be
handled easily in a 10-cm centrifugal contactor. Since a 10-cm contactor can handle up to 600 L/h (both
phases), the flow rates on the two figures could be increased by up to 33%, and the process could still be
carried out in a multistage 10-cm contactor. Since this contactor has a total diameter, including the sta-
tionary housing, of 12.5 cm (5 in.) in the mixing and separating zone and of 15 cm (6 in.) at the collector
rings, it should be safe by design with respect to nuclear criticality.

If nuclear criticality.is not an issue, larger contactors can be designed and built to handle higher
throughputs. If it is an issue, additional process lines can be added to accommodate higher throughputs.

C. Filtration

As one approaches the low concentrations of TRU elements in the aqueous, nonTRU (DW) raffi-
nate given in the two flowsheets discussed here, the presence of particles in the aqueous and organic
phases becomes important. These particles, which could contain TRU elements, will not be extracted by
the TRUEX process. As such, they could seriously limit our ability to reach a nonTRU (DW) raffinate
with less than 0.01 nC¥/mL of TRU elements. For this reason, it is recommended that the TRU (DF) feed,
the recycled solvent (DX) feed, and the nonTRU (DW) raffinate go through appropriate filters. At
Argonne, we have found that a sequence of a 5-micron filter followed by a 1-micron filter works well for
achieving 0.1 nCi/mL of actinides in the raffinate. The filters used were Whatman disposable filter cap-
sules with polypropylene membranes. They are available from the Cole-Parmer Instrument Company
(Niles, Ilinois). To achieve a lower goal, finer filters may be required. Westinghouse Hanford has some
pilot plant experience with two other filters (cross-flow and sand filters).



49

X. FUTURE WORK

Depending on process throughputs and the need for equipment that is criticality-safe by geometry,
it may be worthwhile to develop a high-throughput, criticality-safe contactor. Current criticality-
safe contactor designs can handle throughputs up to 600 L/h. A high-throughput unit should be
able to handle flows from two to eight times higher.

If a concentrated Am product stream is desirable and if a 40-stage contactor can be accommo-
dated, the alternative (high Am) flowsheet should be optimized so that it is not sensitive to pro-
cess changes.

Further work should be done to develop and test a correlation for Pu(C,04); solubility at the low
concentrations of oxalic and nitric acid that will be present in the Pu strip section.

If the use of ammonium oxalate would be acceptable, it should be considered as an alternative to
the use of oxalic acid in the Pu strip section. Pu(C,0,), appears to be considerably more soluble
when (NH,),C,0; is used to strip the Pu from the solvent. This study should also be extended to
Amy(Cy04)3.

The use of HEDPA should be considered for stripping residual Am and Pu from the solvent
before it goes to the solvent cleanup section.

The base-case TRUEX flowsheet should be tested on a laboratory scale in a 32-stage centrifugal
contactor.

Techniques for reducing solvent entrainment in the aqueous (DW) raffinate and for recovering
and concentrating residual solvent in the DW raffinate should be further developed and tested.
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APPENDIX A
GTM Reports for the Base-Case TRUEX Flowsheet

The concentration profile report and the chart for each component were generated by the GTM
version 2.4 for the base-case flowsheet shown in Fig. III-1. These items are included here as Figs. A-1
through A-7. The full summary report generated by the GTM is included in the main body of this report

as Table IIJ-2.
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10

Fig. A-4.
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Fig. A-6.
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APPENDIX B
GTM Reports for the Alternative TRUEX Flowsheet

The concentration profile report and the chart for each component were generated by the GTM
for the alternative flowsheet shown in Fig. IV-1. These items are included here as Figs. B-1 through B-7.

The full summary report generated by the GTM version 2.4 is included in the main body of this report as
Table IV-1.
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Fig. B-3.

Plutonium Concentration Profile from the
GTM for the Alternative TRUEX Process
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Fig. B-2.

Americium Concentration Profile from the
GTM for the Alternative TRUEX Process
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Fig. B-4.

Concn, M

Hydrogen Concentration Profile from the
GTM for the Alternative TRUEX Process
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Fig. B-7.
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Aluminum Concentration Profile from the
GTM for the Alternative TRUEX Process
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