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CMPO

Degradation

ICP

PUREX

TBP

TRU

Transuranium
Radionuclide

Transuranic Waste

GLOSSARY

Current Acid Waste, the name given to the high-level waste streams produced
at the Hanford site from concentration by evaporation of the raffinate from
PUREX processing of irradiated nuclear fuel. In this work, a synthetic CAW
solution, prepared from a mixture of salts and sulfuric, nitric, and oxalic
acids, was used to observe its effect in radiolysis and hydrolysis of TRUEX-
NPH solvent.

Octyl (phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide.
Distribution coefficient of americium, i.e., the ratio of its concentration in the
organic solvent to its concentration in the aqueous nitric acid phase, or

[Am] J[Am]a at 25°C. The concentration of nitric acid in the equilibrated
aqueous phase 1s indicated as a superscript, e.g., D Am‘m represents the
distribution coefficient of americium between solvent and 0.01M HNO,.

Decomposition of the components of the extraction solvent by radiolysis or
hydrolysis.

Fission products.

An expression of radiochemical yield, units of mol-J-! or molecules/100 eV.
Hydrogen ion activity in the aqueous phase being contacted.

High-level waste.

Inductively Coupled Plasma Atomic Emission Spectroscopy, an analytical
method.

A solvent-extraction process for recovering uranium and plutonium from
irradiated nuclear fuel and separating them from the fission products
contained in the fuel. One of the most important applications of the TRUEX
process is separation of transuranic elements from the high-level waste that is
a by-product of the PUREX process.

Tributyl phosphate.

Transuranic. Refers to elements with atomic numbers greater than 92,
Material classified as TRU contains > 100 nCi/g of total activity emitted by
transuranic elements.

Any radionuclide having an atomic number greater than 92.

Without regard to source or form, waste that is contaminated with alpha-

emitting transuranium radionuclides with half-lives greater than 20 years and
concentrations greater than 100 nCi/g at the time of assay. Heads of DOE
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Field Elements can determine that other alpha contaminated wastes, peculiar
to a specific site, must be managed as transuranic waste.

TRUEX A process for removing transuranic elements from high-level liquid waste by
solvent extraction.

TRUEX-NPH Solvent A solution consisting of 0.2M CMPO and 1.4M TBP in the normal paraffinic
hydrocarbon mixture Conoco C,-Cy,.
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RADIOLYSIS AND HYDROLYSIS OF TRUEX-NPH SOLVENT
by

N. Simonzadeh, A. M. Crabtree, L. E. Trevorrow, and G. F.Vandegrift
ABSTRACT

The TRUEX solvent extraction process separates transuranic (TRU) elements from aqueous nitrate
and chloride solutions. During contact with high-level wastes, which may be highly radioactive and
highly acidic, the radiolysis and hydrolysis of TRUEX-NPH solvent can affect the process not only by
destroying the extractant CMPO in the solvent, but also by generating products of CMPO destruction,
some of which are powerful extractants at low acidities and can prevent the stripping of Am and Pu from
solvent that is to be recycled.

To provide an experimental basis from which mathematical expressions of these effects could be
derived, samples of solvent were degraded by radiolysis and hydrolysis while in contact with acidic
aqueous solutions. Following this treatment, the distribution of americium between degraded solvent and
aqueous HNO, was used as a measure of the extent of degradation. Mathematical expressions were
derived to represent the distribution coefficient, D, , as a function of hydrolysis time and/or radiation
dose. Assumptions about the dependence of D, = on CMPO concentration were used to derive
expressions for the hydrolysis rate for CMPO and also to calculate values of radiation chemical yield for
CMPO radiolysis. Also experimentally investigated were changes in acidity of both the aqueous and
organic phases as functions of contact time, the effects of a carbonate wash in removing acidic
degradation products that function as extractants at low acidities, and changes in compositions of some of
the aqueous and organic phases during contact.



I. INTRODUCTION

The TRUEX solvent extraction process separates transuranic (TRU) elements from aqueous nitric
acid solutions. In this process, the TRU elements are extracted into an organic phase that typically
consists of the extractant octyl (phenyl)-N,N diisobutylcarbamoylmethylphosphine oxide (CMPO),
synthesized specifically for this application [HORWITZ], tributyl phosphate (TBP), and an organic
diluent such as a normal paraffinic hydrocarbon (NPH) or tetrachloroethylene. Most other constituents of
the original nitric acid solution are not extracted and leave this process in the aqueous raffinate.

The TRUEX process was developed [VANDEGRIFT] to separate high-level waste (HLW) or TRU
waste, such as that now stored at some Department of Energy (DOE) reservations, into two fractions: a
relatively small volume containing the TRU elements and a relatively large volume of raffinate.
Depending on the value of their constituents, the TRU extracts could be recycled for recovery or disposed
of as a much-decreased volume of TRU waste. The raffinate, with concentrations of TRU elements
totaling less than 3.7 x 10° Bq kg™' (100 nCi/g), could reasonably be expected to qualify as a low-level
waste [TREVORROW]. This would permit a major fraction of the original waste volume to be managed
using waste forms and disposal facilities less costly than those normally planned for HLW.

If the organic phase is contacted with aqueous high-level wastes previously generated in the
application of the PUREX process on irradiated fuel, the solvent will undergo radiolysis. Also, because
of contact with nitric acid at above-ambient temperatures during these treatment operations, the solvent
will undergo hydrolysis. As a result of these radiolytic and hydrolytic reactions, a fraction of the
extractant, CMPO, will be converted to other chemical species.

The radiolysis and hydrolysis of solvent have been commonly referred to as "degradation,” and the
resulting species as "degradation products.” These degradation processes affect the operation of the
TRUEX process, not only through decreasing concentration of CMPO, but also through increasing
concentration of acidic degradation products, some of which are powerful extractants in low acid
solutions. Thus, radiolysis and hydrolysis can be expected to change the extracting capacity of the
organic phase, not only through the decrease in the CMPO concentration, but also through the buildup of
strongly extracting acidic degradation products. The presence of strong acidic extractants can inhibit the
stripping of actinides and lanthanides from solvent to be recycled.

Studies of the hydrolysis and radiolysis of various solvents used in the extraction of transuranics
were carried out previously. Some of them focused on the performance of diluents, such as carbon
tetrachloride [CHIARIZIA, VANDEGRIFT], decalin [CHIARIZIA], and tetrachloroethylene [NASH].
The present study, however, is concerned specifically with the TRUEX-NPH solvent whose composition
is 0.2M CMPO, 1.4M TBP in Conoco C,, ,,. The important products of solvent degradation have
generally proved to be acidic compounds that can be partially removed from degraded solvent by contact
with aqueous carbonate solutions. It has been reported [CHIARIZIA, NASH] that the degradation of
CMPO also results in some neutral products and some acidic products.

The objectives of the present study were to (1) derive expressions for the change in the extraction
properties of the TRUEX-NPH solvent resulting from radiolysis and hydrolysis, (2) determine the
effectiveness of removing the products of these reactions from the solvent by aqueous sodium carbonate
washes, (3) investigate the change of acidity of the aqueous and organic phases accompanying the
degradation of solvent in contact with aqueous nitric acid solutions, and (4) determine the effect of
solvent degradation on the extraction behavior of components in the simulated waste solution.



In the present work, samples of the TRUEX-NPH solvent were subjected to radiolysis or
hydrolysis followed by tests of extraction performance. The extraction performance was used as an
analytical tool to make inferences about the concentration of CMPO remaining in the degraded solvent.
For radiolysis, samples of TRUEX-NPH solvent, while in contact with nitric acid solutions of five
different concentrations, were exposed at a constant temperature of 50°C to a Co-60 gamma source. The
same concentrations of nitric acid were used to hydrolyze solvent samples at 50, 70, and 95°C. After
partial radiolysis or hydrolysis, the solvent samples were divided into three groups for treatments, as
follows: (1) no washing, (2) washing with water, and (3) washing with aqueous 0.25M sodium carbonate.

The distribution ratios of americium (D Am)' between these degraded solvent samples and nitric
acid solutions of three concentrations (0.01, 0.05, and 2.0M) were obtained at 25°C. Testing the
distribution of americium between 0.05M HNO, and solvent is especially relevant to the TRUEX process
because this concentration is close to that of the 0.04M HNO, typically used in the process for stripping
americium away from the solvent. The distribution ratios were used as indicators of the effects on the
solvent of radiolysis, hydrolysis, and washing. Because acidic extractants would be even more powerful
when the solvent is in contact with 0.0IM HNO,, the D, _ value at this low acidity is a more sensitive
indicator of their presence. In some cases, the distribution ratios were used to derive concentrations of
CMPO remaining in degraded solvent. These concentrations were then used to develop mathematical
expressions for the change of CMPO concentration per unit radiation dose and thus to derive G values.
Concentrations of CMPO derived from measurements of D,  were also used to calculate hydrolysis rates
for CMPO.

Either radiolysis or hydrolysis of the TRUEX-NPH solvent in contact with aqueous nitric acid is
accompanied by changes in the acidities of both the organic and the aqueous phases. This phenomenon
was investigated in this effort by measuring the acidities of the solvent and the acid phase that had been in
contact with it. These data were obtained from titration of samples of the aqueous phases and samples of
water washes of the nitric-acid-loaded TRUEX-NPH solvent.

The HLW to which the TRUEX process will be applied contains a number of nonTRU elements.
The effect of solvent degradation on the extraction behavior of these elements was briefly investigated in
the present study. Samples of solvent degraded to varying extents during contact with a simulated
aqueous HL.W solution, CAW, were analyzed for several nonTRU elements initially present in the CAW.
The composition and the preparation method for this solution are described in Appendix A.

*The values of D Am used in this discussion are the ratios of the concentration of americium in the
organic phase to its concentration in the agueous phase.



II. SUMMARY

During operations to extract TRU elements from aqueous HLW, TRUEX-NPH solvent will
undergo radiolysis and hydrolysis. These reactions could affect operation of the TRUEX process in two
general ways. (1) The concentration of CMPO will decrease, causing a decrease in the extractive ability
of the TRUEX-NPH solvent. (2) If the acidic degradation products are not removed, their strong
extractive properties at low aqueous-phase acidities would prevent the stripping of the traces of Am and
Pu from the solvent that is to be recycled. The effects of these reactions on the extraction performance of
the solvent have been studied in laboratory-scale tests.

Samples of solvent were degraded by radiolysis or hydrolysis while in contact with aqueous
solutions. Subsequent measurements of distribution ratios of americium between degraded solvent and
aqueous 2M HNO, were used as an analytical tool for determining the extent of solvent degradation.

Hydrolyzed solvent samples were prepared by exposing solvent to aqueous solutions of several
different compositions at 50, 70, and 95°C for times up to 800 h. The aqueous solutions included 0.25,
2.5, and 6.0M HNO,, as well as two solutions simulating a Hanford waste stream and containing a
mixture of metal ions and nitric acid concentrations of 1.6 and 2.6M (CAW). Radiolyzed solvent samples
were prepared by exposing them to gamma radiation while in contact with the same set of aqueous
solutions at a constant temperature of 50°C.

In the measurements of D,  between degraded solvent and nitric acid, three acid concentrations
were used: 0.01, 0.05, and 2.0M. At the highest acid concentration, distributions were apparently
controlled by CMPO. Therefore, distribution ratios at 2.0M HNO, were used to follow the CMPO
concentration as a function of dose absorbed by the solvent.

The effects of solvent radiolysis are expressed by representing D, as a function of absorbed
radiation dose and by deriving a radiation chemical yield (G value) for the radiolytic destruction of
CMPO. Values of D,  for solvent degraded by radiolysis at HNO, concentrations of 0.01, 0.05, and
2.0M are mathematically represented as a function of absorbent dose.

Derived from the assumed relation of D, %% to CMPO concentration, G values for radiolytic
destruction of CMPO can be represented as a function of n, the exponent used in relating D, to the nth
power of the CMPO concentration: G = 1.86 %523 molecules/100 eV = 1.94 x 107 n %83 mo1 J1. If
D Am2'° is assumed to be proportional to the third power of the CMPO concentration, then the G value
derived from these data is 0.76 molecules/100 eV (7.9 x 108 mol J!). The effects of solvent hydrolysis
are mathematically represented by D,  as a function of Kelvin temperature, time, and aqueous hydrogen
ion activity, as well as by a rate law for the hydrolytic destruction of CMPO. The expressions for
radiolysis and hydrolysis have been combined to give expressions for CMPO concentration in the
degraded solvent and also for the D,  that would be obtained with the degraded solvent as a function of

the number of process stages and the parameters used in describing radiolysis and hydrolysis.

Sample calculations were completed using typical process parameters and the expressions derived
for calculating values of D, = and CMPO concentration. The results indicate that the value of D Am'°5
increases about 1% during one process cycle (i.e., extraction, scrub, strip, and rinse). The much larger
change of about 30% obtained in similar calculations for D Am'm is consistent with the fact that the acidic
products of CMPOQ degradation are more powerful at low acidities. Similar calculations indicate that the
fraction (zf CMPO decomposed at the end of 100 cycles, corresponding to about one year of processing, is
8.6x 10,



The effectiveness of removing the products of CMPO degradation from TRUEX-NPH solvent by
washing was tested on samples of solvent that had been exposed to radiolysis or hydrolysis. The
americium distribution ratios when the solvent is equilibrated with 0.01M (D, ') and 0.05M (D, %)
HNO,, generally increase with the extent of degradation, presumably from the formation of acidic
degradation products that are powerful extractants. Washing the degraded solvent with aqueous carbonate
generally decreases the D, = values obtained with solvent that has been subjected to hydrolysis or
radiolysis. For systems hydrolyzed at 50°C, the D Am SHows little dependence on hydrolysis time,
regardless of whether the degraded solvent was washed with carbonate or not. This behavior is expected
since the rate of hydrolysis is low at 50°C. Inmany cases, the final values of D, % are not much greater
than the initial D, value. The D, " values, which are more sensitive indicators of the presence of
acidic extractants, are lowered by carbonate washing, but they are still greater than the corresponding
initial D Am'm value. Thus, carbonate washing is generally not 100% effective. For radiolysis of solvent
in contact with 0.25M HNO,, washing with carbonate solution is more effective in restoring D,  to the
value characteristic of nondegraded solvent (i.e., D Amo) than for radiolysis of solvent in contact with 2.5
or 6.0M HNO,. For dose rates greater than about 30 Wh/L., D 01y alues depend on the concentration
of acid in contact with solvent during irradiation in the order 6.0 > 2.5 > 0.25M acid. Values for D Am.os
show similar behavior.

As the degradation of TRUEX-NPH solvent in contact with aqueous solution proceeds, the
acidities of both phases also change. Several organic-aqueous pairs were subjected to radiolysis or
hydrolysis, and the acidity changes were measured. For radiolysis, the hydrogen ion concentration in
aqueous HNQ,, 2.5 or 6M before equilibration with the solvent, increases with dose absorbed by the
solvent. This increase can be expressed as a G value of 6.1 x 10'® hydrogen ions J! (0.98 hydrogen
ions/100 eV). For hydrolysis, the hydrogen ion concentration in solvent contacting aqueous HNO,
decreases with hydrolysis time. This behavior has not been represented mathematically, but two trends
are evident: (1) the hydrogen ion concentration in the solvent decreases to a level that remains
approximately constant after about 200 h, and (2) the final concentrations are inversely related to
temperature.

For some of the TRUEX-NPH samples that were degraded in the presence of simulated CAW, the
organic phase was analyzed to provide observations of the effect of solvent degradation on extraction
behavior of the nonTRU elements in wastes. The concentrations of nonTRU elements in the organic
phase were graphically correlated with hydrolysis time (i.e., the extent of solvent degradation). It was
found that the elements present in the simulated CAW solutions fell into two general types: either the
concentrations are measurable and can be represented as a function of hydrolysis time, or they are so low
as to permit their expression only as maximum values that do not vary with hydrolysis time and do not
depend regularly on temperature.

Elements that have measurable concentrations in CAW solutions include several rare earths: Y, La,
Ce, Pr, Sm, and Eu. Some generalities can be expressed: (1) their concentrations are inversely dependent
on hydrolysis temperature, (2) at a constant hydrolysis temperature, their concentrations are inversely
dependent on acid concentration, with the solutions hydrolyzed by 1.6M acid showing greater
concentration values than those hydrolyzed by 2.6M acid, and (3) the concentrations are little affected by
solvent degradation, declining slightly as hydrolysis time (extent of solvent degradation) increases. The
elements Al, Fe, and Zr have measurable concentrations, but the shapes of the graphs of concentration
versus time differ from those of the rare earths; generalities are not obvious.

Elements that have very low concentrations include Ag, Ca, Mg, Rh, Ru, Cr, Ni, Sr, Mn, Be, Cd,
Pd, Cu, Mo, Ba, and Ti. The values are generally about the same for 1.6M as for 2.6M acid, and



considering the limitations of the analysis for these elements, small differences should not be considered
significant. These maximum concentrations range from about 1 x 1075 to about 2 x 10M.



III. RADIOLYSIS OF TRUEX-NPH SOLVENT

To determine the effects of radiolysis on TRUEX-NPH solvent, samples of it in contact with
aqueous solutions of five different compositions were exposed to gamma radiation at 50°C. After
receiving doses of about 3.0 x 10 to 8.5 x 10° Gy (7 to 200 Wh/L), solvent samples were then used to
measure the distribution of Am-241 (III) at 25°C between degraded solvent and aqueous nitric acid
solutions of three concentrations: 0.01, 0.05, and 2.0M. The resulting values of D, %', D, %, and

D Am2'° were used as indicators of the effects of solvent degradation.

A. Experimental

The solutions in contact with solvent samples during irradiation included five different
compositions: 0.25M HNO,, 2.5M HNO,, 6.0M HNO,, simulated CAW containing 1.6M HNO,, and
simulated CAW containing 2.6M HNO,. The CAW used here, prepared from a number of salts and acids,
simulates an actual HLW stream at the Hanford site. Its composition is described in Appendix A.

Radiolysis of TRUEX-NPH solvent in contact with aqueous solutions was carried out by exposure
to a Co-60 source in a hot cell. During irradiation, the solutions were contained in thermostated beakers
fitted with water condensers and clad in jackets that provided a constant temperature of 50°C. Each
vessel contained equal volumes of the TRUEX solvent and an aqueous solution, which were mixed
vigorously during the irradiation. The organic solutions were not pre-equilibrated before contact with the
aqueous solution. Samples of both aqueous and organic solutions were removed from the flask
periodically during exposure, after the source had been shut down and the hot cell entered. Samples
(2 mL) of the organic solvent were washed twice with distilled water (organic/aqueous volume ratio equal
to 1) and pre-equilibrated with the appropriate acid solution three times at an O/A ratio of 1/3. An equal
volume of the appropriate acid solution was contacted with the solvent, and a spike (5 yL.) of Am-241 was
added. Before being separated, the solutions were given three 20-s contacts, with 2-min temperature
equilibrations in between. Aliquots of the solutions were counted with a sodium iodide detector for the
59.5keV Am-241 gamma.

Solvent samples were exposed to doses of 3.0 x 1010 8.5 x 10° Gy (7 to 200 Wh/L). The dose
was measured by glass dosimetry. The glass dosimeters had been calibrated against a Fricke dosimeter to
indicate absorbed dose rates in erg/g H,O. A glass dosimeter was located at the outer surface of the wall
for each of four vessels holding the solutions during irradiation. In each case, the dosimeter was on the
wall facing the radiation source; it was thus located between the source and the vessel. The dose rates
indicated by these four dosimeters ranged from 6.1 x 107 to 7.5 x 107! Gy s (2.2 t0 2.7 x 10° rad/h), with
an average of 6.9 x 101 Gy s (2.5 x 10° rad/h). That average,! wever, may be somewhat higher than
the actual dose, considering attenuation by the vessel wall and the solution.

On one of the vessels, dosimeters were placed at the wall facing the source and also at the opposite
wall. The dosimeter at the wall facing the source read 6.1 x 10! Gy s1 (2.2 x 10° rad/h), while the
dosimeter at the opposite wall, measuring radiation that had traversed both walls and the solution, read
2.4x 10" Gy s! (0.87 x 10° rad/h). From this difference, it is estimated that the actual absorbed dose rate
for the solutions could be 20 to 30% less than the average reading at the walls facing the source. The
calculation of the dose absorbed by the solvent takes into account the difference in electron concentrations
of the aqueous and organic phases. Thus, the energy absorbed per gram of solvent per rad is derived from
the ratio of electron concentration of the TRUEX-NPH to that of water. That is,



100 erg/g (H,0)-rad x (477/555) =
85.9 (erg) (g solvent) !(rad)’! ' (I11-1)

Furthermore, the density of the solvent, 0.845 g/mL, rather than the average density of the organic
and aqueous phases, was used for the dose calculation. Therefore, the absorbed dose rate during these
irradiations was

(2.5 x 10° rad/h) x (85.9 erg/g solvent-rad) x (1 x 107 W-s/erg) x (h/3800 s)
x (0.854 g/mL) x (10%® mL/L) = 8.0 x 107! Gy s! (0.51 W L) (I11-2)

B. Results

The results of these observations are presented in the form of D, _ as a function of absorbed dose.
Figure I1I-1 shows, as a function of dose received, coefficients for distribution of Am between aqueous
nitric acid of the three concentrations and samples of TRUEX-NPH solvent that had received varying
doses of gamma radiation while in contact with 0.25M HNO,. Similar representations of D, _as a
function of dose received by solvent are given for solvent radiolyzed in contact with 2.5M HNO,

(Fig. I1I-2), 6.0M HNO, (Fig. III-3), simulated CAW containing 1.6M HNO, (Fig. III-4), and CAW
containing 2.6M HNO, (Fig. III-5). These figures indicate that increases in dose received by the solvent
cause D,  to increase in subsequent distribution tests involving 0.01M HNO, and 0.05M HNO,. In
contrast, for distributions involving 2.0M HNO,, increasing the dose over the same range decreases D, .
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Fig. I-1. Dependence of D, ', D, %, and D, %°on Dose Received by Solvent
during Previous Irradiation at 50°C in Contact with 0.25M HNO,
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C.  Mathematical Expressions for D, as a Function of Dose

Expressions that will permit the calculation of D,  for a given dose were derived by correlating the
observed values of D,  with the measured doses. A separate expression was derived for each of the three
acid concentrations (0.01, 0.05, 2.0M) used in the measurements of distribution of americium between
degraded solvent and nitric acid. The D,  values for any one of these three do not show a perceptible
dependence on the concentration of acids that were in contact with the solvent during irradiation.
Therefore, in deriving expressions for D Am'm as a function of dose, the data obtained for the five solutions
containing HNO, in contact with solvent during irradiation were combined. Similar combinations were
used in deriving expressions for D, % and D, % as a function of dose.

1. Expression for D, ! as Function of Dose

At a constant absorbed dose rate, the rate of change of the D value is treated as a constant as
follows:

-k (II1-3)

In Eq. II-3, k%' = k0! (P), where P is the absorbed dose rate.

The integrated form of Eq. III-3 is

.01 _ .01 , . .01
Dim_ = Dan * ko (®) (III-4)
By substitution,
.01 _ .01 _ .’.01
Dip = Dpm_ * K/ (P) (v) (III-5)

(o]

The value of D, _ *! was obtained from the average of D, ' values obtained with fresh TRUEX-NPH

solvent listed in Aoppendix B. The value of k%! was evaluated from the dependence of measured values
of D Am'm on absorbed dose (dose rate multipiied by time, P+T) for samples of irradiated solvent.

The expression for distributions at 0.01M HNO, is

D;:%1 = 0.0115 + k£°1 (P) (t) (III-8)

Am

where k%' = 5.64 x 10° L W s1(0.203 L W h) and P = absorbed dose rate to solvent, W L.

In Fig. I1I-6, empirical values of D, %' can be compared with the line representing D, '
as a function of dose calculated by Eq. III-6.



12

60

50 +

40 A

30

me.OI

20 A

10

0 100 200 300
Absorbed Dose, Wh/L

Fig.II-6. D, %! as Function of Dose Received by Solvent.
Comparison of calculated values represented by the
line with observed values represented by points.

2. Expression for D, % as Function of Dose

The expression for distribution ratios at 0.05SM HNO, derived as described for D, ! above
is

D% = 0.231 + k_"% (@) (&) (I1I-7)

where k' =8.78 x 106 L W15 (0.0316 L W' hY).

Figure III-7 permits a comparison of empirical values of D, % with a line representing D, _“as a
function of dose calculated by Eq. III-7.

3. Expression for D, 2 and Calculation of Radiation Chemical Yield for CMPO Destruction

It is assumed that irradiated solvent contains residual CMPO and degradation products, all
capable of affecting the distribution of Am between degraded solvent and aqueous solution. At high acid
concentration, however, the extraction capacity of the acidic products of CMPO degradation is repressed.
Thus, the acid concentration of the aqueous phase determines whether CMPO or degradation products
control the distribution. At high acid concentrations (2.0M), D,  decreases from its initial value as the
dose absorbed by solvent increases, indicating that the distribution is controlled by an extractant, present
initially, whose concentration decreases with dose absorbed by the solvent. Therefore, the distribution
results at 2.0M HNO, were assumed to reflect the extraction of Am by CMPO, and the D Amz.o values
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along with the relation between D, = and CMPO concentration were used to calculate values of radiation
chemical yield (G values) for the destruction of CMPO.

- T T T r
0 100 200 300

Absorbed Dose, Wh/L

Fig. 1I-7. D Am‘°5 as Function of Dose Received by Solvent. Comparison
of calculated values represented by the line with observed
values represented by points.

The G value can be considered to be a component of a zero-order rate law describing the decrease
of CMPO concentration with time:

—-:—% = constant = (G) (M) (P) (III-8)
where C = concentration of CMPO
P = absorbed dose rate to solvent

t irradiation time

G = radiation chemical yield

M = a dimensional conversion factor

The G value determined in this work can be used to predict the effects of radiation on TRUEX
processing by calculating the concentration of CMPO remaining in NPH solvent after it has been in
contact for a given time period with high-level liquid waste that would subject the solvent to a given
absorbed dose rate. Thus, from the integrated form of Eq. I1I-8,
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C=C_ - (G)M (P)(L) (111-9)

where C0 = initial concentration of CMPQO, or

—_— =1

c  _ _ (G) (M (P) (b) (IT1-10)
C

(o] (o]

The parameter that was measured, D, , is proportional to the n'? power of CMPO concentration.
Therefore,

D 1/n
%_ _ _D_A_m -1 - (Gz}(P) ) (TTI-11)
o Am o
[e]
or
Di;xo 1/n
2.0]1/n _ 2.0|1/n o B
D, = DAmo T () (M) (P) (&) (I1I-12)
20 _
where DAmo = 30.7
C, = 02mol L
G = radiation chemical yield, molecules (100 ev)!
M = 3.73 x 10 (100 eV) W' h! mol molecule™
P = absorbed dose rate, W L
t = time, h
or G = radiation chemical yield, mol J!
M = 1Jwlgt
t = time, S

Thus, G values can be calculated from the linear relation between (D, >%)!and absorbed dose for any
assumed value of n. Other studies [CHIARIZIA, NASH] have indicated that the value of n is about 3. In
Fig. 11I-8, (D, _>%"? is shown as a function of absorbed dose. These data can be represented by

[Di;lo] 173 23131 - 620 @) (v (TTI-13)
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Fig. II-8. (D, _2%"? as Function of Dose Received by Solvent.

Comparison of calculated values represented by the
line with observed values represented by points.

where k20 = 123x 10°L Wls? (4438 x 10° L W'h'h).

The G value associated with the slope of the line representing calculated values is 7.9 x 10 mol J*!
(0.76 molecules per 100 eV). Since the value of n, although uncertain, is believed to be about 3, similar
calculations of the G value were made for radiolytic destruction of CMPO for assumed values of n
ranging from 1 through 5; the calculated G values are presented in Fig. III-9.

2.0
= 1.5 -
() - . -
b 2 X
= 3
S = 8 ] s
23
£ €3 101 -

7]

E=N-1 ] 1 L
o3 -
=" 8 ]
c = 9
Do @ b
< - -
5 o g 0.5.
<
[

0.0 . . . .

1 2 3 4 5
Exponent, n

Fig. III-9. Radiation Chemical Yield for the Radiolysis of CMPO in
TRUEX-NPH Solvent for Five Values of n (the exponent
for dependence of D Am 01 CMPO concentration)
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IV. HYDROLYSIS OF TRUEX-NPH SOLVENT

The hydrolysis of TRUEX-NPH solvent was studied for the temperature range 50-95°C. The
hydrolytic agents were aqueous solutions of the same compositions as those used in the radiolysis
investigations (Sec. III). As in the radiolysis studies, the effects of solvent degradation were assessed by
measuring the D,  between degraded solvent and aqueous nitric acid.

A. Experimental

Samples of TRUEX-NPH solvent were stirred in contact with equal volumes of aqueous solutions
at 50, 70, and 95°C for time periods ranging from about 24 h up to about 800 h. The solutions included
0.25, 2.5, and 6.0M HNO,, plus two CAW solutions, with nitric acid concentrations of 1.6 and 2.6M.
Additional details on the CAW solution are given in Appendix A. The beakers containing the solutions
were water-jacketed to provide constant temperatures and were also fitted with water-cooled condensers.

Samples of solvent were removed at the end of successive time periods, and the D, = was measured
at 25°C for hydrolyzed solvent and aqueous nitric acid of three concentrations: 0.01, 0.05, and 2.0M.
The procedures for measurement of D,  with solvent degraded by hydrolysis were the same as those
described in Sec. IIL A. for measuring D, - with solvent degraded by radiolysis.

B. Results

The D, values obtained by distribution of Am between hydrolyzed solvent and the three aqueous
nitric acid solutions are presented graphically as a function of hydrolysis time in Figs. IV-1 through
IV-15. The general pattern of behavior shown in these figures is similar to that observed with radiolysis.
That is, at a given temperature, D, ' and D, - increase with solvent degradation, while D, %9
decreases as solvent degradation proceeds.

100 4 ! L

—(O— Dp,-01

—_— DAm.OS

—— Dy, 2-0

Trvrny

LA ALLL |

; r ‘ . . r
0 200 400 600 800 1000
Time, h

Fig. IV-1. Dependence of D, !, D, %, and D,_29on Hydrolysis Time for TRUEX-NPH
Solvent Previously Hydrolyzed by 0.25M HNO, at 50°C
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Fig. IV-2. Dependence of D, !, D, ‘%, and D, 2 on Hydrolysis Time for TRUEX-NPH
Solvent Previously Hydrolyzed by 2.5M HNO, at 50°C
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Time, h

Fig. IV-3. Dependence of D, ', D, %, and D, *°on Hydrolysis Time for TRUEX-NPH
Solvent Previously Hydrolyzed by 6.0M HNO, at 50°C
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Fig. IV-4. Dependence of D, LD Am 5, and D, 0 on Hydrotysis Time for TRUEX-NPH
Solvent Previously Hydrolyzed by Slmulated CAW Containing 1.6M HNO, at 50°C
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Fig.IV-5. Dependence of D, ', D, ‘*®, and D, 2 on Hydrolysis Time for TRUEX-NPH
Solvent Previously Hydrolyzed by Sunulated CAW Containing 2.6M HNO, at 50°C
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Fig. IV-6. Dependence of D, 9!, D, %, and D, 2°on Hydrolysis Time for TRUEX-NPH
Solvent Previously Hydrolyzed by 0.25M HNO, at 70°C
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Fig. IV-7. Dependence of D, ', D, %, and D, *°on Hydrolysis Time for TRUEX-NPH
Solvent Previously Hydrolyzed by 2.5M HNO, at 70°C
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Fig. IV-8. Dependence of D, 9!, D, ‘%, and D, 2°on Hydrolysis Time for TRUEX-NPH
Solvent Previously Hydrolyzed by 6.0M HNO, at 70°C
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Fig. IV-9. Dependence of D, 9!, D, %, and D,_2on Hydrolysis Time for TRUEX-NPH
Solvent Previously Hydrolyzed by Simulated CAW Containing 1.6M HNO, at 70°C
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Fig. IV-10. Dependence of D, 9!, D, %, and D, 2°on Hydrolysis Time for TRUEX-NPH
Solvent Previously Hydrolyzed by Simulated CAW Containing 2.6M HNO, at 70°C
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Fig. IV-11. Dependence of D, !, D, %, and D, 2 on Hydrolysis Time for TRUEX-NPH
Solvent Previously Hydrolyzed by 0.25M HNO, at 95°C
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Fig. IV-12. Dependence of D, !, D, %, and D, 2 on Hydrolysis Time for TRUEX-NPH

Solvent Previously Hydrolyzed by 2.5M HNO, at 95°C
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Fig. IV-13. Dependence of D, %', D,_9° and D, 2 on Hydrolysis Time for TRUEX-NPH

Solvent Previously Hydrolyzed by 6.0M HNO, at 95°C
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Fig. IV-14. Dependence of D, !, D, 9, and D, 2 on Hydrolysis Time for TRUEX-NPH
Solvent Previously Hydrolyzed by Simulated CAW Containing 1.6M HNO, at 95 °'C
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Fig. IV-15. Dependence of D, %!, D, % and D, 2°on Hydrolysis Time for TRUEX-NPH
Solvent Previously Hydrolyzed by Simulated CAW Containing 2.6M HNO, at 95°C



24

C.  Mathematical Expressions for D, ' and D, %

According to a previous study [NASH], the products of CMPO degradation include neutral and
acidic species. The dependence of D, ' and D, on hydrolysis time cannot therefore be related to the
concentration of a single extractant species.

The increase of D, ' and D, _-® as solvent degradation proceeds as shown in Figs. IV-1 through

IV-15 is assumed to result from the increasing concentration of the acidic degradation products of CMPO,
which control the extraction in the presence of 0.01 or 0.05M nitric acid.

1. Mathematical Expression for D, !

Using the data obtained in this work, the change of D Am")l with time appears to be best
represented by assuming that it is independent of extractant concentration at early stages of the hydrolysis
for a time up to about 100 h. This change is mathematically expressed as

.01
dD
Am .01
dt =k (IV-1)
which has the integrated form
.01 .01 .01
D, " =D, + kot (IV-2)

Therefore, values of k, ‘%! are determined from graphs of D, ! versus t. Figures IV-16 through IV-30
show the experimental values for D Am"“ for a given combination of temperature and hydrolytic agent as a
function of hydrolysis time. Each figure also shows the line used to represent those values, whose slope
was taken to be the value of kh'O‘. Because solvent will receive brief exposure to hydrolytic conditions
during processing, the times shown in the figure are limited to <150 h. Furthermore, k %' is correlated
with the acidity of the aqueous solution in contact with the solvent during hydrolysis:

K .01 -k .01 + k .01 {H} (1V-3)

Values of kh;m and k. “*' were determined from graphs of k,*! as a function of acidity.
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Fig.IV-16. GraphofD, 1 versus Hydrolysis Time Using 0.25M HNO, at 50°C.
Slope of hne represents value of k, - 01 ysed for Eq. IV-2.
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Fig. IV-17. Graphof D, ! versus Hydrolysis Time Using 2.5M HNO, at 50°C.
Slope of hne represents value of k- 0l ysed in Eq. IV-2.
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Fig. IV-18. Graph of D, ! versus Hydrolysis Time Using 6.0M HNO, at 50°C.
Slope of line represents value of kh‘o1 used in Eq. IV-2.
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Fig. IV-19. Graph of D, "' versus Hydrolysis Time Using Simulated CAW
Containing 1.6M HNO, at 50°C. Slope of line represents
value of k, ! used in Eq. IV-2.
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Fig. IV-20. Graph of D, ‘! versus Hydrolysis Time Using Simulated CAW
Containing 2.6M HNO, at 50°C. Slope of line represents
value of k, ®! used in Eq. IV-2.
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Fig. IV-21. Graph of D, ! versus Hydrolysis Time Using 0.25M HNO, at 70°C.
Slope of line represents value of k, ' used in Eq. IV-2.
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Fig. IV-22. Graphof D, ! versus Hydrolysis Time Using 2.5M HNO, at 70°C.
Slope of line represents value of k, ! used in Eq. IV-2.
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Fig. IV-23. Graph of D, ! versus Hydrolysis Time Using 6.0M HNO, at 70°C.
Slope of line represents value of k, ! used for Eq. IV-2.
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Fig. IV-24. Graph of D, %! versus Hydrolysis Time Using Simulated CAW
Containing 1.6M HNO, at 70°C. Slope of line represents
value of k, ! used for Eq. IV-2.
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Fig. IV-25. Graph of D, ! versus Hydrolysis Time Using Simulated CAW
Containing 2.6M HNO, at 70°C. Slope of line represents
value of k, %! used for Eq. IV-2.



30

0.04
0.03 4 »
—i
<
< 1
a
0.02 4 5
0.01 ] T I T l v ‘ L3
0 20 40 60 80
Time, h

y=1.148%e-2 + 3.58%4e-4x

Fig. [V-26. Graphof D, ! versus Hydrolysis Time Using 0.25M HNO, at 95°C.
Slope of line represents value of kh'01 used for Eq. IV-2.

80 2 | x 1 2 1

60 - -
i
<
£ 404 B
[

20 L

07 i i v I M i v

0 20 40 60 80

Time, h y = - 1.1395e-2 + 0.78690x

Fig. IV-27. GraphofD Am'm versus Hydrolysis Time Using 2.5M HNO, at 95°C.
Slope of line represents value of kh'o1 used for Eq. IV-2.
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Fig. IV-28. Graph of D, " versus Hydrolysis Time Using 6.0M HNO, at 95°C.
Slope of line represents value of k, ! used for Eq. IV-2.
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Fig. IV-29. Graph of D, ! versus Hydrolysis Time Using Simulated CAW
Containing 1.6M HNO, at 95°C. Slope of line represents
value of k, ! used for Eq. IV-2.
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Fig. IV-30. Graph of D o ! versus Hydrolysis Time Using Simulated CAW
Containing 2.6M HNO, at 95°C. Slope of line represents
value of k, ¥ used for Eq. IV-2.

Figures IV-31 through IV-33 show the graphs used in determining values of kh;'o‘
(y-intercept) and k;*! (slope of line) for 50, 70, and 95°C. Their values were then used to obtain k, ',

Combining Egs. IV-2 and I'V-3 gives

o0l _ . ’.01 ’.0
0o =0 . [k 01, 4 -0l {H}]t (IV-4)

.01
, -E"“"/RT
.01 .01
ky, = A e ©° (IV-5)
[o]
, .01
kh.01 - 401 cE T/RT (IV-8)

Values of A ! and E ! were determined from the graph of -In k; ®! as a function of 1/T, shown in
Fig. IV-34. Values of A and E¥! were determined from a graph of -In k%! as a function of 1/T, shown
in Fig. IV-35.
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Fig. IV-31. Graph of k, 01 yersus Activity of HNO, in Aqueous Solution Used
as Hydrolync Agent at 50°C. ForEq. IV 3 intercept at y axis
determines k, "0l and slope determines k;
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Fig. IV-32. Graph of k, ®! versus Activity of HNO, in Aqueous Solution Used
as Hydrolync Agent at 70°C. ForEq. IV 3, intercept at y axis
determines k, "0l and slope determines k, !.
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Fig. IV-33. Graph of k, ' versus Activity of HNO, in Aqueous Solution Used
as Hydrolytic Agent at 95°C. ForEq. IV-3, intercept at y axis
determines k, °! and slope determines k, *'.
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Fig. IV-34. Correlation between Temperature and Rate Constant k, ' For
Eq. IV-5, intercept at y axis determines A °' and slope determines E_°'.
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Fig. IV-35. Correlation between Temperature and Rate Constant k,*'. For
Eq. IV-6, intercept at y axis determines A%! and slope determines E!.

Combining Eqgs. IV-5 and IV-6 with Eq. IV-4 yields

-£;1/RT .01
p; 01 - p % 4+ A% . + 401 TETRT e (IV-7)
o
where D, = 00115
A% = 697x10%s7(2.508 x 108 h)
A9 = 130x10°L s mol™! (4.686 x 10° L mol'' h'!)
E% = 620x10%Jmol" (1.481 x 10* cal mol ™)
E® = 594x10%Jmol’ (1.417 x 10* cal mol?)
{H} = activity of hydrogen ion in aqueous solution in equilibrium with solvent,
mol L
R = 8.323 I mol™ deg™! (1.987 cal mol! deg™)
T = temperature, degrees Kelvin
t = time, s (h)

Experimental values of D Am'm and values calculated by Eq. IV-7 are plotted in Fig. IV-36.
It was found that differences between calculated and observed values of D, %! could be minimized by
using the activity of HNO, in the feed for {H} in determining the constants for Eq. I'V-3, but using the
activity of the hydrogen ion for {H} when calculating D Am'°1 from Eq. IV-7.
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Fig. IV-36. Comparison of Calculated Values for D Am'm with Observed Values Obtained
with Solvent Degraded by Hydrolysis at 50-90°C. The points are determined by
the number pairs (D, observed, D, ' calculated). The line is determined
by the condition D, ! observed = D A Calculated.

2. Mathematical Expression of D, %

A method similar to that used to derive an expression for D, ! was used to derive one for
D, %. Byanalogy to Eq. IV-1,

.05
d D, _ .05 (IV-8)
dt ky,
which has the integrated form
.05 _ .05 .05 2
DAm = DAmo + kh t (IV-9)

Therefore, values of k, % were determined from correlations of D > with t. Figures IV-37 through
IV-51 show the experimental D Am'°5 values for a given combination of temperature and hydrolytic agent
as a function of hydrolysis time. Each figure also shows the line used to represent those values, whose
slope was taken to equal k, . The correlation of k, ‘%5 with acidity in the aqueous solution in contact with
the solvent during hydrolysis is expressed similarly to Eq. IV-3 as follows:

h {H} (IV-10)
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Fig. IV-37. Graphof D Am'°5 versus Hydrolysis Time at 50°C with 0.25M HNO,.
The slope of the line was used to determine k, % for Eq. IV-9.
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Fig. IV-38. Graph of D, % versus Hydrolysis Time at 50°C with 2.5M HNO,.
The slope of the line was used to determine k, % for Eq. IV-9.
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Fig. IV-39. Graph of D, % versus Hydrolysis Time at 50°C with 6.0M HNO,.
The slope of the line was used to determine k, % for Eq. IV-9.
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Fig. IV-40. Graph of D, % versus Hydrolysis Time at 50°C with Simulated
CAW Containing 1.6M HNO,. The slope of the line was used to
determine k, % for Eq. IV-9.
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Fig. IV-41. Graph of D, ‘% versus Hydrolysis Time at 50°C with Simulated
CAW Contauung 2.6M HNO,. The slope of the line was used to
determine k, ‘% for Eq. IV-9.
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Fig.IV-42. GraphofD, 5 versus Hydrolysis Time at 70°C with 0.25M HNO,.
The slope of the line was used to determine k; 05 for Eq. IV-9.
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Fig. IV-43. Graphof D Am'°5 versus Hydrolysis Time at 70°C with 2.5M HNO,.
The slope of the line was used to determine k, % for Eq. IV-9.
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Fig. IV-44. Graph of D, _-% versus Hydrolysis Time at 70°C with 6.0M HNO,.
The slope of the line was used to determine kh-‘)5 for Eq. IV-9.



41

DAm-05

0 T T T T \ T T T T
0 20 40 60 80 100

Time, h y = 0.23476 + 9.7752e-2x

Fig. IV-45. Graphof D Am.os versus Hydrolysis Time at 70°C with Simulated
CAW Containing 1.6M HNO,. The slope of the line was used to
determine k,  for Eq. IV-9.
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Fig. IV-46. Graph of D Am.os versus Hydrolysis Time at 70°C with Simulated

CAW Containing 2.6M HNO,. The slope of the line was used to
determine k, % for Eq. IV-9.
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Fig. IV-47. Graph of D Am‘°5 versus Hydrolysis Time at 95°C with 0.25M HNO,.
The slope of the line was used to determine kh'°5 for Eq. IV-9.
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Fig. IV-48. GraphofD Am'°5 versus Hydrolysis Time at 95°C with 2.5M HNO,.
The slope of the line was used to determine k, % for Eq. IV-9.
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Fig. IV-49. Graphof D Am'°5 versus Hydrolysis Time at 95°C with 6.0M HNO,.
The slope of the line was used to determine kh"’5 for Eq. IV-9.
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Fig. IV-50. Graph of D Am'°5 versus Hydrolysis Time at 95°C with Simulated
CAW Containing 1.6M HNO,. The slope of the line was used to
determine k, %% for Eq. IV-9.
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Fig. IV-51. Graphof D Am.os versus Hydrolysis Time at 95°C with Simulated
CAW Containing 2.6M HNO,. The slope of the line was used to
determine k, - for Eq. IV-9.

Figures IV-52 through IV-54 show the linear correlations of k, %% with {H} used to determine values of
k, %5 (y-intercept) and k, ** (slope) for 50, 70, and 95°C. These values could be substituted into
o

Eq. IV-10 for subsequent calculations of values of k, *°. For all three temperatures, the correlation

coefficient k, ‘% is a very small number; therefore, for each of the three temperatures, 05 was assigned

a value of zero, and the intercept, k;, 05, was taken to be the average of the values of k, > obtained for the
[s)

five aqueous solutions. Combining Egs. IV-9 and IV-10 yields

05

D;2 =D£i + [kho'°5+ k% {H}]t (IV-11)

but since k,-% = 0, the expression becomes

.05 _ .05 ’.0
D;p _DAmo + [kho it (IV-12)

The values of kh"05 for 50, 70, and 95°C were correlated with temperature by an Arrhenius relation:
(o]

.05
, -E-% /R
k9% = £ e (IV-13)
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Fig. IV-52. Graph of kh‘05 versus Activity of Hydrogen Ion in Aqueous

Solution Used as Hydrolytic Agent at 50°C. For Eq. IV-10,

intercept at y axis determines kh;°5 and slope determines k, ‘%%,
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Fig. IV-53. Graph of k%% versus Activity of Hydrogen lon in Aqueous
Solution Used as Hydrolytic Agent at 70°C. For Eq. IV-10,

intercept at y axis determines kh;°5 and slope determines k, “%.
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Fig. IV-54. Graph of kh'o5 versus Activity of Hydrogen Ion in Aqueous
Solution Used as Hydrolytic Agent at 95 °C. ForEq.IV-10,
intercept at y axis determines khv'°5 and slope determines k, %.

Values of A% and E_ % were determined from the correlation of -In k, “® with 1/T, shown graphically in
[e]
Fig. IV-55. Combining Eq. IV-12 and IV-13 gives

Am_ - t (IV-14)

.05
-E:%5 /BT
:05 _ .05 [A.os JE ]
where D, 0 = 0231

AD = 502x10%s1(2.131x10%hY)
E® = 501x10*Imol!(1.197 x 10* cal mol™)

Experimental values of D Am.os are compared with values calculated by Eq. IV-14in
Fig. IV-56.
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Fig. IV-55. Correlation between Temperature and the Rate Constant kh"o5 . For
Eq. IV-13, intercept at y axis determines A % and slope defermines E _%.
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Fig. IV-56. Comparison of Calculated Values for D,_® with Observed Values Obtained
with Solvent Degraded by Hydrolysis at 50-95°C. The points are determined by
the number pairs (D Am'°5 observed, D Am.os calculated). The line is determined
by the condition (D, _*** observed = D A calculated).
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3. Rate Law for Hydrolysis of CMPO

The D,  values for distribution at 2.0M decrease with time of hydrolysis. From this
behavior, it is inferred that the distribution at 2.0M HNO, is controlled by an extractant, initially present,
whose concentration decreases as hydrolysis proceeds, namely, CMPO. Therefore, the D,  values for
distribution of Am between degraded solvent and 2M HNO, were assumed to be a function of CMPO
concentration and were used to derive expressions for its hydrolysis rate.

One of the general characteristics of the graphof D, | with time at 2.0M HNO, is that the
slope decreases with time, suggesting that the destruction rate decreases as CMPO is depleted. This
characteristic suggests that hydrolysis can be represented by a rate law in which the rate is proportional to
CMPO concentration, of which the simplest type would be first order with respect to CMPO:

~d = -1
C/dt = Ikyp, C (IV-15)
which, in integrated form, is
-k b
C=C,e P (IV-18)
or
-ln € = ky, t -1 C, (IV-17)

where C is the concentration of CMPO and C R is the initial concentration of CMPO.

The americium distribution ratio is proportional to the CMPO concentration, raised to the n® power,
where n is about 3:

Dimo / Dﬁ.iig = c“/C;1 (IV-18)
or
c® = 029/ Dﬁjng . C (1V-19)
whence
o}

2.0 2.
ln C = 1/n 1ln DAm + 1n Co - 1/n 1n DAmo (IV-20)

Substituting the value for In C from Eq. IV-20 into Eq. IV-17 gives
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. 2.
1a D, 20 = —nky, €+ 1n Dy, 0 (IV-21)

Thus, nk,  could be obtained as the slope of a graph of In D A2 versus t. It is convenient,
however, to present the data in the form of a semilog graph, with D Am2'° as the ordinate on a log scale and
t as the abscissa on a linear scale. Figures IV-57 through IV-71 show that the experimental data and the

lines, chosen by inspection, represent the equation

Di;o _ [D§;0] 10—(1/2.303)[nkhp](t) (IV-22)

o

which is a transformation of Eq. IV-21. Values of nkhp were, therefore, obtained from the correlation
coefficient [(1/2.303)(nk, P)] of Eq. IV-22.
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Time, h y = 20.964 * 107(-1.78416-5x)

Fig. IV-57. Graph of D, 2 versus Hydrolysis Time at 50°C with 0.25M HNO,.
The slope of the line was used to determine k; pzo for Eq. IV-22
from the correlation coefficient.
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Fig. IV-58. Graphof D Am2'° versus Hydrolysis Time at 50°C with 2.5M HNO,.
The slope of the line was used to determine khpzo for Eq. IV-22
from the correlation coefficient.
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Fig. IV-59. Graph of D, 29 versus Hydrolysis Time at 50°C with 6.0M HNO,.

The slope of the line was used to determine khpzo for Eq. TV-22
from the correlation coefficient.
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Fig. IV-60. Graph of D Amz.o versus Hydrolysis Time at 50°C with Simulated
CAW Containing 1.6M HNO,. The slope of the line was used to
determine k, p2'° for Eq. IV-22 from the correlation coefficient.
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Fig. IV-61. Graph of D, 2 versus Hydrolysis Time at 50°C with Simulated
CAW Containing 2.6M HNO,. The slope of the line was used to
determine k, p2*° for Eq. IV-22 from the correlation coefficient.
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Fig. IV-62. GraphofD Am2'° versus Hydrolysis Time at 70°C with 0.25M HNO,.
The slope of the line was used to determine khp2'° for Eq. IV-22
from the correlation coefficient.
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Fig. IV-63. Graphof D Am2'° versus Hydrolysis Time at 70°C with 2.5M HNO,.

The slope of the line was used to determine khplo for Eq. IV-22
from the correlation coefficient.
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Fig. IV-64. Graph of D, 2 versus Hydrolysis Time at 70°C with 6.0M HNO,,.
The slope of the line was used to determine thZ.O for Eq. IV-22
from the correlation coefficient.

100 4 : -

10 -

DAm2'o

¥ T Y ]
0 100 200
Time, h y = 20.815 * 10(-1.73006-3x)

Fig. IV-65. Graph of D, 2 versus Hydrolysis Time at 70°C with Simulated
CAW Containing 1.6M HNO,. The slope of the line was used to
determine l!:hpzo for Eq. IV-22 from the correlation coefficient.
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Fig. IV-66. Graph of D Am2'° versus Hydrolysis Time at 70°C with Simulated
CAW Containing 2.6M HNO,. The slope of the line was used to
determine khpi’*0 for Eq. IV-22 from the correlation coefficient.
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Fig. IV-67. Graph of D, %? versus Hydrolysis Time at 95°C with 0.25M HNO,.
The slope of the line was used to determine khpi’*0 for Eq. IV-22
from the correlation coefficient.
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Fig. IV-68. Graph of D,_2? versus Hydrolysis Time at 95°C with 2.5M HNO,.
The slope of the line was used to determine khp2‘° for Eq. IV-22
from the correlation coefficient.
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Fig. IV-69. Graphof D Amz.o versus Hydrolysis Time at 95°C with 6.0M HNO,.
The slope of the line was used to determine khp2'° for Eq. IV-22
from the correlation coefficient.
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Fig. IV-70. Graph of D, _2? versus Hydrolysis Time at 95°C with Simulated
CAW Containing 1.6M HNO,. The slope of the line was used to
determine khpz‘0 for Eq. IV-22 from the correlation coefficient.
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Fig. IV-71. Graph of D, 2 versus Hydrolysis Time at 95°C with Simulated
CAW Containing 2.6M HNO,. The slope of the line was used to
determine khp2'° for Eq. IV-22 from the correlation coefficient.
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For the data obtained, the dependence of In D, _%° on t (Eq. IV-21) is not linear over the
entire time span of up to 800 h. Therefore, since solvent in centrifugal contactors will be in contact with
aqueous acid only a few hours in an entire operating year, the values of nk, p WEre derived from data

obtained for hydrolytic periods of 200 h or less.

Another general characteristic of the variation of D,  with time is a dependence on acid
concentration. This characteristic suggests that a representative rate law must express dependence on
acidity. Thus, Eq. IV-15 is treated as a pseudo-first-order rate law, and k,  is expressed as a function of
acidity. Tests of the data showed that k, | was best correlated with the activity of hydrogen ion in the

aqueous phase in equilibrium with solvent, {H}, as follows:

khp = k, {H} (Iv-23)
or

nkhp = nkh {H} (IV-24)

Values of nk, were obtained through detenmmng the slopes of graphs of nk, p VETSUS {H}, shown in Figs.
IV-72,1V- 73 and IV-74 for 50, 70, and 95°C, respectively. The lines in these figures were drawn based

on inspection of the data.
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{H}, mo1 L-1 y = 2.4851e-4x

Fig. IV-72. Rate Constant, nk,, for Hydrolysis of CMPO at 50°C. Correlation
between nkhp and {H} expressed by Eq. IV-24.
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IV-73. Rate Constant, nk,, for Hydrolysis of CMPO at 70°C. Correlation

Fig.
between nl(hp and {H} expressed by Eq. IV-24.
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Fig. IV-74. Rate Constant, nk,, for Hydrolysis of CMPO at 95°C. Correlation
between nl(hp and {H} expressed by Eq. IV-24.

The dependence of k, on temperature was correlated by an Arrhenius equation:

ky = A e-E/RT

(IV-25)
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or

nk, = n A e E/RT (IV-28)

and

-1n nkh = E/RT -1n nA (IV-27)

Values for nA and E were obtained from the graph of -In nk;, as a linear function of 1/T, shown in
Fig. IV-75.
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1K) y = -34.241 + 1.3743e+4x

Fig. IV-75. Correlation between Temperature and In nk, Used to Determine A and E for
Eq. IV-27. A and E are subsequently used for calculating concentration of
CMPO as function of hydrolysis time. Values of In nk; used here were
based on values of k,, in units of L mol™! h'!,

Combining equations IV-16, IV-23, and IV-25, the expression for the concentration of
CMPO remaining in NPH solvent after hydrolysis during a time period t is

-E/RT
C=c, e BTy e (IV-28)
where R = 8.323 I mol! deg™! (1.987 cal mol™! degree!)
T = temperature, degrees Kelvin = degrees centigrade + 273.12
t = hydrolysis time, s (h)
{H} = activity of hydrogen ion in the aqueous phase in equilibrium with solvent, mol L'!
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And for the case in which D, 20 varies with the third power of C (i.e., n=3), fitting Eq. IV-27 yields the

following:
A = 6.86x 101°L mol! s! (2.47 x 10" L mol! h'!)
E = 1.14 x 10° Tmol! (27.3 x 103 cal mol!)

4. Calculated D, > Values

The validity of the correlation constants in representing the performance of degraded solvent
can be judged by comparing observed values of D,  with values of D, in which C is derived from
Eq. IV-28. Considering the relationship between D,  and CMPO concentration given in Eq. IV-18,

Eq. IV-28 yields

[Dz.o] 1/n
-E/RT Am
g—- = o he ) ¢ (IV-29)
o [Dz.o] 1/n
Am
[o]
Then,
2.0]1 . -
[DMO /n Dim: VR a R my e (IV-30)

The experimental values of D Am2'° are compared with values calculated by Eq. IV-30 in Fig. IV-76.
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Fig. IV-76. Comparison of Calculated Values for D Am2'° with Observed Values Obtained

for Solvent Degraded by Hydrolysis at 50-95°C. The points are determined by

the number pairs (D, 2% observed, D, 2? calculated). The line is determined

by the condition (D, _*° observed =D ) calculated).
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V. APPLICATION OF EXPRESSIONS FOR RADIOLYSIS AND HYDROLYSIS
TO PROCESSING SYSTEMS

Operators of the TRUEX process will wish to estimate the changes that occur in TRUEX-NPH
solvent during processing. Simultaneous actions of hydrolysis and radiolysis during processing will
decrease CMPO concentration and increase the concentration of CMPO decomposition products.
Equations for calculating CMPO concentrations are derived in Appendix C. These changes will
significantly affect the extraction properties of TRUEX-NPH solvent, depending on the conditions used in
extraction. In the present study, the extraction properties of the solvent are evaluated by the distribution
ratios of americium between degraded solvent and nitric acid solutions of 0.01, 0 05, and 2.0M HNO,,
namely, values of D, 01 v Dam 05, and D, Furthermore, the values of D, <%, 0, under the assumptions
described in Sec. IV.C.3, are also used to express the change in CMPO concentratlon during a process
cycle,

From experimental observation of radiolysis and hydrolysis, algorithms were derived for
calculating the D, _ values listed above. Algorithms expressing these D,  values as a function of dose
alone are described in Section III. Also, algorithms expressing these D,  values as a function of
hydrolytic effects alone are described in Section IV. These two types of equations are combined to
express the value of D, after completion of a cycle because solvent changes result from both radiolysis
and hydrolysis in the extraction, scrub, strip, and rinse sections of a cycle.

The algebraic expressionof D, 1 as a function of dose alone is described in Sec. III.C. and as a
function of hydrolysis alone in Sec. IV. C Derivation of the combination of these two types of equations
is described in Appendix D. Thus, the value of D Am"“ that should be exhibited by solvent after passing
through one process cycle is represented by

-E /RT

Dﬁi = D}'h(:: + k'r'°1 ® [N, [t]) * A‘:l e © [Ny *# N+ N+ N e
+ 401 JE/RT [{Hn}Nn + {H N, + {Hp}Np + {Hr}Nr] t . (V-1)
where DAmo = 0.0115
R = 8.323 Jmol! deg ! (1.987 cal mol! deg™)
T = temperature, K
t, = residence time of solvent in any stage, s (h)
{H} = hydrogen ion activity, mol L’!
N = number of stages in a section
P = absorbed dose rate to solvent in extraction section, W L'!
kO =564x10°LW1s1(0203L W'h)
A = 697x10%sT (2508 x 108hY)
A = 1.30x 10° L mol! 5! (4.686 x 105L mol! h'!)

E 01 = 6.20 x 10* T mol™! (1.481 x 10* cal mol )
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E0! = 5.94 x 10% I mol™! (1.417 x 10* cal mol'!)

Subscripts n, b, p, and r indicate extraction, scrub, strip, and rinse sections, respectively.

A sample calculation using typical parameters with Eq. V-1 is given in Appendix D.1. During one
cycle, the value of D Am'm increases by almost 30%. This relatively large change is associated with a very
small change in the CMPO concentration (as inferred from D, - measurements) and, therefore, a
relatively small increase in concentration of CMPO decomposition products. This relationship agrees
with other observations [NASH] that the acidic products of CMPO decomposition, which would be least
repressed in low acid media, must be very powerful extractants.

An expression characterizing the D Am.os expected for solvent that had passed through a process
cycle was also developed by combining an algorithm representing the D Am-°5 for solvent that had been
degraded by radiolysis alone (Sec. III.C) and an algorithm representing the D Am.os for solvent that had
been degraded by hydrolysis alone (Sec. IV.C). The derivation is described in Appendix D. The value of
the D, 95 for solvent degraded by passing through one process cycle consisting of extraction, scrubbing,
stripping, and rinsing stages has a different dependence on {H} than D, ! and is represented by

’ 295
p: %% Dﬁs sk 05 py A A';)s e ©

r o

[Nn + Nb + Np + Nr] t v-2)

where D, % 0.231

Amg
Ao.os = 592x10%s1(2.131x10°h})
E;® = 501x10*Imol” (1.197 x 10* cal mol™)
kK% = 878x105LW's!(00316LW!hY)

In addition, P, R, T, N, N,, Np, N, and t_ have the same values as listed for Eq. IV-1.

A sample calculation with Eq. V-2 using typical parameters is described in Appendix D. In the
course of one cycle, D, increases by about 1%. The much larger change for D, %! compared with
D Am‘°5 is consistent with theories that the nonacidic products of CMPO degradation, which would be
more important for extractions in 0.05M than in 0.01M HNO,, are less powerful extractants than the

acidic products.

An expression characterizing the CMPO concentration expected for solvent that had passed
through a process cycle was also developed (see Appendix C) by combining an algorithm representing the
CMPO concentration in solvent that had been degraded by radialysis alone (Sec. IIL.C) and an algorithm
representing the CMPO concentration for solvent that had been degraded by hydrolysis alone (Sec. IV.C).
The value of the CMPO concentration for solvent degraded by passing through one process cycle
consisting of extraction, scrubbing, stripping, and rinsing stages is represented by



63

k ] -E/RT X
C =1]]C_ + ————————__E/;T e_Ae {H}n Nnt's - ——-———_E/;T °
i °  Ae ) Ae )
o “Ae'E/ RT] [ts] #y, N+ {H}p Np + {H}r Nr ] (V-3)
where C, = 0.20 mol L!

A = 6.86x 10°L mol!s! (2.47 x 10" L mol! h'})
k. = (GMEP) =7.8x10°Pmol wls!(2.8x10*Pmol W!h?)

where P = absorbed dose rate to solvent, W L™!
E = 1.14x 10° Tmol" (27.3 x 10? cal mol'!)

Values for the other parameters are the same as given earlier.

The results of sample calculations for typical process conditions using Eq. V-3 are given in
Appendix C. These calculations yielded numerical values for CMPO concentration and also for the
fraction of CMPO remaining after 1 to 100 cycles. For these calculations, the CMPO concentration for
solvent exiting the first cycle was used as the CMPO concentration for solvent entering the second cycle,
etc. The results show that the fraction of CMPO decomposed at the end of cycle 100, corresponding to
about one year of processing according to the assumptions described in Appendix C,is 8.6 x 10,

*see Appendix C, Eq. C-2.
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V1. EFFECTS OF WASHING DEGRADED SOLVENTS

The effectiveness of removing the products of CMPO degradation by washing was tested on some
of the distribution systems that were exposed to radiolysis or hydrolysis. Since some of the products are
known to be acidic, the effect of a basic wash (i.e., aqueous sodium carbonate solution) is of interest.
There is a precedent for the use of aqueous sodium carbonate washes for restoring solvent performance:
they have been employed routinely on a plant scale to remove the acidic products of TBP radiolysis that
occur in the solvent extraction processes applied to reprocessing of irradiated fuels [STEVENSON].
Furthermore, recent tests on a laboratory scale [NASH] with solvent mixtures similar to the one of interest
here have demonstrated partial removal of the degradation products of CMPQO by carbonate washing.

In the work described here, the effect of carbonate washing was observed for a limited set of
conditions, including solvent that had been hydrolyzed in contact with 2.5 and 6.0M HNO, at
temperatures of 50 and 70°C and solvent that had been irradiated in contact with 0.25, 2.5, and 6.0M
HNO,. Appendix E includes graphical comparisons of D,  values obtained with degraded solvent
washed with carbonate and degraded solvent not washed with carbonate. Figure VI-1 presents the D Am'm
values for carbonate-washed solvents that had been degraded by radiolysis. Similarly, Fig. VI-2 presents
the D Am.os values for carbonate-washed solvents that had been degraded by radiolysis.

10! 1 Fu 1 1 L 1
—{]
1 F o 0.25M
o F —O—  2.5M
<
o —{I= 6.0M
A 3
L
.01 =+ T T T T T T T T T T Y
0 20 40 60 80 100 120

Dose Absorbed by Solvent, Wh/L

Fig. VI-1. Graph of D Am'm as Function of Dose and Concentration of Acid in Contact with
Solvent during Irradiation. Solvent washed with aqueous carbonate following
irradiation.
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Fig. VI-2. Graph of D Am'°5 as Function of Dose and Concentration of Acid in Contact with
Solvent during Irradiation. Solvent washed with aqueous carbonate following
irradiation.

From Figs. VI-1, VI-2, and those presented in Appendix E, some generalizations are made
concerning the effects of carbonate washing of degraded solvents. These distribution measurements
involve solvent samples that have the same degradation history; thus, the same mixture of extractants is
present in both, but the behavior of that mixture of extractants depends on the acid concentration used in
measuring the D, . The following generalizations are made:

(1) D, _°'and D, ‘% generally increase with the extent of degradation. This behavior is
consistent with information from another source [NASH], which reported that acidic
products can act as extractants at these low acidities and that the concentrations of acidic
products increase with the extent of solvent degradation.

(2)  Washing with aqueous carbonate generally decreases the D,  values obtained with solvent
that has been subjected to hydrolysis or radiolysis. The effects of degradation and washing
can be judged by comparing any D,  value with the D Am, value obtained at the same acid
concentration. The D Am, values determined for fresh solvent are listed in Appendix B.

(3)  For systems hydrolyzed at 50°C, the D Am ShOws little dependence on hydrolysis time,
regardless of whether the degraded solvent was washed with carbonate or not. This behavior
can be expected, since the rate of hydrolysis is low at 50°C.

(4) ALD,  values for degraded solvents fall into two groups corresponding to the two acid
concentrations, 0.01 and 0.05M, used in determining the D,  distribution. This behavior is
assumed to be consistent with the response of acidic extractants to the aqueous acid
concentration used in the distribution measurement.
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D, ! increases at a higher rate with degradation than D, %, as might be expected,
because at 0.01M HNO, the highly effective acidic extractants have a better chance to

operate.

The valuesof D, 5 in many cases are not much greater than the D, 05 yalue. On the

other hand, the values of D, %! are more sensitive indicators of the presence of acidic
extractants and become mu AH greater than those of D, 01 55 solvent degradation increases.

These relatively high values of D, 0 are sxg'mio"lcantly lowered by carbonate washing, but
they are still greater than the corresponding D 01 yalues, indicating that carbonate

washing is not 100% effective.
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VII. CHANGE OF ACIDITY ACCOMPANYING RADIOLYSIS AND HYDROLYSIS

As degradation of TRUEX-NPH solvent in contact with aqueous solution proceeds, the acidities of
both phases also change. The cause of this acidity change has been mainly attributed to the
transformation of organic molecules followed by redistribution of acidic species between organic and
aqueous phases [NASH]. For several organic-aqueous pairs subjected to radiolysis or hydrolysis, acidity
changes in the organic phase were measured. After hy -olysis, samples of the organic phase were
removed and washed, and the washings were analyzed for acidity. In two cases, the aqueous phase in
contact with solvent that had undergone radiolysis was analyzed for acidity. For these cases, the observed
increase of acidity in the aqueous phase was expressed as a G value for radiolysis.

A. Changes in Acidity of Aqueous Phase in Contact with TRUEX-NPH Solvent During Radiolysis

The acidity of aqueous solution in contact with TRUEX-NPH solvent was measured by titration
with a standard aqueous base as described in Appendix F. The behavior of two aqueous samples having
different initial concentrations of HNO; (0.25M and 6.0M) was observed in this work. Information on the
extraction of nitric acid by TRUEX-NPH solvent indicates that distribution of HNO, between phases
would convert these aqueous concentrations to 0.208M and 4.59M. For both solutions, irradiation
increased the concentration of H* above these values.

The information on acidity as a function of dose was used to calculate a G value for the increase of
H* in the aqueous phase as described in Appendix F. For the solution with an initial concentration of
0.25M, a G value of 1.2 x 107 mol J'! (1.2 H* ions per 100 eV) was obtained. Using this G value and the

equation

C-¢C, =GP (VII-1)

(o]

which is analogous to Eq. III-9, and, in the present application, C = [H*] and C_ = initial [H*], it is
estimated that in a solution with an initial concentration of 0.25M HNO,, which exposes the solvent to an
absorbed dose rate” of 0.1 W L1, the [H*] would increase at a rate of 1 x 108mol L' s (4 x 10” mol

L1hl).

B. Changes in Acidity of Organic Phase During Hydrolysis

The change in acidity of the organic phase accompanying hydrolysis was determined, as described
in Appendix F, for TRUEX-NPH solvent hydrolyzed while in contact with nitric acid solutions having

"In the absence of information on absorbed dose rate for solvent from high-level wastes that are
candidates for application of TRUEX, the value of 0.1 W L}, derived from other studies of the effect
of processing on solvents [VAN GEEL], is adopted for sample calculations. This value is considered
to be a conservative estimate; it represents experience in the processing of thermal reactor fuels.
Furthermore, this value falls in the range of values of absorbed dose rates given in an earlier review of
solvent stability in processing of thermal reactor fuels [BLAKE]. A lower value would probably be
encountered in the processing of high-level wastes that have been stored for many years.
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concentrations of 0.25, 2.5, and 6.0M at temperatures of 50, 70, and 95°C. The concentrations of H* in
the aqueous washings, measured by titration with an aqueous solution of standard base, are considered to
indicate the concentration of HNO, in the organic phase. Furthermore, the decrease in concentration is
assumed to result from the complexing agent or agents, present initially, that become less available for
complexing HNO, as hydrolysis proceeds. The decrease may also result from disappearance of HNO,
from the system (e.g., by decomposition).

The variations of acidity in the organic phase with hydrolysis time are shown graphically in
Appendix F. No attempt is made to derive an algebraic expression for rate of acidity change with
hydrolysis time, but some general trends in the data are evident. At 0.25M HNO,, there is little change in
acidity accompanying hydrolysis at 50° and 70°C; furthermore, the rate of acidity change accompanying
hydrolysis at 95 ° C seems inconsistent with results at the two lower temperatures.

At 2.5M HNO,, the acidity for hydrolysis at 70°C and 95°C definitely decreases to a level that
does not change after about 200 h. The initial rates of acidity change increase in the order 50<70<95°C,
whereas the final rates depend on temperature in the order 50>70>95°C. For example, at 70°C the final
acidity is about 87% of the initial, and at 95°C the final acidity is about 37% of the initial.

At 6.0M HNO,, the general trends are similar to those described for hydrolysis with solvent in
contact with 2.5M HNO,. At 70°C the final acidity is about 73% of the initial, and at 95°C the final
acidity is about 25% of the initial.
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VIII. EFFECTS OF SOLVENT DEGRADATION ON DISTRIBUTION
BEHAVIOR OF NONTRANSURANIC ELEMENTS

For some of the TRUEX-NPH samples that had been degraded in the presence of simulated CAW,
the organic phase was analyzed to provide observations concerning the effect of solvent degradation on
extraction behavior of the nonTRU elements in wastes. The simulated CAW was an aqueous solution
containing a mixture of salts with the composition expected for the CAW waste stream stored on the
Hanford site. Samples of the simulated CAW had two acid concentrations, 1.6 and 2.6M; the salt
concentrations were the same in both cases.

The procedures used to make these observations consisted of stirring TRUEX-NPH in contact with
a CAW solution for a measured time at a constant temperature of 50, 70, or 95°C, then separating a
sample of the organic phase and washing it with several portions of water. The collected washings were
diluted to a standard volume, and an aliquot of this volume was removed and analyzed by the ICP method
for a number of elements.

The ICP analyses of concentrations in the washings were used to calculate concentrations of each
element in the solvent. The volumes of solvent sample, collected washings of the sample, and aliquots of
the washings were used for these analyses.

The behavior of nonTRU elements obtained from this work was examined for the concentration
variation with hydrolysis time (i.e., with the extent of st rent degradation). It was found that the
elements present in the CAW solutions fall into two general types: those whose concentrations are
measurable and can be represented as a function of hydrolysis time and those whose concentrations are so
low that ICP analysis permits their expression only as maximum values that do not vary with hydrolysis
time and do not depend regularly on temperature.

Graphs illustrating these two types of behavior are presented in Appendix G. Elements with
measurable concentrations include several rare earths: Y, La, Ce, Pr, Sm, and Eu. As expected, the rare
earths behave similarly, and some generalities can be e: ressed. (1) The concentration is inversely
dependent on hydrolysis temperature. (2) At a constani ydrolysis temperature, the concentration is
inversely dependent on acid concentration, the solutions hydrolyzed by 1.6M acid showing greater values
than those hydrolyzed by 2.6M acid. (3) The concentrations are little affected by solvent degradation,
declining slightly as hydrolysis time, and thus extent of solvent degradation, increases. The elements Al,
Fe, and Zr also have measurable concentrations, but the shapes of the graphs of concentration versus time
differ from those of the rare earths; generalities are not obvious.

The elements that exhibit the second type of behavior include Ag, Ca, Mg, Rh, Ru, Cr, Ni, Sr, Mn,
Be, Cd, Pd, Cu, Mo, Ba, and Ti. The concentrations are generally about the same for 1.6M acid as for
2.6M acid. Given the limitations of the analysis for these elements, small differences should not be
considered significant. These maximum concentrations range from about 1 x 10 to about 2 x 10M.
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APPENDIX A. I AGENTS

1. Preparation of Simulated CAW Waste

A solution that simulates the CAW waste stream stored on the Hanford site was prepared as
a doubly concentrated stock solution. All nitrates, sulfates, and other water-soluble salts were dissolved
in water. Special treatment was required to bring some elements into the solution; Cs,CO,, TiO,, and the
metals Sn and Sb were dissolved in 20 mL of concentrated H,SO,; MoO, and TeO, were each dissolved
in 5 mL of 10N NaOH; and Na,Si0,*9H,0 was dissolved in about 500 mL of water with about 50 mL of
concentrated sulfuric acid. These solutions were combined with the solutions of soluble salts. Additional
quantities of nitric and sulfuric acids were added finally, and the combined solutions were made up to a
volume of 20 L with water.

Samples of simulated CAW solution to be used as the aqueous phase in hydrolysis or
radiolysis experiments were prepared from the stock solution. An aliquot of the stock was mixed with a
measured volume of HNO, and the mixture was diluted to a standard volume. Mixtures of two different
acid concentrations were prepared: 1.6 and 2.6M; cation concentrations were half those in the original
stock solution.

The composition of the doubly concentrated CAW stock solution is summarized in Tables
A-1and A-2.

Table A-1. Preparation of 20-L, Doubly Concentrated Synthetic CAW Feed Solution

Concentration,
Ion M Form of Addition Amount Added
Inert Cation

H (D) 247 HNO,, H,SO,, HF, H,C,0, See Table I1-3

Fe (IIT) 0.26 Fe(NO,),#9H,0 2100.8 g

Cr (1) 0.026 Cr(NO,),*9H,0 90.90 g solid:

480 mL (0.61M)

Ni (I 0.0138 Ni(NO,),®6H,0 80.26 g solid

Al (1) 0.71 AI(NO,),*9H,0 5327.2 g solid

Be (I) 2.6x10° Be(SO,)*4H,0 9.21 g solid

Na (D) 0.380 NaH,PO,#2H,0 8.12¢g
NaHSO,*H,0 755.71¢
Na,$i0,*9H,0 104.6 g
NaOH 5.0 mL (10.0M)

Ca (I 2.01x107 Ca(NO,),*4H,0 9.47 g solid

Cu (In) 2.80x10°3 CuSO,*5H,0 1398 ¢

Mg (I) 2.60x107 MgSO, 148.6 mL (0.35M)

Mn (1) 2.80x10°3 MnSO,®H,0 43.1 mL (1.30M)

Si (V) 1.84x102 Na,Si0,*9H,0 104.6

Ti 4.00x10°° TiO,(in H,SO,) 0.060 g

(contd)
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Table A-1. (contd)

Concentration,
Ion M Form of Addition Amount Added
Fission Products
Zr (IV) 0.0113 ZrO(NO,),*H,0 19.943 g plus
1000 mL soln
(32.37 g/L)
Cd (D 1.00x10* Cd(NO,),*4H,0 38.5 mL (0.05 2M)
Nb (V) 1.88x10° NbH 0.35gin H,SO,
Mo (VD) 3.60x10" MoO, 1.04 g in NaOH
Se (IV) 1.90x10* H,SeO, 049 ¢
Rb () 1.040x10 RbNO, 370¢g
St (D) 2.80x1073 SI(NO,), 1186 ¢
Y (1) 1.48x107 Y(NO,),*6H,0 1133 ¢
Rh (III) 1.14x10° Rh(NO,),*2H,0 (39.9% Rh) 588¢
Pd (II) 1.14x103 Pd(NO,),*H,0 (40.5% Pd) 567¢
Ag (D) 7.2x10° AgNO, 0.2455g
Sn (IV) 4.8x10% Sn (metal) 0.11 g in H,SO,
Sb (V) 2.4x10° Sb (metal) 0.060 g in H,SO,
Te (IV) 6.60x10 TeO, 2.11 g in NaOH
Cs(D 4.60x10° CsNO, 16.52 g
Cs,CO, 1.18 gin H SO,
Ba (1) 2.20x103 Ba(NO,), 1151g
Fission Product Rare Earth
La (1I1) 2.00x107 La(NO,),*6H,0 1732 ¢
Ce (1IT) 4.80x107 Ce(NO,),*6H,0 4170 g
Pr (II) 7.24x107 Pr(NO,),*6H,0 60.39 g
Sm (1IT) 1.36x10° Sm(NO,),*5H,0 1160 g
Eu (IIT) 9.7x10° Eu(NO,),*5H,0 082g
Gd (111) 2.4x10° Gd(NO,),*5H,0 021¢g
Anions
NO,- 3.96
F- 0.300
SO* 0.55
PO*> 0.00260
C,04" 0.36 H,C,0,*2H,0 9079 g
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Table A-2. Mineral Acids Added to Doubly

Concentrated Synthetic CAW
Acids Added Form Amount, mL
HNO, Concentrated 1224
H,SO, Concentrated 291
HF Concentrated 153

2. Nitric Acid

Aliquots of reagent grade nitric acid were luted to standard volumes to provide the acid
solutions of 0.25, 2.5, and 6.0M that were in contact with TRUEX-NPH during radiolysis and hydrolysis.
The same techniques were used to prepare the solutions of 0.01, 0.05, and 2.0M that were used in
determination of D,  values for distribution of americium between aqueous HNO, and degraded solvent.

3. TRUEX-NPH Solvent

Batches of TRUEX-NPH solvent were prepared by mixing weighed quantities of TBP,
CMPO, and the alkane diluent. The CMPO was obtained from M & T Chemicals, Rahway, NJ. The
diluent was a Conoco product. Analyses of the diluent by gas chromotography showed that it contained
98.87 10 99.37% of n-alkanes (C,;,-C, ) by weight and 0.58 - 1.11% branched alkanes (C, ,-C, . isomers).
The measured density of the TRUEX-NPH mixture at 25°C was 0.854 g/mL.

4, Standard Sodium Hydroxide

The standard base used in titrations to determine the change of acidity in aqueous and
organic phases (Sec. VI) was a 0.1M solution of NaOH.

5. Americium Spike

The americium spike used to determine vi 1es of D, = was a solution with a concentration of
1.64 x 10° cpm/uL of americium in 2M HNO,.

6. Carbonate Wash Solution

The carbonate wash used to measure the effects of washing samples of degraded solvents
before determining D, _ (Sec. VI) was a solution of sodium carbonate in water with a concentration of
0.25M.
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APPENDIX B. BASELINE D, DETERMINATIONS

In this work, D,  between aqueous HNO, of 0.01, 0.05, or 2.0M concentration and many different
samples of degraded TRUEX-NPH solvent is correlated with hydrolysis times or dose. For each of these
correlations, D, at zero hydrolysis time or zero dose rate is relevant. Therefore, for each acid
concentration, 0.01, 0.05, and 2.0M, a number of measurements of D,  were made involving fresh
TRUEX-NPH solvent, representing D,  at zero hydrolysis time or zero dose.

The procedure used in determining these D,  values was similar to that described in Sec. III,
except that the samples of TRUEX-NPH solvent had not been subjected to degradation.

These D, values were obtained on a number of different dates and employed TRUEX-NPH
solvent prepared by two different experimenters. They also involved two different batches of CMPO and
two different batches of diluent. Since variations in D, could not be correlated with any of these
experimental differences, an average of the D,  values for forward extraction (extraction of Am from
aqueous to organic) was used to represent each acid concentration.

The results of these D Am determinations are listed in Table B-1.

Table B-1. Distribution of Am between Fresh TRUEX-NPH Solvent

and Aqueous Nitric Acid
HNO,, M D¢ D,’ DS(CO,7) Db"(CO;)
Diluent Batch - 375
0.01 0.0100 0.042 - -
0.01 0.0127 0.0508 0.0098 0.057
0.01 0.011 0.0416 — _
0.01 0.0121 0.0422 - -
0.01 0.0111 0.0413 - -
0.05 0.234 0.211 0.244 0.0252
0.05 0.234 0.258 - -~
0.05 0.227 0.230 - -
20 284 423 -29.9 429
20 36.5 33.8 32.0 358
2.0 337 30.7 - -~
2.0 224 -- - -
20 31.0 35.9 - -
2.0 319 38.7 - -
2.0 325 378 - -
2.0 31.1 38.0 - -
20 284 228 - -~
20 29.2 28.1 - -
20 28.7 29.8 - -
20 29.7 283 - -

(contd)



75

Table B-1. (contd)

HNO,, M D/ Dbb D/S(CO3) Dbd(CO§)
0.01 0.0118 0.0451 - --
0.01 0.0118 0.0494 - --
0.05 0.214 0.217 -- --
0.05 0.216 0.234 -- --

2.0 28.5 30.3 -- --

20 28.9 29.1 -- --

Diluent Batch - 414

0.01 0.0115 0.063 0.0096 0.051
0.01 0.0115 0.060 - --
0.01 0.0116 0.055 - --
0.05 0.242 0.243 0.246 0.239
0.05 0.244 0.266 -- --
0.05 0.236 0.239 - --

2.0 30.2 453 28.5 448
20 32.05 36.7 - --

20 34.1 40.0 - --

20 335 40.5 -- --

20 343 40.3 -- -

20 29.2 39.7 -- --

aDistribution coefficient of Am3*; forward extraction.
bDistribution coefficient of Am>*; back extraction.
cSame as footote a after a carbonate wash.

dSame as footnote b after a carbonate wash.
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APPENDIX C. CALCULATION OF CMPO CONCENTRATIONS IN PROCESSING SYSTEMS

The concentration of CMPO in the TRUEX-NPH solvent will decrease during processing because
of radiolysis and hydrolysis. The decreased concentration of CMPO will affect the extraction behavior of
TRUEX-NPH solvent during processing. Equations for calculating the concentration of CMPO
remaining or the fraction of CMPO remaining after exposure to radiolysis and hydrolysis during one or
more typical process cycles were derived and are presented below. These calculations are carried out with
the aid of parameters determined in experimental studies of the radiolysis and hydrolysis of the solvent.
Concentrations of CMPO were derived from measurements of D Amz.o and the assumptions described in
Secs. INI.C.3 and IV.C.3.

The TRUEX-NPH solvent flows in series through the extraction, scrub, strip, and rinse sections.
Therefore, in going through a cycle, the concentrations of CMPO would be decreased by the changes that
occurred in all four sections. It is assumed that both radiolysis and hydrolysis destroy CMPO in the
extraction section, but only hydrolysis destroys it in the scrub, strip, and rinse sections. Furthermore,
hydrolysis will proceed to different extents in each section because the acid concentrations and residence
times are typicaily different. In the scrub and strip sections, the acid concentrations are usuaily much
lower than that in the extraction section; consequently, the effect on CMPO concentration in the scrub and
strip sections will be smaller.

1. Radiolysis of TRUEX-NPH Solvent

The rate of change of CMPO concentration from radiolysis is related to the radiation
chemical yield (G value) and the absorbed dose rate for the solvent.

(-dC/dt) . = (G) (P) (M) (C-1)
where G = radiation chemical yield (G value), mol J'! (molecules CMPO destroyed/100 eV),
P = absorbed dose rate to the solvent, W L1
M = aproduct of dimensional equivalents, 3.73 x 107 (100 eV/Wh) (mol/molecule)

Since G and P would normally be constants characteristic of the solvent and the radiation level of the
solution, the rate of change of CMPO concentration by radiolysis can be treated as a constant for a given
processing campaign:

(-dC/at) . =k, = (G)(P) (M) (C-2)

r

2. Hydrolysis of TRUEX-NPH Solvent

Experimental data obtained on the hydrolysis of CMPO can be represented by a pseudo-
first-order rate law with respect to the concentration of CMPO as follows:

(-dC/dt)y =k, C (C-3)
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where k, _ is the pseudo-first-order rate constant and C is the concentration of CMPO. However, l(hp is
dependent on acidity and can be expressed by

ky, = kg 1} (C-4)

where {H} is the activity of hydrogen ion in the aqueous phase after equilibration with the organic phase,
and k, is a rate constant that is dependent on temperature and is expressed by an Arrhenius relationship.
This relationship is

ky = Ae E/RT (C-5)
and, when combined with Eq. C4, yields
iy = Ae™/RTamy (C-6)

3. Rate of Destruction of CMPOQ in Extraction Section

The overall rate of change in CMPO concentration in the extraction section is the sum of the
rate of radiolysis and the rate of hydrolysis as follows:

-dC/dt = (-dC/dt) _ + (-dC/dt)y (Cc-7)
Substituting from Egs. C-2 and C-3 gives

-dC/dt = k_ + khp C (C-8)
or

dC/dt + khp C= --kr (C-9)

Equation C-9 is a linear, first-order differential equation of the general form

dy/dx + Ry = @ (C-10)
where R and Q are either functions of x alone or constants [GRANVILLE]. Solving it results in

y = e JRdx (pgefRdx g 4 1) (C-11)
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where [ is an integration constant. By analogy, the solution of Eq. C-9 is

-k, dt [k, _dt
C=e DP [k e be o ge 4 1 (C-12)
Upon integration, it becomes
k., t
hp
C = e Xup® —k} < + I (C-13)
n r k
hp

where C_ is the concentration of CMPO in TRUEX-NPH solvent at the exit of the extraction section, and
t is the residence time in the extraction section. Multiplying and cancelling exponential terms gives

(-k) (C-14)

o 1
I=-2_21_ (C-15)
kr khp
Substituting this expression for I into Eq. C-14,
k c -kt
C = | -2 At “k_ (C-18)
hp r hp
-k
k, -kt ke hp®
C, =- + Ce 7P + —_—— (C-17)
hp hp
kgt k “k t
C_=Ce P o e P (C-18)
hp
or
-k, t k -k, t
C_=Ce = e E hp (C-19)
hp
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Substituting for k, o from Eq. C-6,

_po-E/RT

4 FRT my K () t
C =Ce P |1 - e " (C-20)
» e ARy
where (H} = activity of hydrogen ion in aqueous feed after equilibration with the organic phase
N. = number of stages in the extraction section

residence time in any stage

Nnts

-
] ]

Therefore, the concentration of CMPO in solvent at the end of the extraction section is

_ae"E/RT

-ae E/RT {H} N t k {H} N t
n n 8 r n n -]
C =Ce - —-_W——-— 1 -e (Cc-21)
n o Ae {H}n
or
k _ae E/RT {H} N t k
C = |C + —=am—]e P S (C-22)
n o Ae—E/RT {H}n Ae-E/RT {H}n

4, Destruction of CMPQ in Scrub Section

The concentration of CMPO at the beginning of the scrub section is C , the concentration at
the exit of the extraction section, which is obtained from Eq. C-21. Thus, the concentration at the exit of
the scrub section, C,, which decreased by hydrolysis, can be calculated by the integrated form of Eq. C-3
as follows:

C,=C, e hp (C-23)

Substituting from Eq. C-4 fork, ,

Lo, lal @
n

C, = (C-24)

and substituting from Eq. C-5 fork,

- [Ae'E/ RT] [{H}b] )

C, = C e (C-25)

n



80

Furthermore, t is a function of two components, N, and t ; therefore, the concentration of CMPO in
solvent at the end of the scrub section is

_[Ae‘E/RT] [{H}b] [Nb ts]

C, =Ce (C-26)

b n

where {H}, is the activity of H in the scrub section afier equilibration with the organic phase, N, is the
number of stages in the scrub section, and t_ is the residence time.

5. Destruction of CMPO in Strip Section

The concentration of CMPO in TRUEX-NPH solvent at the beginning of the strip section is
C,,: the concentration at the exit of the scrub section obtained from Eq. C-26. Since the destruction of
CMPO in the strip section is assumed to occur by the same mechanism as in the scrub section, the
concentration at the end of the strip section, C_, can be expressed in a form analogous to that of Eq. C-26.
Therefore, the concentration of CMPO in solvent at the end of the strip section is

_[Ae-E/RT] [{H}p] [Np tS]

C,=0Cpe (C-27)

where {H} is the activity of H" in the aqueous strip after equilibration with the organic phase, and Np is
the number of stages in the strip section.

6. Destruction of CMPO in Rinse Section

The concentration of CMPO in TRUEX-NPH solvent at the beginning of the rinse section is
C_, the concentration at the exit of the strip section obtained from Eq. C-27. Since the destruction of
CMPO in the rinse section is assumed to occur by the same mechanism as in the strip section, the
concentration at the end of the rinse section, C,, can be expressed in a form analogous to that of Eq. C-26.
Therefore, the concentration of CMPO in solvent at the end of the rinse section, which is also the CMPO
concentration at the end of a cycle, can be expressed as

C.=0C_ e [Ae‘E/RT] [{H}r] [Nr t's] (C-28)

T P

where {H}_is the activity of H* in the aqueous rinse after equilibration with the organic phase, and N is
the number of stages in the rinse section.

If C.in Eq. C-28 is evaluated by substituting the values for Cp from Eq. C-27, C, from
Eq. C-26, and C_ from Eq. C-22, then
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k -E/RT k
C. = |C + ——-————_E/g,r e_Ae {H}n Nnts - —Fmr ;T
d ° Ae ay, ae Yo 3
.- “Ae—E/RT] {ts {{H}b Ny o+ N+ () Nr]] (C-29)

7. Calculating the Extent of Solvent Degradation over Given Processing Period

Equation C-29 can be used to predict the effect of one or more cycles on the CMPO
concentration. On the other hand, a user may wish to calculate the effect of a given processing period,
such as a processing year, on the CMPO concentration. If so, the number of cycles run in the period must
be calculated, and that number used as n in Eq. C-29 to calculate the CMPO concentration remaining or
fraction reacted. The bases for calculating the number of cycles per period are the following:

(1)  One cycle corresponds to one exposure; thus, 1 cycle/exposure.

(2) The number of times that the quantity of solvent required for one cycle is exposed to
radiolysis and hydrolysis each time the total solvent inventory is run through the process is
assumed to be 1 exposure/inventory.

(3)  The time required to run the solvent inventory through the process; for example, processing
days required to run the total inventory through the process once, i.e., processing days per
inventory ip.

(4)  The definition of the period of interest; e.g., processing days (proc. d) per processing period,
d.
P

Thus, the cycles per period =

. d
1 cycle 1 exposure < inventory < p,proc.d (C-30)

exposure inventory i proc.d proc. period
’

For example, if ip = 2 proc. d/inventory

d;

200 proc. d/proc.y
then, (1 x 1 x 200) / 2 = 100 cycles/proc. y, and this value would be used as n in Eq. C-29.

8. Example of Calculating Concentration of CMPO as Function of Number of Process Cycles

The concentration of CMPO in TRUEX- H solvent at the end of each cycle was
calculated for 1 through 100 cycles, using the output of cycle 1 as the input to cycle 2, etc. The
parameters used in this example were as follows:
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a. Constants

A = 6.8x 101°L mol' s (2.47 x 10" L mol'l h'!).
E = 1.14x 10° T mol™ (27.3 x 10° cal mol™).
The values of A and E were determined from studies described in Sec. IV on
hydrolysis of TRUEX-NPH solvent in the range 50-95°C, assuming that the D,
proportional to [CMPOJ*.
G = 7.9 x 108 mol J! (0.76 molecule CMPO destroyed per 100 eV absorbed by TRUEX-
NPH solvent).
This value results from the radiolysis studies described in Sec. III, assuming that the
D, 2 is proportional to [CMPO)*.
M = 17W1s?(3.73 x 10 100 eV mol W' hr! molecule™).
This constant is a product of dimensional equivalents.
R = 8.323 I mol! deg! (1.987 cal mol! deg™), the gas constant.
. = (G) (P) (M), from Eq. C-2.
b.  Variables
., = Concentration of CMPO in fresh TRUEX-NPH solvent; 0.2 mol L1
T = 323.12K(50°C).
t, = Residence time of solvent in any stage, 20 s (0.00556 h).
{H}, = Activity of H* in aqueous phase of extraction section after equilibration with organic
phase; 1.26M.
{H}, = Acuvity of H* in aqueous scrub solution after equilibration with organic phase;
0.04M.
{H]p = Activity of H" in aqueous stripping solution after equilibration with organic phase;
0.04M.
{H} = Activity of H* in aqueous rinse solution after equilibration with organic phase;
0.1M.
N, = Number of extraction stages per cycle; 2.
N, = Number of scrub stages per cycle; 3.
N_ = Number of stripping stages per cycle; 8.
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N_ = Number of rinse stages per cycle; 1.

P = Absorbed dose rate to solvent; 0.1 W L1*

c. Graphic Representation of Fraction of CMPQ Remaining as Function of Cycle Numbers

The fraction of CMPO decomposed, as a function of cycle number, for the set of variables
listed above, is shown in Fig. C-1. The fraction of CMPO decomposed at the end of cycle 100,
corresponding to about one year of processing, according to the assumptions described in Section C.7, is
8.6 x 10,

0.0010 z 1 .l 1 L ] L 1 i

Fraction CMPO Decomposed

0 20 40 60 80 100

CYCLE

Fig. C-1. Fraction of CMPO Decomposed as Function of Number of Process Cycles

*In the absence of information on absorbed dose rate to solvent from high-level wastes that are
candidates for application of TRUEX, the value of 0.1 W L}, derived from other studies of the effect
of processing on solvents [VAN GEEL], is adopted for sample calculations. This value is considered
to be a conservative estimate; it represents experience in the processing of thermal reactor fuels.
Furthermore, this value falls in the range of values of absorbed dose rates given in an earlier review of
solvent stability in processing of thermal reactor fuels [BLAKE]. A lower value would probably be
encountered in the processing of high-level wastes that have been stored for many years.
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APPENDIX D. EXPRESSIONS FOR VARIATION OF D, %' AND D, % WITH
RADIOLYSIS AND HYDROLYSIS APPLIED TO PROCESS SYSTEMS

Expressmns forD, 1 and Dy 5 versus dose were presented in Sec. III. Also, expressions for
D, 9 and Dym 05 yersus hydrolys1s time and temperature were presented in Sec. IV. These expressions
are eombined here in calculations made to illustrate the changes in D, and D,  asa function of the
number of process cycles.

1. Variation of D, %! with Cycle Number

In the extraction section of a TRUEX process, the total rate of change of D, 1 would be
the sum of the effects of hydrolysis and radiolysis,

.01 .01 .01
dD, " |dD,, . dD," o1y
dt - dt dt
h r

The rate of change of D, 01 with dose was treated as a constant in Eq. I1I-3, and the rate of change of

D, %! with hydrolysis i e was treated as a constant in Eq. IV-1. Thus, Eq. D-1 can be expressed as
.01
dD
Am _ kh -0l (0-2)
Then,
.01 .01 .01
]d D, = lkh dt + Jkr dt (D-3)
and
Dx‘honj; = k1'101t + k]:_OIt + integration constant (D-4)
or
.01 .01 .01 .01
D, =D, =+l t+kT ot (D-5)
n o
where D, lis the inte grat10n constant and the value characteristic of feed to the extraction section.

From Sec. ﬁ1c1 k ' =k "% (P), and from Egs. IV-3, IV-5, and IV-6,

.01
-E: % /RT .01
k1.101 - A 01 _ T . A-01 o -E"°%/RT o, (D-6)

o
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Furthermore, t = N_t, where N_ is the number of extraction stages, and t; is the residence time per stage.
When these expressions are substituted into Eq. D-5, the value of D, _ at the end of the extraction section
becomes

D}'hgrl1 = DAgi + kr"o1 P+ A‘°°1 e—E.°01/RT + 01 GE 7T {H}y [N, &, (D-7)
Analogous expressions can be derived for the value of D, ! at the end of succeeding sections.
However, since no radiolysis is assumed to occur in these sections, terms involving k_will not be
included.

Scrub section becomes

DA,on:J ) DA,onlll . [%01 e—Eéol/RT . A0 e_E.01 /RT {H}b] N, b, (D-8)
Strip section is
Rinse section is

Eliminating values of D Amm at intermediate sections by adding Eqs. D-7 through D-10, the value of

D, r'°1 at the end of a cycle is:

, .01
.01 _ .01 .01 o1 _-E ‘Ol
Dﬂr"D°°+kr PNnts+A° e o [Nn+Nb+Np+Nr]ts
401 EOI/RT {(H}.N_ + {HN,_ + {H} N + {H} N.] ¢ D-11
+ € [ nn b'b PP T r] s ( )

From Eq. D-11, numerical values of D, % at the end ¢ a cycle were obtained for 100 cycles. The
T
value of D, %! for the end of the first cycle was used as the value of D, 01 for the second cycle, etc.
(4]

The paramete;*s used in this example are
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D, ° = 00115

Am0
kO =564x10°LW's!(0203L w1inl)
P =01wWL"
A = 697x10%s7 (2.508 x 10801
A® = 1.30x10°L mol!s? (4.686 x 10°L mol™ h!)
EO = 620x10%7 mol™! (1.481 x 10* cal mol ")
EOl = 5.94x10*T mol! (1417 x 10* cal mol )
R = 8.323 Jmol'! deg™! (1.987 cal mol! deg™)
(H} = 1L26molL"
(H}, = 0.04mol L1
(H}, = 0.04mol L1
(H}. =0.1molL"!

T
and T, N , N, Np, N. and t_have the same valueé as those listed in C.8.a and C.8.b.

The results are represented graphically in Fig. D-1. In the course of one cycle, the value of
D Amm increases by almost 30%. Since the decrease of CMPO concentration in one cycle is quite small
(Sec. C.8), only small quantities of products are generated per cycle. Therefore, the relatively large change
of D Am'm indicates that the acidic products of CMPO are relatively powerful extractants.

0.4 . L
0.3 L
g 024 . 1
E
-
[=1
0.1 R
0.0 7 1 = T . I 7 T .
0 20 40 60 80 100

CYCLE
Fig. D-1. Calculated Values of D, %! versus Number of Process Cycles

*In the absence of information on absorbed dose rate to solvent from high-level wastes that are
candidates for application of TRUEX, the value of 0.1 W L1, derived from other studies of the effect
of processing on solvents [VAN GEEL], is adopted for sample calculations. This value is considered
to be a conservative estimate; it represents experience in the processing of thermal reactor fuels.
Furthermore, this value falls in the range of values of absorbed dose rates given in an earlier review of
solvent stability in processing of thermal reactor fuels [BLAKE]. A lower value would probably be
encountered in the processing of high-level wastes that have been stored for many years.
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2. Varation of D, ‘% with Cycle Number

The value of D, 05 a1 the end of the extraction section can be expressed by an analogue of
n
Eq. D-5 as follows:

.05 _ .05 .06 .05
DAmn = DAmo + kh t + kr t »-12)

By analogy to the discussion given in Sec. IL.C.1, k% = k% (P). If we use an analogue of Eq. IV-3 to
evaluate kh'°5,

.05
+ 1, %% @-13)

Butk, %% =0. Therefore,

.06
—Eo /RT

.05 .05
05 _ ky - Af e (D-14)

kp
(o]

When these values are substituted into Eq. D-12, the value of D, % at the end of the extraction section is

- .05
, -E-9%/RT
.05 _ .05 .05 .05 o
D; > = D; o k. P+ A e N, tg (D-15)

Analogous expressions can be derived for the value of D Am.os at the end of the scrub, strip, and rinse
sections. However, since no radiolysis occurs in these sections, terms involving kr'°5 will not be included.

Scrub section becomes

05
E-O5/RT
. 05 5
Dmoni D;%% 4 [Aoo e © ] Ny by (D-18)
n
Strip section is
.05
-E-%5/RT
.05 _ .05 .05 _E5
1)Amp = D * [Ao e ] N, tg (D-17)

Rinse section is

.05
-E-05/RT
.05 - p,% [A6°5 e © ] N_ b (D-18)
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Eliminating values of D Am'°5 at intermediate sections by adding Egs. D-15 through D-18, the value of
D % atthe end of a cycle is

05 05 ’.05 05 -E°/RT
DAmr = DAmo + k. (P) N, t  + A" e [Nn + N+ Np + Nr] tg (D-19)

From Eq. D-19, numerical values of D Am'°5 at the end of a cycle were obtained over a range of 1-100
cycles. The value of Dy, '?5 for the end of the first cycle was used as the value of D A%'OS for the second

cycle, etc. The parameters used in this example are

Dy, % = 0231

A% = 592x10%s1(2131x10° h)

E % = 5.01x 10*J mol! (1.197 x 10* cal mol ™)
K =878x10°LW's!(0.0316L W' k)

where P, R, T, N, Ny, Nj,, N, and t; have the same values as listed in Secs. C.8.a and C.8.b.

In the course of one cycle, the value of D Am'°5 changes by about 1%. Comparison of this
change with the larger change for D ;! described in Sec. D.1 is consistent with theories that the
nonacidic products of CMPO degradation are less powerful extractants than acidic products. The results
are represented graphically in Fig. D-2.

0.5 L 1 " | i 1 1 1
] i
0.4 -
¥l o
©
€
< ]
o
0.3 -
0.2 L
0 20 40 60 80 100

CYCLE

Fig. D-2. Calculated Values of D, ® versus Number of Process Cycles
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APPENDIX E. SOLVENT WASHING DATA

The effectiveness of removing the products of CMPO degradation by washing was tested on some
of the distribution systems that were exposed to radiolysis or hydrolysis. The effect of carbonate washing
was observed on solvent that had been irradiated in contact with 0.25, 2.5, and 6.0M HNO,, solvent that
had been hydrolyzed in contact with 2.5 and 6.0M HNO, at temperatures of 50 and 70°C, and solvent that
had been hydrolyzed in contact with simulated CAW containing 1.6M HNO, at 70°C. Graphical
comparisons of D,  values obtained with degraded solvent washed with carbonate and degraded solvent
not washed with carbonate are presented in Figs. E-1 through E-6 for radiolysis and in Figs. E-7 through
E-14 for hydrolysis.

In general, carbonate washing results in a lower value of D, , presumably because the carbonate
counteracts the acidic products of degradation and the high capacity for americium extraction associated
with them. From Figs. VI-1, VI-2, and Figs. E-1 through E-14, some generalizations concerning the
effects of carbonate washing of degraded solvents are made in Sec. VL.

10

—{J}— Without Carbonate Wash
=& With Carbonate Wash

.01

.00 +—r——o—r—v—r—v———
0 20 40 80 - 80 100 120

v Absorbed Dose, Wh/L
Fig. E-1. D, ‘% as a Function of Dose Absorbed by Solvent Irradiated in Contact with 0.25M HNO,,

Comparison of solvent samples washed with aqueous sodium carbonate following
irradiation with those that were not.
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Without Carbonate Wash

—_— With Carbonate Wash

DAmOS

N —— T —————

0 20 40 80 80 100 120

Absorbed Dose, Wh/L

Fig. E-2. D,_‘% as a Function of Dose Absorbed by Solvent Irradiated in Contact with 0.25M HNO,.
Comparison of solvent samples washed with aqueous sodium carbonate following
irradiation with those that were not.

100 4——t s e a1 )
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o ;

= 1 i
S: —{ 1 Without Carbonate Wash

——@— With Carbonate Wash
.01 4 . F
.0 777 7T T

0 20 40 60 ‘80 100 120 140 160 180 200
Absorbed Dose, Wh/L

Fig. E-3. D,_! as a Function of Dose Absorbed by Solvent Irradiated in Contact with 2.5M HNO,.
Comparison of solvent samples washed with aqueous sodium carbonate following
irradiation with those that were not.
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With Carbonate Wash
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100

Absorbed Dose, Wh/L

200

Fig. E-4. D Am'°5 as a Function of Dose Absorbed by Solvent Irradiated in Contact with 2.5M HNO,.

Comparison of solvent samples washed wi
irradiation with those that were not.

aqueous sodium carbonate following

100 +4

10

DAm.Ol

.01

T T TT

Without Carbonate Wash
[ — g With Carbonate Wash

™TrrIny

.001

100
Absorbed Dose, Wh/L

200

Fig.E-5. D Am'm as a Function of Dose Absorbed by Solvent Irradiated in Contact with 6.0M HNO,.
Comparison of solvent samples washed with aqueous sodium carbonate following

irradiation with those that were not.



92

10

_—D— Without Carbonate Wash
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Absorbed Dose, Wh/L

Fig.E-6. D Am'°5 as a Function of Dose Absorbed by Solvent Irradiated in Contact with 6.0M HNO,.
Comparison of solvent samples washed with aqueous sodium carbonate following
irradiation with those that were not.

Without Carbonate Wash

[ g With Carbonate Wash

1 o i v i
400 600 800
Time, h
Fig.E-7. D, %' as a Function of Reaction Time for Hydrolysis of Solvent by 2.5M HNO, at 50°C.
Comparison of solvent samples washed with aqueous sodium carbonate following
hydrolysis with those that were not.
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[ -——{:}—— Without Carbonate Wash
——m— With Carbonate Wash

DAm‘05

1 . : . : , . ' l
0 200 400 600 800

Time, h

Fig. E-8. D Am'°5 as a Function of Reaction Time for Hydrolysis of Solvent by 2.5M HNO, at 50°C.
Comparison of solvent samples washed with aqueous sodium carbonate following
hydrolysis with those that were not.

T YTV

LRAARL |
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M 1 T T
0 200 400 600
Time, h

Fig. E9. D Am‘m as a Function of Reaction Time for Hydrolysis of Solvent by 2.5M HNO, at 70°C.
Comparison of solvent samples washed with aqueous sodium carbonate following
hydrolysis with those that were not.
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Fig. E-10. D Am'°5 as a Function of Reaction Time for Hydrolysis of Solvent by 2.5M HNO, at 70°C.
Comparison of solvent samples washed with aqueous sodium carbonate following
hydrolysis with those that were not.
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Fig. E-11. D Am‘m as a Function of Reaction Time for Hydrolysis of Solvent by 6.0M HNO, at 70°C.
Comparison of solvent samples washed with aqueous sodium carbonate following
hydrolysis with those that were not.
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Fig. E-12. D Am'°5 as a Function of Reaction Time for Hydrolysis of Solvent by 6.0M HNO, at 70°C.
Comparison of solvent samples washed with aqueous sodium carbonate following

hydrolysis with those that were not.
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Fig.E-13. D Am'm as a Function of Reaction Time for Hydrolysis of Solvent by Simulated CAW
Containing 1.6M HNO, at 70°C. Comparison of solvent samples washed with aqueous
sodium carbonate following hydrolysis with those that were not.
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Fig. E-14. D Am'°5 as a Function of Reaction Time for Hydrolysis of Solvent by Simulated CAW
Containing 1.6M HNO, at 70°C. Comparison of solvent samples washed with aqueous
sodium carbonate following hydrolysis with those that were not.
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APPENDIX F. ACIDITY OF ORGA: C AND AQUEOUS PHASES

1. Procedures for Determining Acidity Changes

The concentration of acidic species in a sample of solvent was determined by washing with
water, diluting the washings to a measured volume, and titrating an aliquot of it with standard base.
Degraded solvent was centrifuged, and a measured portion of 6-8 mL organic phase was withdrawn for
analysis. If the acid was originally 0.25M, the wash was one part organic to one part aqueous; otherwise,
the ratio was 1 t0 3. For TRUEX-NPH samples in contact with just nitric acid, the sample was washed
three times with water. The washings from each organic sample were collected and diluted to a standard
volume with distilled water. From each flask of collected washings, two aliquots were withdrawn. Each
aliquot was titrated against a standard solution of 0.1M NaOH, using a buret with 1- or 10-mL capacity.
End points of the titrations were determined with a Metrohm 670 Titroprocessor. For a few cases, the
acidity of aqueous nitric acid that had been in contact with solvent during radiolysis or hydrolysis was
determined by similar titrations.

2. Acidity in Aqueous Phase Resulting from Radiolysis

Analyses for the change of acidity in aqueous HNO,, initially 0.25M, irradiated in contact
with TRUEX-NPH solvent are presented in Fig. F-1 as a graph of [H*] versus dose. In this system, there
is a definite increase of [H*] with dose, which can be expressed by an equation similar to Eq. III-9,

] =[]+ @ o ® ® (F-1)
where [H"]0 = initial concentration of hydrogen ion in the aqueous phase
G = radiation chemical yield, H ions J"! (hydrogen ions appearing in aqueous phase per 100

eV absorbed by solvent)

M, P, and t are defined in Sec. III.

i i i PN N | Lot i 1 i PO S 1 '
— 0.34
l_J |
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0.24 — T ——

—r——T— —r T
0 100 200

Absorbed Dose, Wh/L
Fig. F-1. Acidity of the Aqueous Phase, Initially 0.25M HNO,, in Contact with
TRUEX-NPH Solvent versus Radiation Dose Absorbed by the Solvent
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The slope of the graph in Fig. F-1 is 3.653 x 10* mol W! h’l. From this slope, a G value can be
calculated for the increase of [H*] in the aqueous phase, as follows:

[»]
n

[(3.853 x 107 wol Wt p°1)] /

[3.73 x 107 molecules™* W1 h™! (100 V) mol] (F-2)

0.98 H ions/100 eV (8.1 x 1018 H ions J°1) (F-3)

The relatively small difference between this value and the value of 0.76 molecule/100 eV for
destruction of CMPO (Sec. III) suggests that the destruction of a molecule of CMPO and the appearance
of a hydrogen ion in the aqueous phase are related.

Analyses for the acidity change in the aqueous HNO,, initially 6.0M, irradiated in contact
with TRUEX-NPH solvent are sparse and do not provide a basis for deriving an expression of [H*] as a
function of dose or for determining a G value for the appearance of [H*] in the aqueous phase. Figure F-2
shows, however, that the data could be represented by a line having the same slope (i.e., same radiation
chemical yield) as the 0.25M system and passing through a point determined by the average value of H*

and the average dose.
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Fig. F-2. Acidity of the Aqueous Phase, Initially 6.0M HNO,, in Contact with
TRUEX-NPH Solvent versus Radiation Dose Absorbed by the Solvent

3, Acidity in Organic Phase Resulting from Radiolysis

Acidity changes in the organic phase hydrolyzed in contact with aqueous HNO, were
determined for systems in which the acid concentrations were initially 0.25, 2.5, and 6.0M. Variations of
acidity in the organic phase with hydrolysis time are represented in Figs. F-3 to F-5. No attempt is made
to derive an algebraic expression for rate of acidity change with hydrolysis time, but some general trends
in the data are evident. The trends can be most readily viewed if the data are grouped according to the
initial acidity of the aqueous phase in contact with the solvent.
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Thus, Fig. F-3 shows the results obtained for hydrolysis in contact with 0.25M HNO,. At
this acidity, there is little change for hydrolysis at 50° and 70°C; the rate of acidity change accompanying
hydrolysis at 95°C seems inconsistent with results at the two lower temperatures.

Figure F-4 shows the results obtained for hydrolysis of solvent in contact with 2.5M HNO,,
In this system, the acidity definitely decreases for hydrolysis at 70°C and 95°C to a level that does not
change after about 200 h. The initial slopes of the curves show that the initial rates of acidity change
increase in the same order as temperature, whereas the final acidity concentrations decrease as
temperature increases. At 70°C, the final acidity is about 87% of the initial acidity, and at 95°C, the final
acidity is about 37% of the initial acidity.

From Fig. F-5, showing the results obtained for hydrolysis of solvent in contact with 6.0M
HNO,, it can be concluded that the general trends are similar to those described for hydrolysis of solvent
in contact with 2.5M HNO,. At 70°C, the final acidity is about 73% of the initial acidity, and at 95°C, the
final acidity is about 25% of the initial acidity.
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APPENDIX G. ANALYSES OF NONTRANSURANIC ELEMENTS IN DEGRADED
SOLVENT EQUILIBRATED WITH SYNTHETIC WASTE SOLUTIONS

Information on the effects of solvent degradation on nonTRU elements in distribution systems was
obtained as follows. The TRUEX-NPH solvent was stirred in contact with simulated CAW solution for a
measured time at a constant temperature of 50, 70, or 95°C; then a sample of the organic phase was
separated and washed with several portions of water. The collected washings were diluted to a standard

volume, and an aliquot of this volume was removed and analyzed by the ICP method for a number of
elements.

The ICP analyses of concentrations in the washings, reported in pg/mlL, were used to calculate
concentrations of each element in the solvent. Used for this purpose were volumes of solvent sample,

collected washings of the sample, and an aliquot of the washings. The concentration was calculated as
follows:

g element o g . 1 mol N
mL 106#5 at. wt. of element |[fig

vol. aq. washings, mL ° 103mL - mol element
vol. org. phase sample, mL L L

(G-1)

The variation of concentration with hydrolysis time showed two general types of behavior:

(1) Concentrations are measurable and can be represented as a function of hydrolysis time.
(See Figs. G-1 through G-18).

(2) Concentrations are so low that ICP analysis permits their expression only as maximum

values that do not vary with hydrolysis time and do not depend regularly on temperature.
(See Fig. G-19).

More detailed conclusions on these results are presented in Sec. VIIL
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Fig. G-1. Concentration of Yttrium in TRUEX-NPH Solvent Degraded by Hydrolysis at
50, 70, or 95°C in Contact with Simulated CAW Containing 1.6 or 2.6M H*
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