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ABSTRACT

Production operations at many Department of Energy (DOE) sites throughout the United
States have resulted in large inventories of stored radioactive wastes. Because disposal costs for
transuranium-bearing wastes are exorbitant, it seemed prudent to examine final disposal options
involving actinide removal so that the bulk of the waste could be disposed of by less expensive
methods. The DOE sponsors development of the transuranium extraction (TRUEX) process for
removing actinides from such wastes. The solvent is a mixture of octyl(phenyl)-N,N-
diisobutylcarbamoylmethyl phosphine oxide (CMPO) and tri-n-butyl phosphate (TBP). The
extraction characteristics of CMPO are not as well understood as those of TBP.

The extraction characteristics of nitric acid, uranyl nitrate, and bismuth nitrate with
CMPO were studied in an experimental program where CMPO was dissolved in n-dodecane to
produce the organic-extracting medium. Three different aqueous systems were used in the tests:
(1) nitric acid, (2) uranyl nitrate in nitric acid, and (3) bismuth nitrate in nitric acid. In each
experiment, aqueous solution was equilibrated with the organic extractant and the concentration
of the solute was measured in each phase to obtain distribution data. The objectives of the project
were to estimate extraction stoichiometry and equilibrium constants for the extraction of nitric
acid, uranyl nitrate, and bismuth nitrate with CMPO.

Experiments were performed over a limited range of concentrations to avoid conditions
favoring formation of a third phase. Aqueous nitric acid concentrations were limited to 0.30 M
at 25°C, 1.0 M at 40°C, and 3.0 M at 50°C. These limits were decreased by the addition of other
nitrates to the system. Uranyl nitrate and bismuth nitrate concentrations were limited to tracer

levels.
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The data indicate that CMPO extracts nitric acid with a 1:1 stoichiometry. The value
of the equilibrium constant was calculated to be 2.660 + 0.092 at 25°C. The enthalpy of the
extraction was estimated to be —5.46 + 0.46 kcal/mol.

Slope analysis indicates that uranyl nitrate extracts with a mixed equilibria of 1:1 and
2:1 stoichiometries occurring in nearly equal proportion. Over the range of the data, the extraction
was well modeled by a 2:1 stoichiometry. Effects of nitric acid concentration were well modeled
by an aqueous nitrate complexation equilibrium. The equilibrium constant of the 2:1 extraction
was calculated to be 1.213 x 10° + 3.56 x 10*at 25°C. The enthalpy of the reaction was estimated
to be —9.610 = 0.594 kcal/mol. The nitrate complexation constant was calculated to be
8412 £0.579 at 25°C. The enthalpy of the complexation was estimated to be
-10.72 + 1.87 kcal/mol.

Slope-analysis studies show that bismuth nitrate also extracts with a mixed equilibria
of, perhaps, 1:1 and 2:1 stoichiometries. Over the range of the data, a 2:1 extraction equilibrium
and a nitrate complexation were found to adequately model the data. The equilibrium constant for
the extraction equilibrium was estimated to be 7.847 x 10" +4.27 x 10° at 25°C. The
corresponding enthalpy of the extraction was estimated to be —18.99 + 0.82 kcal/mol. The nitrate
complexation constant was estimated to be 76.47 x 12.03 at 25°C, while the corresponding

enthalpy of the complexation reaction was estimated at —21.75 = 5.07 kcal/mol.
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1. INTRODUCTION

1.1 Background

Production operations at many Department of Energy (DOE) sites throughout the United
States have resulted in massive quantities of stored radioactive and hazardous wastes. These
wastes have accumulated since the early 1940s (about 50 years) during the production of weapons
materials and, to a lesser extent, products for the civilian marketplace, such as isotopes for
research and medical purposes. Processing of irradiated nuclear fuel to recover uranium and
plutonium, for example, results in a high-level radioactive waste containing fission products, some
of which are highly radioactive, and transuranium elements produced by neutron capture, which
are also radioactive. Typically, these wastes are stored in large tanks and await final disposal.
Storage sites for such waste include, but are not limited to, the Hanford Engineering Development
Laboratory (HEDL), Idaho National Engineering Laboratory (INEL), Oak Ridge National
Laboratory (ORNL), Los Alamos National Laboratory (LANL), and Rocky Flats Plant (RFP). The
DOE is responsible for these wastes and their ultimate disposition.

Wastes containing transuranium (TRU) elements that contribute ionizing radiation of more
than 100 nCi/g must be considered TRU wastes and must be disposed of accordingly, in deep
geologic repositories (Moghissi, 1986). The stored wastes contain TRU components as a minor
constituent. Studies conducted by Sears et al. (1990, 1991) have shown that the stored wastes at
ORNL are composed of two major "phases”: (1) a high-pH supernatant containing sodium and
nitrate ions in large concentration with essentially no TRU content, and (2) a sludge consisting
of precipitated solids that contain the bulk of the TRU materials.

Options to dispose of the waste have been considered by McGinnis (1992). One option

is to dry the waste and, without any additional pretreatment, vitrify it in glass. Preliminary



evaluations of the vitrification of the Hanford wastes alone are estimated to produce
200,000 canisters of waste requiring repository disposal. Each canister would have an estimated
life cycle cost of $750,000, for a total disposal cost of $150 billion. Separation of the waste prior
to vitrification promises to reduce the number of canisters to, conservatively, one-tenth or, at best,
one-hundredth of the above figure. A potential cost savings of around $100 billion is sufficient
incentive to pursue separations technology as a precursor to waste disposal.

A substantial program is under way at ORNL to demonstrate waste processing
technologies. Wastes in the Melton Valley Storage Tanks (MVST) are representative of the
materials throughout the DOE complex that must be processed and are being used in these
demonstrations. Table 1.1 summarizes the preliminary characterization data on wastes in tank
W-25, from which the test materials are taken. Although there are discrepancies between the
chemical and radiological analyses in these preliminary data, the data do show the large number
of components in the waste and their relative concentrations. The waste contains small (essentially
trace) concentrations of TRU elements. Because of the advantages of disposing of non-TRU waste
using near-surface disposal techniques, separation of the TRU components is an important part
of the predisposal treatment. The general processing scheme is to treat the supernatant and the
sludge separately. Sludge can be separated from the supernatant by either gravity or centrifugation.
The sludge contains the TRU materials, but still at small concentrations. Treatment of the sludge
is thought to be best accomplished in several steps (McGinnis, 1992). First, it is washed with mild
caustic solutions to remove as much of the highly soluble materials as possible, particularly
cesium and strontium, while keeping the TRU materials in the solid phase. Second, the insoluble
residue containing the TRU elements is dissolved in nitric acid. Third, the dissolved material is

processed using the transuranium extraction (TRUEX) process to remove the TRU materials from



Table 1.1. Analytical data for supernatant and sludge samples from tank W-25

Supermatant Sludge
Measured attribute
Bg/ml)  (mgl) (mg/kg)

Physical properties and miscellaneous
data
Total solids 348 x 10° 5.31 x 10°
Density (g/mL) 1.2018 1.32
pH 125
H* M)
OH" ) 0.06
Cco*» ) <0.01
HCO, M) <0.01
Chloride (M) 0.071
Fluoride o) <0.026
Nitrate ) 4.19
Phosphate (M) <0.053
Sulfate M) <0.052
Resource Conservation and Recovery Act
(RCRA) metals
Ag <0.69 <7.6
As <37 <41
Ba 32 59
Cd <0.12 11
Cr 19 59
Hg 0.054 37
Ni 045 34
Pb <21 220
Se <4.7 <51

T Tl <14 <16
Process metals
Al ‘ <42 2800
B 0.60 <15
Ca 280 3.80 x 10°
Co <0.57
Cs <1.3
Fe <2.6 940
K 1.70 x 10* 9200
Mg <13 5900
Na 7.80 x 10* 6.60 x 10*
Si <1
Sr 23 150
Th <2 3860
u <0.10 4800



Table 1.1 (continued)

Supernatant Sludge

Measured attribute @yml)  (mgl) ®Ba/g) (mg/kg)
Beta/gamma emitters
el 3.29 x 102 1.91 x 102 171 x 10% 9.92 x 10*
14Ce <13x10° <1.13x10° <42 x10° <3.64 x 10°
0Co 1.88 x 10° 446 x 10° 4,03 x 10* 9.55 x 10*
34cg 3.77 x 10° 8.86 x 10° 7.07 x 10? 1.66 x 10°
s 3.27 x 10° 1.02 x 107 221 x 10° 6.91 x 102
2Ry <1.6x 10> <236 x 10° 8.14 x 10* 1.20 x 10?
134y <12x10*° <222 x10° 5.06 x 10° 9.37 x 10°
BSEy <69 x10° <1.37 x 10° 1.63 x 10° 324 x 10*
*H 3.45 x 10? 9.64 x 107
%Nb <63 x 10!  <434x10% <59 x 10 <4.07 x 107
%Ry <19x10° <1.52x10° <59 x10° <4.73 x 10
0S¢ 1.95 x 10* 3.63 x 10? 1.65 x 10° 3.08 x 10
*Zr <12x 10 <149x107 <46 x10° <5.73 x 10
Alpha emitters
=y
my 8.37 x 107 2.37
255 <42 x 10° <5.30 x 10!
29py 240py 2.93 x 10° <1.29
28py A Am 7.35 x 10° <6.25 x 10
*Cm <39 x10° <2.55 x 103
#Cm 332 % 10* 1.12 x 10?

Source: M. B. Sears et al., Sampling and Analysis of Radioactive Liquid Wastes
and Sludges in the Melton Valley and Evaporator Facility Storage Tanks at ORNL,
ORNL/TM-11652, Martin Marietta Energy Systems, Oak Ridge National Laboratory,

September 1990.

The TRUEX process has been under development for nearly a decade as a means of

et al. (1992), Mathur et al. (1993), and Koma et al. (1993).

4

the aqueous phase and concentrate them into a relatively small volume. Fourth, the TRU
concentrates are disposed of following a vitrification process or even used as a resource from

which valuable elements such as americium and curium may be obtained.

removing actinides from high-level radioactive waste. Development of the process and technical

data for it are described by Horwitz et al. (1982, 1985), Vandegrift et al. (1984), Leonard et al.
(1985, 1987), Schulz and Horwitz (1988), and Horwitz and Schulz (1990). Recent tests of the

process to demonstrate removal of actinides from waste streams have been .reported by Ozawa



In the TRUEX process, metal nitrates are extracted from an aqueous nitric acid phase with
an organic extractant. The organic extractant is a mixture of octyl(phenyl)-N,N-
diisobutylcarbamoylmethyl phosphine oxide (CMPO) and tri-n-butyl phosphate (TBP) in an
organic diluent. Figure 1.1 shows the chemical and structural formulas for these two extractants.
Pure CMPO is a solid at room temperature but is readily dissolved in many common organic
solvents. Solvents that have densities significantly different from water are usually selected to
enhance phase separation. To be an effective separation medium, the extractant should not
distribute appreciably into the aqueous phase. From measurements on a normal paraffin

hydrocarbon (NPH) containing 0.2 A CMPO and 1.2 M TBP equilibrated with a 1.0 M aqueous

nitric acid solution, Horwitz et al. (1985) report the distribution ratios (organic-phase concentration
divided by aqueous-phase concentration) for CMPO and TBP to be 6100 and 1600, respectively.
Other properties such as fire resistance are also considered (Tse and Vandegrift, 1989). Because
CMPO can form a third, heavy, organic phase upon extraction of metal nitrate complexes, TBP
is added as a phase modifier to increase the capacity of the organic phase for nitrate without
forming a third phase (Horwitz et al., 1985). The formation of a third phase is problematic for
extraction processes that typically operate with only two liquid phases. Third-phase formation can
also be suppressed by higher operating temperatures, and Ozawa et al. (1992) have shown that the
third phase vanishes over a very narrow temperature band once a critical temperature is reached.
Two types of diluent are typically used for the TRUEX solvent: (1) an NPH such as n-dodecane,
in which case the concentrations of CMPO and TBP are typically 0.2 and 1.4 M, respectively; and
(2) tetrachloroethylene (TCE) in which the concentrations of CMPO and TBP are typically
0.25 and 0.75 M, respectively.

TBP has long been known as an extractant for the recovery of uranium and plutonium

(Alcock et al., 1958; Sato, 1958). In their summaries of the TRUEX process, Horwitz et al. (1985)



CMPO

Cg H17 -
N7 -
\CH —C//
2 \ /CHECH(CH3)E
N
AN
CH8CH(CH3)8

octyl{phenyD-N,N-diisobutylcarbamoylme 'thylphosphine
oxide (CMPDD

Simple formula: CogNH4pPOp
Formula weight: 407.58

TBP

0—(CHpd3 CHj

0— Pé O0—(CH 8)3 CH3

No—ccH 23 CHg

tri-n-butylphosphate (TBP>
Simpte formula: CipHo7PO4
Formula weight: 266.32

Figure 1.1. Structural formulas of CMPO and TBP.
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and Horwitz and Schulz (1990) provide data showing that the mixed TBP-CMPO solvent is a
strong extractant for uranium, plutonium, americium, and neptunium, and is a moderate extractant
for yttrium, lanthanum, and other elements in the lanthanide series. Because of its similarity to
americium, curium is also expected to be strongly extracted by CMPO. The waste materials to be
processed con@ additional species that may be extracted as well. Concern arises that there may
be competition for the extractants by such species or exhaustion of the extractants before the
sought materials are removed. If the equilibria in multicomponent systems are unfavorable, other
methods may be used to enhance selectivity. For example, studies of the extraction of zirconium
from nitric acid solutions with TBP by Siczek and Meisenhelder (1980), Meisenhelder and Siczek
(1980), Mailen et al. (1980), and DeMuth (1989) indicate that even though the distribution
coefficient can be large, slow kinetics permit selection of process conditions to reduce its
extraction. Bismuth, which is a large constituent in the HEDL waste, is reported by Yukhin (1988)
to be mildly extracted by TBP. In a recent study, Lumetta et al. (1993) measured the distribution
of bismuth between an aqueous nitric acid solution and TRUEX-NPH solvent. The large
distribution coefficient suggests strong extraction by the CMPO component.

Even though much work has been done to develop the TRUEX process and measure
important distribution coefficients, additional experimental data are needed to model the process
so that optimum flowsheets may be developed. Several experimental studies have been made of
the extraction of metal nitrates using the TRUEX solvent (i.e., the mixed CMPO-TBP solvent).
Development of a detailed thermodynamic model of the extraction process requires information
on the extraction characteristics of the individual organic extractants. The literature contains data
on the distribution of many of the species of interest between an acidic aqueous nitrate solution
and solutions of TBP in NPH diluents. No data are available on the extraction of uranium or

bismuth into a CMPO-based NPH solvent in the absence of TBP. Because of the known salting-



out effect of nitric acid, some measurements have been made on the extraction of nitric acid by
CMPO in a TCE diluent, and smaller amounts of information have been obtained for the
extraction of nitric acid by CMPO in an NPH diluent. There is a rieed for data that describe the
distribution of uranyl nitrate, bismuth nitrate, and nitric acid between an aqueous phase and a

CMPO-NPH organic phase.

1.2 Objectives

The overall objective of this work was to develop a thermodynamically consistent model
of the extraction equilibria of uranyl nitrate and bismuth nitrate (separately) describing the
distribution of these species between an aqueous-phase nitric acid solution and a CMPO-NPH
organic phase. Experimental data describing the distribution of the extractable species were used
in conjunction with the model to (1) infer the stoichiometry of the extraction reaction (equilibria),
(2) estimate values for the thermodynamic equilibrium constants of these equilibria, and
(3) estimate the enthalpy of extraction. Activity coefficients of the aqueous species were obtained

from the literature and were calculated using existing correlations, such as those developed by

Pitzer (1973). The organic phase was typically assumed to be ideal (all activity coefficients equal
unity) because of (1) a lack of data and (2) the supposed electrical neutrality of species in the
organic phase. However, the organic-phase activity coefficients, for which values are not known,
affect the values of the equilibrium constants as though they were lumped together with the
equilibrium constant. The effect of the organic-phase activity coefficients on the equilibrium

constants was also estimated.



1.3 Primary Areas of Investigation

The work necessary to meet the objectives may be subdivided into four primary areas of
investigation.

Measurement of Distribution Coefficients. The distribution coefficients of uranyl nitrate
and bismuth nitrate, separately, need to be measured between an acidic aqueous solution and a
CMPO-NPH solvent since data for these systems are currently nonexistent. Experimental data
needs cover a range of concentrations for various actinide-bearing waste applications. Therefore,
it is likely that insufficient data on the distribution characteristics of nitric acid with this solvent
will require laboratory measurements. Measurements on the distribution of uranium and bismuth
between the aqueous and organic phases will be made at a constant temperature around 25°C
because most extraction processes operate near room temperature. Measurements will also be
made at an elevated temperature (40°C) in an attempt to estimate the enthalpy of the extraction
reactions. Concentrations of solutes (e.g., nitric acid, uranyl nitrate, and bismuth nitrate) in the
aqueous phase will be varied throughout an applicable range. Because of the danger of third-phase
formation, the concentration of metal nitrates may be limited to a low level; however, increasing
the process temperature will increase the concentration required to form a third phase.

Estimation of Extraction Stoichiometry. Experiments performed at various organic-phase
CMPO concentrations and fixed aqueous-phase compositions are used to infer the stoichiometry
of extraction by the slope-analysis method described by Hesford and McKay (1958). Under
conditions where both phases are nearly ideal, a plot of the logarithm of the distribution ratio vs
the logarithm of the extractant concentration gives a straight line whose slope is equal to the
extraction stoichiometry (sometimes called solvation number). The extraction stoichiometries for

nitric acid, uranyl nitrate, and bismuth nitrate are estimated by this method. The results are



compared with those reported in the literature for similar systems, for example, the extraction of
uranyl nitrate from nitric acid media by CMPO in a TCE diluent.

Development of a Model. A thermodynamically consistent model is developed of the
equilibrium distribution of uranyl nitrate between an aqueous nitric acid phase and a CMPO-NPH
organic phase that are in intimate contact. The model is based on chemical mass action equations
and relates the aqueous- and organic-phase concentrations of the extracting species.
Thermodynamic equilibrium constants are the parameters of the model. Similar models are
developed for the partitioning of bismuth nitrate between an aqueous nitric acid phase and a
CMPO-NPH organic phase. Because nitric acid is present in both cases and competes for the
extractant, similar models for the extraction of nitric acid are also developed.

Determination of Equilibrium Constants and Enthalpy of Extraction. Because the
equilibrium constants are the parameters of the model, fitting the experimental data to the models

results in values of the equilibrium constants. With equilibrium constants determined at different

temperatures, the enthalpy of the associated reaction is estimated.
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2. LITERATURE REVIEW

Solvent extraction processes are based on the preferential solubility of the species of
interest in one phase of a two-phase system. For example, in the recovery of uranium, uranyl
nitrate salt dissolved in an aqueous phase is brought into comtact with an organic solvent
containing a species (extractant) that complexes with the salt. The uranyl nitrate transfers into the
organic phase in the form of a uranyl nitrate salt-extractant complex. Contaminants in the aqueous
phase are not complexed by the extractant (ideally) and do not transfer to the organic phase with
the uranium. Often the reaction at the interface between aqueous and organic phases is rapid; and,
if the mixing is sufficiently vigorous in both phases, the phases rapidly approach an equilibrium
concentration of the extractable salt (Olander and Benedict, 1963). Extraction of uranyl nitrate into
the organic phase is enhanced by the presence of additional nitrate ions, for example, from nitric
acid or a nitrate salt. Typically, uranyl nitrate is extracted from a strong nitric acid solution (Sato,
1958) or ammonium nitrate solution (Blanco, 1961) into the organic and recovered from the
organic into an aqueous phase having a very low nitrate concentration by a reverse extraction. The
equilibrium established in such a procedure can be modeled as chemical reactions depicting the
formation and destruction of uranyl nitrate—organic complexes. Other ions in solution affect the
equilibrium, and their presence must also be included in any useful model. The aqueous phase is

highly nonideal because of the dissociation of the salts and acids into ionic species. A

thermodynamic model of the equilibrium must consider the activities of these strong electrolytes.
2.1 Thermodynamic Treatment of Extraction Equilibria

Extraction equilibria are often modeled as chemical equilibria. In many books (e.g.,

Denbigh, 1971) a general chemical equilibrium is written in the compact form

11



=2V -

i

where v = the stoichiometric coefficient (positive for products and negative for reactants),
r = a reactant or a product, and
i = the counter or identifier for reactant or product species.
The thermodynamic equilibrium constant based on such a mass action equation may then be

written as

0
DoV A0 (2-2)
K = exp - vl exp( er(T; ] = [T am)" .

where R = ideal gas law constant, 1.9872 cal/(molK);
T = absolute temperature, K;
AG® = change in Gibbs free energy for the reaction, cal/mol;
1° = the chemical potential at some convenient standard state;
Y = the activity coefficient; and
m = concentration (may be molar, molal, or other appropriate unit).

The product of the activity coefficient and concentration of a species is called the activity,
a =ym, | (2-3)

where a = the activity of a species.
Assignment of values for concentration is straightforward, but the activity coefficients may

vary considerably from unity and are concentration dependent.
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2.1.1 Effects of Temperature and Pressure on Equilibrium Constant
The temperature and pressure dependence of the equilibrium constant is given in standard
textbooks (e.g., Harned and Owen, 1943; Denbigh, 1971; Smith and Van Ness, 1975)

as

0 0 .
Rdin k=28 47 A‘T’ AP (2-4)

T? ’

where P = pressure,

AH® = either the molar enthalpy change of the pure liquid component or the partial
molar enthalpy change at infinite dilution, depending on the limiting behavior
of the selected species; and

AV = volume change on reaction when each component approaches ideal behavior.

In liquid phases the effect of pressure on the equilibrium constant is very small, so the term in
Eq. (2-4) regarding pressure change is small and may be neglected unless very large pressure
changes are encountered. In the present work, all experiments were performed at atmospheric

pressure. Under constant pressure conditions, the equation may be written as

din K _ AHO (2_5)
ar ), Rr:

which is known as the van’t Hoff equation and, upon integration, yields

K, AHl1 1 (2-6)

In - =__|__~-

RI\T, T,
if the enthalpy change is independent of temperature. Equation (2-6) provides the means for

correlating the equilibrium constant, at least over a limited range of temperature.
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2.2 Activity Coefficients
The concept of activity was introduced by G. N. Lewis in 1907 to account for deviations
from ideal solution behavior. Activity coefficients are expressed as a partial derivative of the
excess Gibbs free energy with respect to the number of moles of the substance in question (Smith

and Van Ness, 1975). That is,

iy - {_M_/Ra} | e
! on.
! TPn

where 7 = quantity of material, moles;

i = the component permitted to change;

J = all components except i;

G* = excess partial molar Gibbs free energy, cal/mol; and

P = pressure, atm.

The excess Gibbs free energy is simply the difference between the actual free energy and the free
energy of a corresponding ideal system. Equations that describe the energy potential of a system
can be used to develop equations or equation forms for the activity coefficient.

Activity coefficients and osmotic coefficients may be inferred from a variety of physical
measurements. Traditional methods described by Guggenheim (1935) include freezing point
depression, boiling point elevation, vapor pressure measurements where Henry’s Law defines
ideality, and electric potential. Mikhailov and Torgov (1964) show that an extraction method may
be used. The osmotic coefficient is usually used to describe the nonideality of the solvent.
Guggenheim (1935) describes this as a numerical convenience because, even in solutions

considered quite nonideal, the activity coefficient of the solvent may be only slightly different
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from unity, thereby requiring several significant digits. The osmotic coefficient is a more sensitive

indicator of deviations from ideality and is defined by

po= 1 + OPRT In x, (2-8)
where p = the chemical potential,
¢ = the rational osmotic coefficient, and
x; = mole fraction.

Equation (2-8) defines what is often called the rational osmotic coefficient. Another often-used

osmotic coefficient is the practical osmotic coefficient defined by Harned and Owen (1943) as
vmM
By = Mo - ¢RT§‘;#OJ’ . (2-9)
where ¢ = the practical osmotic coefficient;
m = concentration, mol/kg of solvent (molal); and
M, = molecular weight of the solvent.
Solute properties are often correlated in terms of the activity coefficient and solvent properties by
the osmotic coefficient. Pitzer (1973) makes extensive use of the practical osmotic coefficient,

which is also related to the excess Gibbs free energy by the equation

1 d(nG*=)
-1=- 2-
? RTY m| On 10

T.Pn,

where n, = amount of solvent, moles.
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When the osmotic coefficient of the solvent is known, its activity may be readily calculated from

M vm.
0 1000.

2.2.1 Conventions and Relationships Among Different Concentration Scales

Classic thermodynamics texts usually develop activities in terms of mole fraction. In
addition, other concentration scales such as molar and molal are often used. Activity coefficients
can be translated into the different scales when the conversions among the concentration scales
are known. Starting with the definitions of mole fraction, molar, and molal, the following
concentration conversions can be derived:

Jrom mole fraction to molal,

o = 10005, 12

‘ Mx,

from mole fraction to molar,

1000px, ] 2-13)

,

c. =

C My, ¢ Y Mz,
from molar to molal,

m, = i : (2-14)
p - 0.001Y. c M,

and

from molal to molar,
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6= : @15)
1+ 0.001% mM,

where [ = subscript referring to solutes,
0 = subscript referring to solvent,
x = mole fraction,

¢ = concentration, mol/L. (i.e., molar),

m = concentration, mol/kg of solvent,

M = molecular weight of the indicated species, and

p = density of the solution, g/mL.

Denbigh (1971) derives the conversion between activity coefficients on the mole fraction

scale and molal scales:

i N (2-16)
*;
where Y* = activity coefficient on the mole fraction scale.
[For convenience, the superscript (m) is not used for the molal scale because further identification

is not required when the other scales are identified and it simplifies equations in much of the

remainder of this paper.] Similar mathematical manipulations can be used to convert between

activity coefficients on a molar and a molal scale;

O = YimPo X 2-17)
C,

where Y9 = activity coefficient on the concentration scale, and

po = density of the pure solvent, g/mL.
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Both mole fraction and molal concentrations are independent of temperature, but the molar
concentration changes with temperature because the solution density changes with temperature.

For these reasons, the activity coefficients found in the literature are usually correlated on a molal

basis.

2.2.2 Effects of Temperature and Pressure

The temperature dependence of the activity coefficient is developed in thermodynamics

texts, for example, the book by Denbigh (1971). Dependence of the activity coefficient on

temperature is

0
31; Yoo H-H (2-18)
T RT?

where H; = the partial molar enthalpy of component i, and

H? = the molar enthalpy of pure substance (m; — pure material), or

HY = the partial molar enthalpy of solute at infinite dilution (7z; — 0).
Two meanings for H? result, as indicated, from selecting either the pure substance or its infinite
dilution condition as the standard state at which the activity coefficient approaches unity. The
effect of pressure may be written as

0
31; To_ V-V (2-19)
P RT

where V, = the partial molar volume of component i, and
V? = the molar volume of pure substance (m; — pure material), or

V = the partial molar volume of solute at infinite dilution (m; — 0).
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In liquid solutions the volume changes caused by pressure changes are quite small so that pressure
effects on the activity coefficient may be safely ignored.

Because the activity coefficient is expressed in terms of the excess Gibbs free energy, as
illustrated in Eq. (2-7), it is convenient to express the temperature effect in terms of that same
function. The Gibbs-Helmholtz equation may be written in terms of excess quantities as

a(G‘J‘/RT)P,m - _Hex (2-20)
oT RT? ~

where H® = the excess enthalpy (enthalpy of the solution minus the enthalpy of the
components in their standard states).

Silvester and Pitzer (1977, 1978), and Phutela and Pitzer (1986) identify terms in
Eq. (2-20) having the form H* [or, equivalently, the term H, — H? in Eq. (2-18)] as related to the
enthalpy of dilution and the enthalpy of solution. Now consider the coefficients in the function
for G* used to compute the values of the activity coefficient [see Eq. (2-7)]. Together, these ideas
imply that the temperature derivatives of the coefficients used in the excess Gibbs free energy
function describe the temperature effect on the activity coefficient. The enthalpy of solution

permits assignment of values to those temperature derivatives.

2.2.3 Additional Definitions for Electrolytes

Dissociation of an electrolyte in solution is usually represented as a chemical equilibrium
having the form of Eq. (2-1). At equilibrium the chemical potential of the electrolyte, as a whole,
is shown by Denbigh (1971) to be equal to that of the undissociated portion of the electrolyte,

which is also equal to the linear combination of the chemical potential of the separate ions:

H=vyu +vp (2-21)
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where v, = number of cations produced per dissociated molecule, and

v_ = number of anions produced per dissociated molecule.
Because individual ionic chemical potentials are not measurable, due to electroneutrality
constraints, the ionic activity coefficients have no physical significance even though the ionic
concentrations can be quantified for totally ionized electrolytes. The combination of individual
ionic chemical potentials does have physical significance, as indicated above, so it is convenient

to define a mean ionic activity coefficient as

Y=, (2-22)
where v=v, + V.
Mean ionic molalities may be similarly defined:
v v\
m, = (m: ‘m._ ')m = m(vi'v_') . (2-23)

In cases where the electrolyte is not completely dissociated, the usual convention is to

make the calculations as though it were. Then ¥, is referred to as the mean stoichiometric activity

coefficient. Mean stoichiometric activity coefficients contain information on the degree of
dissociation of the electrolyte. Clegg and Brimblecombe (1990) show that it is unnecessary to

include association in predicting the vapor pressure of nitric acid.

2.2.4 Pitzer Method of Correlating Activity Coefficients

Calculations of aqueous-phase activity coefficients are required for thermodynamic models
of extraction in this report. The Pitzer model is generally ;:onsidered the most reliable, is most
used, and is best documented. Therefore, the Pitzer treatment will be used in this report because

of its more mature stage of development and availability of parameters.
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Activity coefficients can be correlated to ionic strengths of about 6 m, using the Pitzer
method, to yield results having standard deviations within 0.001. The greatest practical advantage
of the Pitzer equations is that the Pitzer parameters obtained from data on binary mixtures and

tertiary mixtures can be used to calculate the activity coefficient of the subject species in

multicomponent mixtures. Pitzer and Kim (1974) estimated that activity coefficients for binary
mixtures with a common ion could be calculated to within standard deviations of 0.02 using only
pure-component parameters. Often the tertiary terms are exceedingly small and make only minor
corrections to the activity coefficients.

Development of the Pitzer model is detailed in a series of papers by Pitzer and coworkers
(Pitzer, 1973; Pitzer and Mayorga, 1973, 1974; Pitzer and Kim, 1974; Pitzer, 1975; Pitzer and
Silvester, 1976; Pitzer et al., 1977). The resulting equations for mixed electrolytes, as shown by
Pitzer (1991), are given here for the reader’s convenience.

Mixed Electrolytes. The osmotic coefficient for a solution containing more than one salt

is given by
1 _ A¢13I2 .
@ = Ddm =~ * L mmBa 269
+ Z chmc’(q)SC' + Zmawcc’a)
Y Y mm (@ + Yo my,,) 2-24)

* E E mnmcﬁ'nc * E E mnmaxna

+ ZZmnm",lM, + %Zm,,zkm R
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The individual activity coefficients of an ionized electrolyte in a mixed solution are given by the

following equations:

In YM = Z;F * Ema[ZBMa * ZCMa] * Emc[zq)Mc * EmaWMca]
* 2,3, Y mm,C + NN mm Yy (2-25)
+2Y mA, ...,

and

In 'Yx = Z;F + Emc[chX * ZCcX] * Ema[zq)xtz * zmccha]

+ llezzmcmacca * E mcmc’wcc'x (2'26)
¢ a ¢ <!
+2y mhy t ...,
n

where M = a cation of a specific species,
X = an anion of a specific species,
a = an anion in a mixture, and
¢ = a cation in a mixture.
These individual ion activity coefficients are combined by a logarithmic form of Eq. (2-22) to give

the mean stoichiometric activity coefficient:

Invy,, = (vM Iny, +v,In 'yx)/v. 227

The activity of the solvent is calculated from the osmotic coefficient by use of Eq. (2-11). The

remaining terms in the equations are defined by

F =f7 + Ezmcmch{z + EEmcmc,CI)ic, + Ezmama’éxlm’ N (2"28)
c a ¢ <! a <a’
Iz 2
fl=-Al 2+ 21l +b1)|, (2-29)
(1 + b1
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By = By + By (2-30)
v _ 3.0
CMX T — MX 'y (2‘31)
2
ol
C, = ——0 (2-32)
M 2z,z, "
Z-= Zm,.lzl.l , (2-33)
where A, = Debye-Hiickel constant for osmotic pressure, and
b = a constant (equal to about 1.2 for most electrolytes).
For all except 2-2 salts, values for B, and B%,, are given by
By = Pux + Byl (2-34)
Byjx = Bux + Bix exp(-ol™?) (2-35)
and g is an empirical function defined by
oG = 2L~ (L + Dexp(-=0)] (2.36)

x2

Parameter b is a universal parameter having a value of 1.2 kg"*mol'?, and o has a value of
2.0 kg"*/mol'?. The parameters B?,,, B®yy and C* are specific for each salt and have been

tabulated for a large number of systems. For 2-2 salts Pitzer and Mayorga (1974) show that an

additional term is required for the functions describing B,y and B,; thus,

B,y = Bix + Bimg(a,I'?) + Bixg(oul?) (2-37)

and
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By = Bix + Bixexp(-o,1'?) + Bimexp(-al'?) . (2-38)
Here o, and o, are 1.4 kg'’/mol'? and 12 kg"¥mol'®, respectively. Parameter B, is an

additional salt specific parameter, which is tabulated. The remaining functions are:

B = [Bihg (1'% + Bk (e "] 1 (2-39)
and
g/) = - 2[1 - (1 +x + x¥2) exp(=0)] . (2-40)
X

The difference parameters @ and  are correlated to the difference between measured activity
coefficients in binary mixtures with a common ion and those estimated from single electrolyte
parameters. Usually the difference parameters are very small; and, when no data are available,
satisfactory values of activity coefficients for components of a mixed system may be calculated
by assuming that the difference parameters are zero. These equations reduce to the pure electrolyte
form when only one electrolyte is present.

Temperature Effect. Silvester and Pitzer (1977, 1978) and Phutela and Pitzer (1986)
describe how the Pitzer method may be extended to temperatures other than 25°C. The basic idea
was briefly described in Sect. 2.2.2. The equations presented in the foregoing correlate the activity
coefficient at a given temperature. Because the functional form is independent of the temperature,
temperature effects are necessarily included in the adjustable parameters; that is, the values of the
Debye-Hiickel coefficient and the parameters B® and C? vary with temperature. Values of the
Debye-Hiickel coefficient for the osmotic function A,, according to Silvester and Pitzer (1977),
"depend only on the thermodynamic and electrostatic properties of water" and vary appreciably.
The molal-based Debye-Hiickel coefficient for aqueous solution is given by Bradley and Pitzer
(1979, 1983) as
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3 DAT

2 n
A=l 21 2nN,p, g2 . (2-41)
® 37 73171000

Here the density and dielectric constant of water vary with temperature and pressure, so it is
necessary to know those functionalities. Bradley and Pitzer (1979, 1983) give the following

empirical equation for the dielectric constant of water as

B+P
D =D _ +Cln|l_—_____|, (2-42)
0 = “ro0 H(B n 1000)
where
D, = wexp,T + u,T?) (2-43)
Uy
C=un + , (2-44)
u6+T
B=u +2+ul , (2-45)
T

P = pressure, in bars, and
T = temperature, in K.

The values of the u’s are:
u, = 34279 x 10,  u, = —1.8289 x 10%,
u, = =5.0866 x 10°, u; =-8.0325 x 10%,
u; = 9.4690 x 107,  uy = 4.2142 x 10°,

u, = —2.0525, U= 2.1417.

us = 3.1159 x 10°,
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The notation D,y is used as a reminder that the reference pressure is 1000 bars. These equations
are valid from O to 350°C and O to 1 kbar. Equations for the density of water are given in
Sect. 2.3.1.

When using Eq. (2-41) to compute the Debye-Hiickel coefficient, it is convenient to use
€ in electrostatic units (4.8029 x 107° es.u.), which makes substitution of the values
straightforward. However, if the unit electric charge is given in SI units (i.e., 1.60206 x 10" ©),
it is necessary to multiply the dielectric constant of water by 4nD,,, where D,,, is the dielectric
(or permittivity) of free space (Pitzer, 1991). The permittivity of a vacuum is given by Sears and
Zemansky (1964) as 8.85 x 102 CY(Nm?).

Silvester and Pitzer (1978) fit the temperature derivatives of B® and C?* (e.g., 9B¥/0T, etc.)
to the enthalpy of solution data given in the literature. These temperature derivatives were found
to be very small, and the authors expected that they would not vary appreciably for temperature
changes of perhaps 20°C. Second derivatives, which are related to the heat capacity of the
solution, would need to be evaluated for larger temperature changes.

The parameters ordinarily tabulated for use in the Pitzer model include the Debye-Hiickel
coefficient at various temperatures [calculated from Eq. (2-41)], the Pitzer parameters at a given
temperature (usually 25°C), and the temperature derivatives of the Pitzer parameters. Over a

narrow range of temperature, it is permissible to write

©)
BO = (T‘)r)ef + agT (T _ Tmf) ) (2-46)

where tabulated values at the reference temperature are simply inserted for B " and o®/oT.

Similar expressions may be written for the other Pitzer parameters.
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2.2.5 Data for Systems of Interest

Activity and osmotic coefficients are derived from various physical and thermochemical
data as already described in Sect. 2.2. Over time, data have been accumulated by many workers
using several methods. Other researchers have already gathered these data, checked them for
consistency, compared the data with one another, and smoothed the data by regression methods

to produce what are considered accepted values. Table 2.1 summarizes the sources of data for

compounds used in this research.

Table 2.1. Sources of accepted values for activity and osmotic
coefficients for selected nitrates in aqueous solution at 25°C

Data range
Salt Source (m)
HNO, a 0.001 to 28.000
NH,NO, a 0.001 to 25.954
CsNO, a 0.001 to 1.500
UO,(NO3), b 0.001 to 5.511
Sm(NO,), c 0.1 to 4.2774

“W. J. Hamer and Y. C. Wu, "Osmotic Coefficients and Mean Activity
Coefficients of Uni-univalent Electrolytes in Water at 25°C," J. Phys.
Chem. Ref. Data 1(4), 1047-99 (1972).

’R. N. Goldberg, "Evaluated Activity and Osmotic Coefficients for
Aqueous Solutions: Bi-Univalent Compounds of Lead, Copper, Manganese,
and Uranium," J. Phys. Chem. Ref. Data 8(4), 1005-50 (1979).

‘J. A. Rard et al., "Isopiestic Determination of the Activity Coefficients

of Some Aqueous Rare Earth Electrolyte Solutions at 25°C. 3. The Rare
Earth Nitrates," J. Chem. Eng. Data 22(3), 33747 (1977).

Pitzer parameters are developéd by fitting the Pitzer equations to the accepted values of
activity coefficients. Table 2.2 lists the Pitzer parameters for pure salts of interest. As noted in the
table, values for bismuth nitrate are estimated as shown in Appendix A. Two sets of parameters
are given for nitric acid to illustrate that differences may occur due to differences in computational
techniques used to obtain those parameters, for example, using as the basis either smoothed data

(Clegg and Brimblecombe, 1986; reproduced in Pitzer, 1991) or raw data (Clegg and
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Table 2.2. Pitzer parameters for selected salts at 25°C

Maximum
alt © m
S B B conc. (m) Source
HNO, 0.1168 0.3546 —0.00539 6.0 a
HNO, 0.12556 0.28778 -0.00559 6.0 b
NH,NO, -0.0154 0.1120 0.00003 6.0 a
CsNO, -0.0758 -0.0669 0.0 1.4 a
UO,(NO,), 0.4607 1.613 -0.03154 2.0 a
Sm(NO,), 0.4673 5133  -0.05042 15 c
Bi(NO,), 0.4693 5.133 —0.04965 1.5 Estimated;
see Appendix A

K. S. Pitzer, Activity Coefficients in Electrolyte Solutions, 2nd ed., CRC Press,
Boca Raton, Fla., 1991, pp. 100-117.

’S. L. Clegg and P. Brimblecombe, "Equilibrium Partial Pressures and Mean
Activity and Osmotic Coefficients of 0—100% Nitric Acid as a Function of
Temperature,” J. Phys. Chem. 94(13), 5369-80 (1990).
‘K. S. Pitzer et al., "Thermodynamics of Electrolytes. IX. Rare Earth Chlorides,
Nitrates, and Perchlorates,” J. Solution Chem. 7(1), 45-56 (1978).
Brimblecombe, 1990). The parameters from Pitzer (1991) result in calculated activity coefficients
that deviate a maximum of 0.002 from the smoothed data of Hamer and Wu (1972); in
comparison, the parameters of Clegg and Brimblecombe (1990) result in deviations as large as
0.08. The former parameters are used for nitric acid in this report. Kim and Frederick (1988a) give
different values for the salts appearing in Table 2.2 because the parameters were derived for data
spanning a greater concentration range. However, parameters derived in this manner have a greater
deviation at any particular value. Because concentrations in this work are limited to less than 6 m,
the parameters resulting in the more accurate values are used. Calculation of activity (or osmotic)
coefficients at temperatures other than 25°C require the temperature derivatives of the Pitzer

parameters. Temperature derivatives of the Pitzer parameters for salts listed in Table 2.2 are given

in Table 2.3. Again, the parameters for bismuth nitrate are estimated as shown in Appendix A.
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Table 2.3. Temperature derivatives of Pitzer parameters for selected salts at 25°C

op/eT ap®/eT 9C%/oT Maximum

Salt x 10* x 10* x 10° conc. (m) Source
HNO;* 2.4401 13.396 -0.9274 6.0 b
NH,NO, 0.0 0.0 0.0 6.0 c
CsNO, 0.0 0.0 0.0 14 ¢
UO,(NO,), 0.0 0.0 0.0 2.0 c
Sm(NO,), 14.347 168.67 -38.61 1.5 d
Bi(NO,); 14600 17200 —38.87 15 Estimated;

see Appendix A

9Second derivative also available.

’S. L. Clegg and P. Brimblecombe, "Equilibrium Partial Pressures and Mean Activity
and Osmotic Coefficients of 0-100% Nitric Acid as a Function of Temperature," J. Phys.
Chem. 94(13), 5369-80 (1990).

‘Data not available for these salts; assumed values of zero.

K. S. Pitzer et al., "Thermodynamics of Electrolytes. IX. Rare Earth Chlorides,
Nitrates, and Perchlorates," J. Solution Chem. 7(1), 45-56 (1978).

Mixture parameters for Pitzer’s method are rare because the literature contains few activity
data on mixtures. Baes and Moyer (1988) have examined the issue of mixture parameters for
systems containing UO,(NO;),, HNO;, and NaNO;. They found (using earlier, less accurate
parameters than those given in Table 2.2) that mixture parameters were not necessary for the
aqueous HNO;-UO,(NO,), system. For aqueous NaNO;-UO,(NO,),, Baes and Moyer (1988)

concluded that only one mixture parameter (Qy, yo- = -0.069) could be justified; and it may

easily vary 65%, depending on the data-set from which it is derived. In view of the small value

of this particular mixture parameter and the general lack of mixture parameters in the literature,

no mixture parameters are used in this work.
In this work, the osmotic coefficients are calculated using Eq. (2-24) and the activity

coefficients of individual ions are calculated using Egs. (2-25) and (2-26). Mean stoichiometric
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activity coefficients are calculated by combining individual activity coefficients according to

Eq. (2-27).

2.3 Densities of Solutions

Solution densities are required in this study primarily to convert between the molar and
molal concentration scales. Activity coefficients can be converted using only the density of the
solvent. The molar concentration scale will be used most frequently in the analysis of samples;
and, because aqueous activity coefficients are correlated by the Pitzer method using the molal
scale, information on aqueous density will be required. Generally, the density of a liquid varies
with temperature, but only slightly with pressure. In this work, correlations for pressures at or near
1 atm are adequate. Most experiments will be performed at temperatures between 25 and 50°C,

so this defines the minimum temperature range.

Density information in the form of correlations is summarized in this section. Highly
accurate empirical correlations are used when available. For multicomponent systems where few
data are available, apparent molal volumes of species in solution are used to estimate solution

density.

2.3.1 Water
An empirical correlation for the density of water is given in the 70th CRC Handbook

(Weast, 1989). The correlation is

u, +u,T +uT? +uT> + uT* + uT? (2-47)

Po T+uT ’

where p, = density of water, kg/m’;
T = temperature, °C;
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and the coefficients are

1, = 999.83952;

u, = 16.945176;

uy = -7.9870401 x 1073

u, = —46.170461 x 107

© us = 105.56302 x 107

ug = —280.54253 x 107'%; and

u, = 16.879850 x 107,
The density may be easily converted to units of g/mL by dividing by 1000. Equaﬁon (2-47) is
valid from —30 to 150°C at a pressure of 1 atm below 100°C and at the vapor pressure of water

above 100°C. The equation is good to within about 1 ppm over the stated range.

2.3.2 Nitric Acid Solution

The density of nitric acid at 1 atm has been tabulated by Perry (1973) for concentrations
from O to 100 wt % nitric acid and temperatures ranging from 0 to 100°C. A large subset of these
data has been correlated by Spencer (1991) using relatively simple linear functions. The density

of an aqueous nitric acid solution at 25°C was found to be well represented by

__1_ =u, +uc +uct+uct, (2-48)

p 25
where p,s = density at 25°C, g/mL,;
¢ = nitric acid concentration at 25°C, M;
and the coefficients are
u, = 1.003124;

1y = —3.364529 x 10%

31



u, = 1.219254 x 107; and
u; = ~1.681279 x 107,
This equation covers the range from 0 to 21.2 M (0 to 90 wt %) and deviates a maximum of

0.05% from the data. The densities at other temperatures were correlated by

1. {L [1 + (uy + up,s + w,TYT - 25)] , (2-49)

p25

where p = density at the specified temperature, g/mL;

T = temperature, °C;
and the coefficients are

uy = —1.647365 x 1073

u, = 1.897063 x 107; and

u, = 2.017796 x 10°°.
Again, this covers the range of concentration from 0 to about 21.2 M (0 to 90 wt %), a
temperature range of 0 to 100°C, and deviates a maximum of 0.6% from the data. When the acid
concentration is zero, the correlation closely reproduces the density of pure water. Extrapolations
up to 100% nitric acid were found to be good.

Calculation of the density from concentrations measured at temperatures other than 25°C
require an iterative solution to Egs. (2-48) and (2-49). Spencer (1991) describes the necessary

algorithm and presents a computer program for performing the calculations.
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2.3.3 Nitric Acid—Uranyl Nitrate Solutions

Spencer (1991) has correlated the density of aqueous nitric acid-uranyl nitrate solutions

by the simple linear equation
p =uy + (u +uTc, +uc, +ul, (2-50)

where ¢ = nitric acid concentration, M;

cy = uranium concentration (as elemental uranium), g/L;
and the coefficients are

uy = 1.022811;

u, = 2.935808 x 107%;

u, = —3.475035 x 107%;

u; = 1.312180 x 107%; and

u, = —4.680629 x 107,
Concentrations are expected to be given at the specified temperature. Equation (2-50) was
developéd from data covering a temperature range of 25 to 95°C, an acid concentration range of
2 to 6 M, and a uranium concentration range of 0 to 300 g/L, and correlates the data to within
0.66%. Extrapolations down to about 15°C, down to O M acid, up to 7 M acid, and up to 450 g/L

uranium are expected to be good.

2.3.4 Multicomponent Solutions by Apparent Molal Volumes
When a solute is added to a solvent, it is a simple matter of addition to compute the mass
of the mixture. Calculation of the volume of the resulting mixture, and hence its density, is not

simple. The apparent molal volume has long been used as an effective device in correlating and
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predicting the density of electrolyte solutions and some of the structural interactions of these

solutions (Millero, 1971).

Masson (1929) provides a succinct description of the apparent molal volume. The

molecular volume of a solute may be readily deduced from the specific gravity and composition

of a solution when it is assumed that the volume of the solvent is unchanged by the addition of

solute and that all changes in volume are assigned to the solute. Because the assumption is not

generally valid, the molecular volume so calculated is called the apparent molal volume, which

may be written as

_ (V- nVy) _ -10000/p, - 1) m

n c Po

£

by

where ¢y, = apparent molal volume of solute, cm®/mol;
V = volume of the solution, cm?;
V, = molar volume of solvent (water), cm’/mol;
n, = number of moles of water;
n = number of moles of electrolyte (solute);
M = molecular weight of the solute;
¢ = molar concentration of solute, M;

p = density of the solution, g/cm®; and

p, = density of the pure solvent (water), g/cm’.

(2-51)

Based on Masson’s (1929) observation that the apparent molal volume, ¢y, varied linearly

with the square root of the solute concentration and his own observation that apparent molal
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volumes are additive, Root (1933) proposed the following equation for correlating the density of

electrolyte solutions:

1 0 1 - )
= __E M. - Je. - __E . ; . 2-52
p Po + 1000 - ( i Poq)v,,)c, 1000 - (S, po)c: ( )

Millero (1971) reports that for dilute solutions the equation can "predict the densities of unknown
solutions more precisely than the best experimental measurements."
Millero (1971) and Roux et al. (1978) have examined much of the data in the literature

on the density of aqueous electrolyte solutions. Assuming that electrolytes are totally dissociated

in solution, the additivity property of apparent molal volume permits values to be assigned to
individual ions when-a value for any one ion can be established. In ionic systems the proton (H*)
is arbitrarily assigned an apparent molal volume of 0.0; values of other ions can then be calculated
from experimental data. Table 2.4 lists the apparent molal volume for ions applicable to the
present study. As shown, the volumes are temperature dependent. Sohnel and Novotny (1985)
have correlated density data for several single-electrolyte aqueous solutions. They show that the
temperature dependence of the constants in Eq. (2-52) were adequately represented by a simple
quadratic in temperature. Because no data on the apparent molal volume of Bi** were found in the
literature, the value shown in Table 2.4 was estimated as described in Appendix B.

Values for the apparent molal volumes shown in Table 2.4 were fit by the present author
using a least-squares technique to a quadratic function of temperature as suggested by Sohnel and

Novotny (1985). The results are shown in Table 2.5. Because data at only three different

temperatures are given (except for UO,” and Bi*"), the fit is exact. However, extrapolation outside

the temperature range may be risky. Interpolation within the data range should be quite good.
Since apparent molal volumes for UO,** and Bi** are given at only one temperature, it will be

necessary to assume that the values are constant over a narrow range, for example, up to 40°C.
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Table 2.4. Apparent molal volumes of ions in
water at infinite dilution

Temp. 9

v
Ton ©C) (cm?/mol) Source
H* All 0.0 a
Na* 0.0 -3.51 a
25.0 -1.21 a
25.0 -1.2¢ b
50.0 -0.30 a
Cs* 0.0 19.68 a
25.0 21.34 a
50.0 22.22 a
NH,* 0.0 17.47 a
25.0 17.86 a
25.0 17.9¢ b
50.0 19.20 a
U0, 250 1591 c
Bi** 25.0 —42.03 Estimated;
see Appendix B
NO; 0.0 26.6 a
250 29.00 a
25.0 29.5¢ b
50.0 30.3 a

“F. J. Millero, "The Molal Volumes of Electrolytes," Chem. Rev.
71(2), 147-76 (1971).

’A. Roux et al., "Apparent Molal Heat Capacities and Volumes
of Aqueous Electrolytes at 25°C: NaClO,, NaClO,, NaNO,, NaBrO,,
KCi0,, KBrO,, KIO,, NH,NO,, NH,Cl, and NH,CIO,," Can. J.
Chem. 56, 24-28 (1978).

‘G. F. Vandegrift, Argonne National Laboratory, personal
communication to Barry Spencer, Oak Ridge National Laboratory,
Apr. 15, 1993.

“Preferred value at indicated temperature and value used in this
work.

Table 2.5 also shows values for apparent molal volumes of the selected ions at 40°C found by

using this interpolation technique.
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Table 2.5. Correlation of temperature variation of apparent
molal volumes for selected ions®

Coefficient ¢V0 at 40°C
Ion u, u, U, (cm®/mol)?
H* 0 0 0 0
Na* -3.51 0.1206 -1.128 x 10 -0.491
Cs* 19.68 0.082 -6.24 x 10™ 21.96
NH,* 17.47 —0.0002 6.96 x 10™ 18.58
Uo,* 1591 0.r 0.° 15.91
Bi** —42.03 0.° 0. —42.03
NO, 26.6 0.1580 -1.68 x 10° 30.2

a_isted coefficients are for the function ¢,° = u; + u,T + u;T%, where ¢, = apparent
molal volume, cm*mol; and T = temperature, °C.

‘Interpolated by use of the above correlation.

‘Because the apparent molal volume is known at only one temperature, no
temperature coefficients are given.

2.4 Extraction Equilibria

Modern models of the solvent extraction process typically include the nonideality of the
aqueous solution. Section 2.2 describes some useful techniques for calculating activity coefficients
of aqueous species. The organic phase is usnally considered ideal because ionic species are absent
and the organic complexes formed are considered electronically neutral. However, some
measurements have been made by Diamond et al. (1986) of the vapor pressure of toluene over
solutions of CMPO in toluene at 25°C. These data show that the activity coefficient of CMPO
decreases with increasing CMPO concentration for solutions in which the organic is equilibrated
with water or nitric acid solutions, and this decrease partly explains the "negative deviations from
third-power extractant dependency exhibited by americium distribution ratios.” [Note: In the paper
by Diamond et al. (1986), the calculation of the solute activity coefficient from solvent activity
coefficient gives reasonable values and the reduction of solute activity coefficient with increasing
solute concentration is an expected trend. However, the equations given for the two activity
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coefficients do not satisfy the Gibbs-Duhem equation. It is presumed that an unstated
approximation for the function describing the solvent activity coefficient is used to permit
integration of the Gibbs-Duhem equation.]

Limited data presented by Horwitz et al. (1987a) show that the water concentration in a
CMPO-TCE organic solution decreases as neodymium nitrate is extracted from an aqueous lithium
nitrate solution. Data are also presented that show a decrease in water concentration in a
CMPO-TBP-TCE organic solution when nitric acid is extracted and a further reduction in water
concentration when neodymium nitrate is extracted with the nitric acid. These data seem to
suggest that water is not coextracted from nitrate media by CMPO, but is replaced upon extraction
of an anhydrous nitrate species.

Extraction is normally modeled by starting with mass action equations. Chemical reactions
that may be included in a thermodynamic model of the extraction process describe (1) the

dissociation of electrolytes in the aqueous phase; (2) the extraction of the species to be recovered;
and (3) the extraction of species, such as nitric acid, that compete for the organic extractant.
For the purposes of discussion, consider the general extraction equilibria
M*-(H,0), + zX~ + nE = MXnE + hH,0 , (2-53)

where a hydrated salt is extracted by a general extractant, E, as an anhydrous salt with an

accompanying release of the waters of hydration. The equilibrium constant may be written as

. h
X - (MX, nEVypy qe(a,) (2-54)

COM X FE

where the brackets indicate concentrations and the activity coefficients of both aqueous and

organic species are included. Separating the organic-phase activity coefficients from the right-hand
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side of Eq. (2-54) and lumping them with the equilibrium constant as suggested by Chaiko and

Vandegrift (1988) yields

. h
K = Kv; _ [MX -nE)(a,) ' (2-55)

Yixr Yok M X TIET

The equilibrium constant K” is the quantity calculated under the assumption that the organic phase
is ideal. If the organic phase is ideal, then the activity coefficients of the organic species are unity
and K’ is equal to the true equilibrium constant, K. Otherwise, K’ will vary with organic-phase
activities unless the ratio of these coefficients [as shown in Eq. (2-55)] is constant. The equation
also shows a strong effect of the waters of hydration. Even in systems where the activity of water
deviates little from unity, a large value for the waters of hydration, %, can cause a significant
effect on the equilibrium constant.

An important parameter in modeling extraction behavior is the coordination number,
which is essentially the stoichiometry indicating the number of extractant molecules associated
with the extractable salt in the organic phase [» in Eq. (2-53)]. The following subsections describe
general methods of determining the coordination number and present specific information on the

extraction of selected salts by CMPO.

2.4.1 Methods to Determine Coordination Number

Several techniques have been developed to determine the coordination number (or
solvation number) for solvent extraction. The book by Schulz and Navratil (1984b) summarizes
these techniques. Only a few of the simpler methods are described here.

Slope Analysis. The coordination number can be inferred from experiments in which the

organic-phase extractant concentration is varied. Extensive use of this method was first reported
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by Hesford and McKay (1958) and is developed as follows: Define a distribution ratio as the

ratio of salt concentration in the organic phase to the concentration in the aqueous phase,

p - MXrH (2-56)
(M]
Combine this definition with Eq. (2-55) and rearrange to obtain
KVl [X TIE
b o K X TIET: 257
Yaexne@,)"
which may be expressed in logarithmic form as
InD=InK+(l+2Inv, +zmhX] (2-58)

w

+nE] +nlny, -y, -hha,.

Because the extractant concentration is to be varied experimentally, with all other variables held

constant, the effect of changing extractant concentration is quantified by taking the derivative of

both sides of Eq. (2-58) with respect to In[E] to obtain

omD _ (2-59)
oln[E]

Equation (2-59) implies that a log-log plot of the distribution ratio vs the extractant concentration
is a straight line whose slope is the coordination number. Noninteger slopes indicate more than
one equilibrium or stoichiometry. Changes in the distribution ratio indicate that the concentration
of the extractable salt changes in one or both phases. This, together with the assumption that
aqueous and organic activities are constant, makes Eq. (2-59) valid only for the limiting case of
very dilute solutions where ideality is approached. Moyer et al. (1991) have critically reviewed
the slope-analysis technique and point out that the need to restrict concentrations to limiting cases

leaves questions regarding behavior at other conditions. They also state that "on the basis of
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equilibrium data alone, definitive identification of species and determination of equilibrium
constants cannot be made without knowledge of organic-phase activity coefficients."

Saturation. Coordination numbers can be inferred from total saturation of the organic
phase with the extracting salt. The organic is repeatedly contacted with an aqueous phase
containing the extractable species until further extraction no longer occurs. The ratio of organic
extractant concentration to extractable salt concentration then gives the coordination number.
Compared with slope analysis, the opposite end of the concentration spectrum is utilized. This
approach requires that the organic remain a single phase (i.e., there is no formation of a second
organic phase).

Third-Phase Analysis. A third phase (second organic phase) is sometimes formed when
the concentration of the solvate exceeds its solubility in the organic matrix. The ratio of extractant
to extract in the third phase is determined and is assumed to be equivalent to the coordination
number.

Spectroscopic Analysis. Studies on infrared absorption by the functional group (such as
P=0) indicate shifts in the absorption peak as solvates are formed. Coordination numbers can be
assigned, based on the amount of shift in these absorption peaks. Further information can be

obtained by referring to Schulz and Navratil (1984b).

2.4.2 General CMPO Extraction Stoichiometry

Horwitz and Schulz (1990) report that CMPO tends to form a third phase during
extraction when used in a paraffinic hydrocarbon diluent (without TBP as a phase modifier) and
that little or no third-phase formation occurs in a TCE diluent. This is probably the reason that
most of the available information on CMPO has been derived from systems in which TCE was

the organic diluent. It is generally assumed that the stoichiometry is unaffected by the choice of
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diluent, provided the diluent is electrically neutral. The equilibrium constants themselves cannot
be numerically equivalent unless the organic-phase activities (or their ratios) are equivalent.
Measurements of the distribution ratios of uranium, reported by Marsh and Yarbro (1988), are
slightly higher for TRUEX extractant in a TCE diluent than in an NPH diluent. This suggests a

diluent effect. Marcus (1989) has reviewed the concept of diluent parameters that depend only on

a universal diluent constant and a parameter characteristic of the specific extraction system.
Unfortunately, parameters are not available for the diluents of interest here.

The development of CMPO was motivated by the need for an extractant to remove
americium from PUREX process waste streams. Initial development and evaluation of this neutral
bifunctional extractant by Horwitz et al. (1982) demonstrated selectivity for Am(III) over Fe(II)
and other fission products. In addition, the distribution ratio strongly favored the organic phase
at high acid concentration, but low distribution ratios in dilute acid favored back-extraction. Their
work also showed that the extraction stoichiometry for americium was three extractant molecules
to each extract molecule (i.e., a stoichiometry of 3:1). Horwitz et al. (1985) found that the

distribution ratio decreased as the temperature increased. This is assumed to be a general trend for
all metal salts.

Schulz and Navratil (1984a) discuss bifunctional organophosphorus extractants. The
neutral monofunctional extractant TBP contains the active phosphoryl group (P=0) and extracts
both tetravalent and hexavalent actinides. The bifunctional extractant CMPO contains both
phosphoryl and carbonyl (C=0) groups and are important because trivalent actinides, as well as
tetravalent and hexavalent actinides, are extracted. Navratil (1985) summarizes that, in general,
trivalent actinides are extracted by CMPO with a 3:1 stoichiometry and that tetravalent and
hexavalent actinides are extracted with a 2:1 stoichiometry. Horwitz and Schulz (1990) report that

hexavalent uranium is much more strongly extracted than trivalent americium. For example, in
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1 to 3 M nitric acid the distribution ratio for americium is between 1 and 20, whereas the ratio
is much greater than 20 for uranium. Horwitz et al. (1985) indicate that the distribution ratios for
tetravalent actinides (e.g., thorium) are about ten times larger than those for hexavalent actinides.

[The above discussion should not be taken to mean that TBP does not extract any trivalent

species. Hesford et al. (1959) and Robinson and Topp (1964) show that the trivalent rare-earth
nitrates are extracted with moderate distribution ratios with TBP in a 3:1 stoichiometry at high

acid concentrations.]

2.4.3 Nitric Acid

Aqueous nitric acid is often the solvent used in processing nuclear fuel or stored nuclear
fuel reprocessing wastes. Because it competes with other extractable species for the CMPO, its
behavior needs to be quantified in building a good extraction model.

Unless the nitric acid concentration is very high, the dissociation of nitric acid is nearly
complete and molecular nitric acid need not be considered in extraction models. In their models
of the extraction of nitric acid by TBP, Davis (1962a, 1962b, 1962c), Olander and Benedict
(1963), Lietzke et al. (1963), Tedder and Davis (1983), and Chaiko and Vandegrift (1988) do not
consider molecular nitric acid. In fact, the association reaction has been found to be unnecessary
for the representation of thermodynamic properties of pure aqueous nitric acid (see Pitzer, 1991).

Extraction of nitric acid by 0.5 M CMPO in TCE was measured at 25°C and at various
acid concentrations by Horwitz et al. (1987b). The data suggested that the stoichiometry was

approximately 1:1; thus,

H., + NOsy, + CMPO,,, = CMPO-HNO,, . (2-60)
Kolarik and Horwitz (1988) assumed that a 1:1 solvation of CMPO with nitric acid predominated

to permit calculation of the free CMPO concentration in their studies on the extraction of
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neodymium and the solubility of its CMPO solvate in solutions of dodecane-TBP. Later, Chaiko
et al. (1988a) made additional measurements on the extraction of nitric acid with 0.25 M
CMPO-0.75 M TBP in TCE. The effects of the TBP on the distribution ratio were removed by
separately modeling the extraction of nitric acid by TBP, using data from the literature. It was

suggested that the equilibrium

= CMPO-2HNO. (2-61)

2H, + 2NO;,,, + CMPO 30rg)

(org)
should also be used in modeling the extraction when the nitric acid concentration is "moderately
high." Further studies by Chaiko et al. (1989) at CMPO concentrations of 1.0 M in TCE indicated
that the extraction constant for Eq. (2-60), when used as part of the two-parameter model,

increased linearly with CMPO concentration, suggesting a dimeric CMPO species. A third

equilibrium,

= (CMPO),-HNO, (2-62)

3(org)

He, + NO;,, + 2CMP0(0,8)
was added to the model. Using Bromley’s method to calculate aqueous activity coefficients, all
three extraction constants, K’, were evaluated by a nonlinear least-squares fit to the data. Their
results are summarized in Table 2.6. Chaiko et al. (1988b) claim that the extraction constants can
be reévaluated for other systems, such as CMPO and TBP in dodecane, if the activity coefficient

ratios [see left-hand equality of Eq. (2-55)] for the particular organic systems are known. This is

based on the assumption that the true equilibrium constants, K, are independent of solvent type.

2.4.4 Uranyl Nitrate

The available data on the extraction of uranium with CMPO are derived from experiments

performed with mixed CMPO-TBP extractants in an inert diluent. Hexavalent uranium and CMPO

have been reported by both Navratil (1985) and Horwitz et al. (1987b) to form the disolvate
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Table 2.6. Nitric acid extraction constants

for CMPO in TCE at 25°C
Species Extraction
formed constant, K’
CMPOHNO, 1.60 = 0.04
CMPO2HNO, 0.010 = 0.001
(CMPO)," HNO, 1.66 =+ 0.06

Source: D. J. Chaiko et al., "Modeling of Aqueous
and Organic Phase Speciation for Solvent Extraction
Systems," presented at the Fall Meeting of the
Metallurgical Society, Las Vegas, Nev., February 1989.

during extraction. These results were confirmed by Kolarik and Horwitz (1988), using the slope
analysis method. Tedder and Davis '(1983) used an aqueous-phase hydration number of 6 in

thermodynamic models of the extraction of uranium with TBP. The extraction of uranyl nitrate

with CMPO, then, might be described by the equilibrium

UO,(H,0)50sp *+ 2NOspy + 2CMPO,,,, = UO,(NO,),-2CMPO,,., + 6H,0,,,. (2-63)

(o)

Distribution ratios for uranyl nitrate partitioned between a solution of 0.2 ¥ CMPO-1.2 M
TBP in n-dodecane and aqueous nitric acid media at 25°C are given in graphical form by Sc};ulz
and Horwitz (1988). The distribution ratios are approximately 5, 50, 300, and 500 at nitric acid
concentrations of 0.02, 0.08, 0.50, and 1.0 M, respectively. Because of these high distribution
ratios at low acidities, Horwitz et al. (1985) suggest stripping with aqueous oxalic acid or sodium
carbonate solutions rather than dilute acid.

Mincher (1989) presented distribution data collected at 25°C for a similar system where
the organic phase was 0.1 M CMPO-1.4 M TBP in n-dodecane. The graphical data indicated that

the uranium distribution ratio increased greatly as the nitric acid concentration increased. In this

system, for example, the distribution ratio for uranyl nitrate was ~75 at an aqueous nitric acid
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concentration of 0.5 M. Ignoring the effects of TBP, when this result is compared with the data
of Schulz and Horwitz described above, a coordination number of 2 is indicated. Kolarik and
Horwitz (1988) report distribution data for uranyl nitrate using a solvent composed of 0.2 M
CMPO and 1.2 M TBP in dodecane. Experiments performed at 25°C and about 1.0 M nitric acid
give a distribution ratio of ~300 at a low uranium concentration of 0.0001 M. The distribution
ratio was found to decrease with increasing aqueous uranium concentration, slowly at first and
then more rapidly as the solvent loaded. At aqueous uranium concentrations of ~0.01 M, the
distribution ratio was as low as 10. Kolarik and Horwitz observed that organic loadings high
enough to promote a third phase also caused the remaining light organic phase to remain cloudy.

Marsh and Yarbro (1988) also measured distribution ratios for uranium with, primarily,
0.25 M CMPO-1.0 M TBP in a TCE diluent. They noticed that the addition of TBP decreased the

distribution ratio for uranium at low nitric acid concentrations.

2.4.5 Bismuth Nitrate

Extraction equilibria for bismuth nitrate with CMPO are not reported in the literature.
Because bismuth is a trivalent metal, it can be assumed, as a first approximation, that it will
behave similarly to other trivalent metals. For example, Chaiko et al. (1988a) modeled the

extraction of americium at low acid concentrations with the equilibrium

Am(H,0)iep *+ 3NOsq) + 3CMPO,,,, = Am(NO,),"3CMPO,,,, + 9H,0,, . (2-64)

Chaiko et al. also included extraction of americium by the HNO; - CMPO solvate to help explain
the coextraction of americium and nitric acid reported by Schulz and Horwitz (1988). Bismuth

nitrate is often produced by crystallization in the pentahydrate form (Dean, 1973). Assuming a
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hydration number of 5 in the aqueous phase and an anhydrous extraction, a proposed equilibrium

may be written as follows:

Bi(H,0)%i¢ + 3NOsg,y + 3CMPO,,, = Bi(NO,);'3CMPO,,, + SHO,,, - (2-65)
Lumetta et al. (1993) measured the distribution of bismuth from nitric acid with 0.2 M
CMPO-1.4 M TBP in an NPH diluent. The temperature at which the tests were performed was
not reported. Using an organic:aqueous phase ratio of 1:3, distribution ratios were measured for
nitric acid concentrations ranging from 0.1 to 10.0 M. From the plot given in the report, the
distribution ratio was ~25 at 0.1 M nitric acid and peaked at ~110 at 1.0 M nitric acid. The
addition of oxalic acid to the aqueous phase suppressed the distribution ratio but also caused

precipitation when the nitric acid concentration was less than 5 M.
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3. EXPERIMENTAL METHODS

3.1 Apparatus

3.1.1 Dry Box

A laboratory dry box (LABCONCO) having the dimensions shown schematically in Figure
3.1 was used for two primary purposes: (1) to prepare atmosphere-sensitive reagents, and (2) to
maintain a controlled temperature during the extraction tests.

Some reagents used in the experimental program are hygroscopic. Accurate weighing of
these materials to prepare solutions of known concentration required that the material be isolated
in a dry environment. For example, the CMPO appeared to slowly liquefy on contact with air,
presumably due to the absorption of moisture. Bottled, dry nitrogen was fed to the dry box as
illustrated in Figure 3.2. Before entering the dry box, the nitrogen passed through a Drierite™
(anhydrous calcium sulfate marketed by W. A. Hammond Drierite Co.) trap to ensure removal of
all moisture, then through an ascarite (sodium hydroxide-coated, nonfibrous, silicate granules) trap
to remove any carbon dioxide, in case any reagents were to be used that were sensitive to carbon
dioxide and, finally, through a rotameter so that a positive indication of gas flow was available.
The gas was removed from the dry box through both ascarite and Drierite™ traps to ensure that
no unwanted species could accidentally backflow in the event of equipment failure. Exhaust gas
could flow into an exhaust hood either of its own accord (i.e., due to the pressure in the dry box)
or could be removed from the dry box using a vacuum pump. Use of the vacuum pump and
adjustment of a needle valve in the line proved to be the most reliable method for maintaining

pressures in the dry box at near atmospheric.
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3.1.2 Temperature Measurement and Control

The extraction tests were to be performed at specified and controlled temperatures;
however, there was no requirement to control the atmospheric composition during the tests
because, after being placed in solution, the reagents exhibited no adverse reaction to the
atmosphere. (For example, the CMPO once dissolved in n-dodecane was to be contacted with an
aqueous mnitric acid solution, so that moisture from the air was no longer significant.) Test
temperatures were to be 25°C or higher (above ordinary room temperature), so a small heating
unit was built to heat the air inside the dry box. All reagents, sample bottles, pipettors, and

separatory funnels required for a test could be placed inside the box.

Control of the temperature in the dry box was implemented as illustrated in Figure 3.3.
A small heating unit was built from two 100-W, wire-wound heaters and an instrument cabinet
(Muffin) fan enclosed in a metal shroud. The fan was permitted to run at all times, while power
to the heaters was controlled by an Omega CN9112A time proportioning temperature controller.
This controller could be programmed to use one of several types of thermocouples or a
resistance-temperature device (RTD). A wire-wound, air-sensing (baffled-shield) platinum RTD,
Omega PRX-AP-100-E-12 (100-Q resistance at 0°C), was used as the sensing device to measure
the temperature within the dry box. Operation at temperatures higher than about 35°C required
more than the 200 W of heat provided by the aforementioned heaters. For such instances, another
200-W, wire-wound resistance heater was placed in the dry box downstream of the first heater so
that air emanating from the first heater would flow across it. The auxiliary heater was fed power
through a Variac to provide an adjustable background heat source.

Calibration of the temperature controller was verified by comparison with a certified
thermometer [H-B Instrument Co., —20 to 110°C, 1° divisions, compared with National Institute

of Science and Technology (NIST) standards per NIST test 247503]. Although the calibration of
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this thermometer indicates that readings to 0.01°C were possible, readings were made with the

unaided eye to an estimated error of 0.1°C. A VWR, Inc., student’s thermometer, also calibrated
against the certified thermometer, was suspended in the dry box to provide constant verification

of the digital readout on the controller during experiments.

3.1.3 Other Laboratory Equipment

A Mettler PM1200 electronic balance (range, 0 to 1200 g; resolution, 0.001 g) was used
to weigh reagents. A Biichi model R rotavapor was available to concentrate organic solutions.
Ordinary temperature measurements were made using VWR student thermometers (-20 to 110°C,

1° divisions). A variable-speed orbital mixer, Lab-Line Instruments, Inc., Model 4600, was

available for contacting the aqueous and organic phases; however, space constraints in the dry box

prevented the mixer from being used and, consequently, the samples were shaken by hand.

3.2 Reagents

3.2.1 General Laboratory Reagents

Reagent-grade chemicals were purchased for use in purification of the extractant and for
use as the working chemicals in the extraction tests. Table 3.1 lists the chemicals used, their
source, and comments concerning their purity. Water used in the experimental program was

distilled and demineralized with an jon-exchange resin. The resulting "ultrapure"” water had a

measured resistance of 217.7 MQ/cm.
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Table 3.1. List of reagents used in extraction studies

Chemical

Supplier

Comments

Amberlyst® A-26,
anionic resin®

Bismuth(IIl) nitrate,
anhydrous solid

n-Dodecane,
anhydrous

Dowex® AG MP-50,
cationic resin’

n-Heptane

Methanol

Nitric acid, 0.1006 M

Nitric acid, 2.030 M

Nitric acid, 6.0 M

Sodium carbonate,

1N

Sodium hydroxide,
solid

Sodium sulfate,
anhydrous solid

Cesium nitrate

Uranyl nitrate

Uranyl nitrate

Aldrich Chemical Co.

Aldrich Chemical Co.

Aldrich Chemical Co.

Bio-Rad Laboratories

J. T. Baker, Inc.
J. T. Baker, Inc.
J. T. Baker, Inc.
J. T. Baker, Inc.
EM Science

J. T. Baker, Inc.
Fisher Scientific
J. T. Baker, Inc.
EM Science

ORNL
ORNL

99.999%

99%+ (density = 0.750)

Analyzed reagent, 99.8%

Analyzed reagent, 100.0%
Analyzed reagent, +1 part per 1000
Analyzed reagent, +1 part per 1000
Standardized within 5.9 to 6.1 M

Analyzed reagent, +1 part per 1000
Certified A.C.S. reagent

Analyzed reagent, 99.9%+

Assay, 99%+

High purity in **U isotope
High purity in #°U isotope

2Amberlyst® is a registered trademark of Rohm and Haas Company.
"Dowex® is a registered trademark of Dow Chemical Company.

CMPO was purchased from ATOCHEM North America (Philadelphia, PA) having a purity

solvent extraction tests in order to quantify the equilibrium constants for extraction of selected

metal species. The CMPO was purified according to a procedure developed by Gatrone et al.

3.2.2 Purification of CMPO

of 95 to 97% (lot No. UDDEV007K). It was desired that the purity of the CMPO be >99% for

(1987) and Tse and Vandegrift (1989), with modifications supplied by Vandegrift (1993). Details

of the purification as actually performed are reported here.

Purification of the CMPO requires anionic (Amberlyst® A-26) and cationic (Dowex® AG
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(distilled and treated with ion-exchange resins) water, (2) treated with 0.902 M sodium hydroxide
solution to convert the resin from the H* to the Na* form, (3) rinsed with analytical-grade
methanol to remove water, and (4) rinsed with analytical-grade n-heptane. Cleaning of the
Dowex® resin consisted of (1) rinsing it with ultrapure water, (2) washing with analytical-grade
methanol, and (3) rinsing with analytical-grade n-heptane. Both resins were stored under #-heptane
unti] used.

The first step of the CMPO purification procedure involved dissolving 383.174 g of the
purchased material in 1250 mL of n-heptane. The resulting solution was then filtered through
grade 494 quantitative filter paper in a Biichner funnel fitted with a porous glass frit. Next, 50 g
of the cleaned Dowex® AG MP-50 cationic resin was added to the n-heptane-CMPO solution,
which was then vigorously mixed with a magnetic stirrer for 2 h. Subsequently, ~50 g of the
prepared Amberlyst® A-26 anionic resin was added to the solution, and the solution was mixed
for an additional 2 h. Finally, the solution was filtered through grade 494 quantitative filter paper-
supported by a glass-frit Biichner funnel to remove the resin particles.

The CMPO filtrate was washed with a 0.25 M sodium carbonate solution. Washing
consisted of placing the sodium carbonate solution in a large separatory funnel with the
n-heptane-CMPO solution in a ratio of 2 mL organic to 1 mL aqueous. The phases were
vigorously contacted for 15 s, vented, contacted again for 60 s, and allowed to separate. The
aqueous phase was drained, and the washing was repeated with a second aliquot of fresh aqueous
solution. The entire washing procedure was then repeated using 0.1 M nitric acid solution as the
aqueous wash. Subsequently, the washing procedure was repeated using ultrapure water as the
aqueous wash. The organic solution was finally collected in an Erlenmeyer flask, and about 200 g

of anhydrous sodium sulfate was added to the solution to remove any water.
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The dried CMPO solution was filtered through spun glass and collected in a tear-shaped
flask. This flask was then attached to a rotavapor, for distilling the n-heptane from the solution.
Low pressure was maintained during the vacuum distillation using a vacuum pump. A water bath
was used to warm the organic solution in the rotavapor, and the condensate collection flask was
placed in an ice-water bath. The warm-water bath never exceeded a temperature of 45°C. The
organic solution, was reduced to about one-third of its original volume as the n-heptane was
driven off. At this point, the organic solution, which was oily looking and very viscous, was
placed in a large beaker. A small amount of the "as received” CMPO was vacuum desiccated and
added to the solution, which was subsequently refrigerated. Four days later, the CMPO had
crystallized, leaving about 20% of the volume as a supernatant. The crystals were scraped from
the beaker and placed in a crystallization dish for drying in a vacuum desiccator overnight. The
dried CMPO was stuck firmly to the crystallization dish but could be removed with a stainless
steel spatula. The crystals were crushed using a mortar and pestle, placed back into the
crystallization dish, and returned to the vacaum desiccator. The CMPO powder was allowed to
dry under vacuum overnight and was then transferred to preweighed amber bottles. The bottles
were sealed and weighed, after which they were reopened and placed in the vacuum desiccator
for 4 h. The bottles were subsequently removed from the desiccator, sealed, and reweighed. A
small decrease in the weight was observed, so another 4.5 h of vacuum desiccation was
performed. Since an extremely small decrease in weight was observed following this procedure,
the material was considered to be completely dry. The sealed amber bottles containing 273.619 g
of purified CMPO were then stored until needed for the extraction tests.

The supernatant from the first crystallization was refrigerated in a beaker for 10 d to allow

additional crystallization. At the end of this period, the supernatant was poured off, and the

crystals were rinsed with cold n-heptane and then placed in a crystallization dish. Vacuum
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desiccation of the crystals was allowed to continue overnight. Subsequently, the crystals were
crushed using a mortar and pestle, placed in an amber bottle, and subjected to another 4 h of
vacuum desiccation. Following this procedure, it was determined that another 27.191 g of purified
CMPO had been recovered. Overall, a total of 300.810 g of CMPO was recovered by
crystallization. Based on the starting amount of material, recovery was 78.5%.

Four samples of the CMPO were prepared for analysis. Samples included (1) the
"as-received" CMPO from the shipping container (raw), (2) desiccated "as-received” CMPO,
(3) CMPO from the first crystallization, and (4) CMPO from the second crystallization. The

samples of the CMPO were analyzed by a Hewlett-Packard model 1090 high-performance liquid

chromatograph (HPLC) under the following conditions:

Column 2.1 mm diam x 15 cm long ZORBAX RX-C18
Mobile phase 80% methanol/20% water (nominally)
Temperature 38°C

Flow rate 0.2 to 0.4 mL/min

Sample size 5 pL

A UV absorbance wavelength of 222 nm is the most sensitive for detection of CMPO and its
impurities (Tse and Vandegrift, 1989), but wavelengths both higher and lower than this value were
used to ensure that other organic compounds would be detected. The built-in software of the
chromatograph integrated the areas under the detection peaks, providing the relative area of the
CMPO peak as a percentage of the total. The results are shown in Table 3.2. Simple desiccation

of the CMPO appeared to remove a volatile, polar compound. Purification by the crystallization

process described above further improved the purity of the CMPO. The purified material was

judged to be suitable for solvent extraction studies.
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Table 3.2. Results of chromatographic analysis of CMPO

Sample Description CMPO peak area (%) at UV absorption wavelength
206 nm 222 nm 254 nm Avg
CMPO-04 Raw 9829 £0.12 98.73x0.05 89.79 £0.52 95.60°
CMPO-01 Raw, desiccated 9881 £ 1.12 9924 +0.08 9693159 9832
CMPO-02 First crystallization 98.98 + 0.65 9947 £0.08 97.88 +0.92 98.78°
CMPO-03 Second crystallization 99.50 + 0.64 99.76 £ 023 9841 +0.86 99.22°

“Three measurements at each wavelength.
bTwo measurements at each wavelength.

3.2.3 Uranyl Nitrate

Two high-purity uranium solutions were used to prepare test solutions having count rates
adequate for analysis (1000 dpm/mL). One solution contained isotopically pure 28U spiked with
a small quantity of 2°U, while the other contained only **U. These solutions were well
characterized as follows:

(2252 £ 023) g UL

(3.72 £ 0.01) M HNO,
(3.132 x 10° + 3.975 x 10%) dpm/mL

2815 stock solution:

23317 stock solution:  (0.4720 = 0.0003) g U/L

(0.1006 = 0.0001) M HNO,

(9.908 x 10° + 6.547 x 10%) dpm/mL
These solutions were of analytical quality but, because of aging, were purified by TBP extraction
to remove decay daughters. Additionally, the 2*U stock was precipitated with sodium hydroxide,

recovered by filtration, washed with very mild caustic (~0.01 M NaOH), and redissolved in nitric

acid. After purification, the solution was characterized with the following results:

(126.8 = 1.61) g U/L
(2.11 % 0.01) M HNO,
(1.780 x 10° + 3.707 x 10*) dpr/mL

238(7J stock solution:

(0.1165 = 0.0005) g U/L
(0.1013 + 0.0001) M HNO,
(2.447 x 105 + 1.070 x 10%) dpm/mL

23(7J stock solution:
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Use of either set of stock solutions to prepare test solutions gave the same results.

The **U stock solution was used to prepare uranium solutions of various strengths for the
extraction tests (typically, ~1 g U/L); and the ***U was added in small amounts, as necessary, to
increase the counting rate. Since half-lives of **U and **U are 4.9 x 10° and 1.6 x 10° years,

respectively, the concentrations are (for practical purposes) constant over the time span of the

experimental program.

3.3 Experimental Procedures

Aliquots of the organic extractant were measured by a mechanical pipettor and placed in
60-mL, screw-top separatory funnels. The funnels containing the organic solution and stoppered
flasks containing the aqueous reagents were then transferred to the dry box and allowed to reach
the desired experimental temperature. Organic extractant was then preequilibrated with equal (or
greater) volumes of aqueous nitric acid having the same concentration as the final aqueous contact
for which distributions were to be measured. Three preequilibrations were completed before the
final contact. Each time the aqueous phase was drained from the separatory funnel, taking care
to avoid loss of organic material. The mechanical pipettor was used to add a volume of aqueous
solution equal to the organic-phase volume to the separatory funnel for the final contact. After
separation, a small volume of the aqueous phase was withdrawn from the separatory funnel to
clear the spout and was discarded. A sample of the aqueous phase was then decanted directly into
a sample vial, which was immediately sealed. A sample of the organic phase was withdrawn from
below the surface of the organic with the mechanical pipettor, removed through the top of the
funnel, and immediately transferred to a sample vial, which was then sealed.

In the case of the uranium distribution tests, the procedure was modified for small-volume

experiments. A 20-mL sample vial was used as the contacting container. Materials were added to
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the vial with a high-precision electronic pipettor that utilized disposable tips. Aqueous

preequilibration solutions were removed from beneath the organic phase with needle-shaped

disposable pipettes. Next, the organic solution was transferred to a clean sample vial with the
electronic pipettor for the final contact. Final organic samples were taken with the electronic
pipettor; then the remaining organic was skimmed with the pipettor, and the final aqueous samples
were taken from below the liquid surface with the electronic pipettor. Because of difficulties with
interferences from decay daughters in tests using U, a back-extraction method was also used.
In the back-extraction, a portion of the loaded organic solution was contacted with an equal
volume of clean aqueous phase having the same acid concentration as in the forward extraction.

Aqueous and organic samples were then taken as just described. Details conceming the necessity

of a back-extraction method have been discussed by Spencer (1994).

Each equilibration included both a mixing time and a settling tirne. Mixing was achieved
by manually shaking the separatory funnels because there was insufficient space for the orbital
shaker in the dry box. It was thought that temperature control would be more important than the
convenience of a mechanical shaker. A mixing time of 1 min for each equilibration was evidently
sufficient because tests conducted with mixing times of 15 s, 2 min, and 4 min gave essentially
the same results. Settling, or separation time, was at least 10 min; again, longer separation times
appeared to make no difference in the results.

Equal volumes of aqueous and organic phases were used in the final contact to simplify

a material balance to check the analytical results.

3.4 Analytical Techniques

The primary data required for studying the extraction equilibria are the concentrations of

the species of interest in the aqueous and organic phases. Typically, laboratory analyses provide
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volumetric (molar) concentratibn data. Because most of the activity coefficient correlations in
general use employ the molal concentration scale, solution density is required to convert between
the different concentration scales. Few data are available for solution density, especially the
organic phase; therefore, it was necessary to measure solution density in, at least, a few cases.
In some experiments, where the solvent was heavily loaded, a third phase was noted to
form when the temperature of the sample decreased to room temperature (while transporting the
sample from the temperature-controlled dry box to the analytical laboratory). To ensure that
aliquots withdrawn from the sample for analysis were homogeneous, the samples were routinely
reheated to the temperature at which the experiment was performed prior to unsealing the
container and taking the aliquot. This procedure also ensured that the density measurements would

give the density at the experimental temperature.

3.4.1 Nitric Acid

Aqueous Phase. The aqueous nitric acid concentration was measured using Environmental
Protection Agency (EPA) Acidity (Titrimetric) Method 305.2. Titration in this method is
accomplished by using a standardized 0.02 N sodium hydroxide solution. A Corning model

155 pH meter (resolution of +0.01 pH unit) was used to determine the endpoint of the titration,

which occurs at a pH of 8.3. It is possible "to achieve a precision of less than 10 peg/L" with this
method. However, with the equipment used, measurement of the titrant was within 0.1 mL, and
an error of +5% was estimated from historical results.

Organic Phase. The acid in the organic phase was measured using essentially the same
technique and the same equipment. A sample aliquot of 1 mL was dissolved in 50 mL of
anhydrous methanol. The resulting solution was then titrated to a pH of 8.3, using a standardized

0.02 N sodium hydroxide~methanol solution.
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3.4.2 Organic-Phase Water

Water in the organic phase was measured using ASTM Method E-1064, coulometric Karl
Fischer titration. This method is based on the reduction of iodine by sulfur dioxide in the presence
of water, which is quantitative in the presence of pyridine and methyl alcohol. A current of
10.71 C is generated for each 1 mg of water consumed. The method is applicable for water
concentrations ranging from a few parts per million to approximately 2.0 wt %. Greater accuracy
is achieved at the lower concentrations.

Using Martin Marietta Energy Systems, Inc., Analytical Services Division procedure
182807, "Addendum to ASTM Method E-1064," the titrations were performed in an Allied Fisher
Scientific model 447 automatic coulometric titrator. Precision of the method has been shown to
be 5.7% on measurements of 5000 pg of water in alcohol. Tests on extraction samples related to
this work gave wildly varying results, possibly caused by an inadequate isolation of the sample

from the atmosphere during transfers.

3.4.3 Bismuth Nitrate

Bismuth nitrate concentrations were not measured directly. Since there is one bismuth
atom for each Bi(NO,), molecule, it was sufficient to measure only the bismuth without regard
to the associated nitrate groups. Measurements were made using inductively coupled plasma—mass
spectrometry (ICP-MS), which is a very sensitive system for heavy species such as bismuth. The
particular instrument used was a Fisons, Inc., Plasma Quad PQII+, which contains two primary
components: a plasmé—based jon generator and a quadrapole mass spectrometer. The instrument
operates in the following way. The aqueous sample is injected into a radiofrequency-induced
plasma, where it is dissolved, atomized, and ionized. The ions are extracted from the plasma

through a vacuum interface and separated magnetically. Magnetic separation is selective, based
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on the charge/mass ratio. Separated ions deposit their charge on a Faraday detector, and the

resulting signal (current) is processed electronically. The magnetic mass spectrometer has a

resolution of 1 atomic mass unit. Overall, the instrument has a lower detection limit of ~10 to 300
parts per trillion (depending on the atomic mass of the analyte) and a precision of <1% relative
standard deviation (determined from at least three data acquisitions). Due to interferences, which
include atoms from the materials of construction of the instrument itself, the lower reporting limit
is ~1 part per billion (i.e., 0.001 g/L).

Aqueous Phase. Martin Marietta Energy Systems, Inc., Analytical Services Division
procedure ACD-TP-070002, which complies with EPA Method 6020, describes the method used
to measure bismuth concentration with the instrumentation described above. According to this
procedure, the sample is adjusted to a nitric acid concentration of about 10 wt % and then diluted
10:1 with water before introduction to the instrument.

Organic Phase. Bismuth in the organic samples was measured by the same technique as
that used for the aqueous samples following a pretreatment process. Since an organic matrix
cannot be analyzed by the ICP-MS, the organic material must first be destroyed. Thus, the organic
sample was added to a 10% aqueous nitric acid solution and placed in a high-pressure asher
operating at 100 atm and 300°C. The organic was completely destroyed, leaving the bismuth in
the aqueous acid solution. An aliquot was diluted with water and then injected into the instrument

for analysis as before.

3.4.4 Uranyl Nitrate
The uranium concentrations in the aqueous and organic phases were measured using the

same radiocounting technique with a Packard Instrument Co. Liquid Scintillation Analyzer. Use

of the equipment required a 0.5-mL sample to be added to 5.0 mL of an organic scintillation fluid

64



and thoroughly mixed. The scintillation fluid contains a fluorescent material that releases a photon
when struck by the high-energy particles emitted during atomic decay. These photons strike the
photosensitive surface in a photomultiplier tube (PMT), producing an electrical pulse that can be
measured. The results obtained by counting the pulses provide quantitative information on the

number of decay events, which, in turn, is related to the concentration of radioisotope in the

sample. For 2*U, an alpha emitter, the machine is nearly 100% efficient, which means that the
measured count rate is equal to the disintegration rate of the isotope [counts/min =
disintegrations/min (dpm)]. The instrument also discriminates energy levels of the emitted particle.
It was found experimentally that an energy range setting between 100 and 350 keV was optimum
for measuring **U concentration.

Interferences in scintillation counting caused by the decay daughters of uranium led to the
use of a back-extraction technique to reduce these interferences. To verify that the back-extraction
procedure described by Spencer (1994) was adequate, some 28] analyses were made using
ICP-MS. The instrument used was a V. G. Elemental, Inc., Plasma Quad 2+ having the same
principle of operation as that described in Sect. 3.4.3. Instrument sensitivity for uranium was 0.01
part per billion, and analytical results were within ~10%. Forward-extraction samples, which had
already been placed in scintillation fluid, were submitted for the ICP-MS analysis. (These samples
had been saved from the first group of experiments performed before decay daughters were
recognized as a problem. The ICP-MS analyses were done at the same time that a second group
of experiments using the back-extraction technique was under way.) Any organic material
associated with the samples had to be destroyed prior to analysis, which made the analysis more

difficult, and perhaps more error-prone, than if the scintillation fluid had not been present.
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3.4.5 Solution Density

Solution density was measured by a gravimetric technique described in Martin Marietta
Epergy Systems, Inc., Analytical Services Division procedure 182407. This procedure calls for
taring a clean volumetric cylinder, adding about 50 mL of solution, and then weighing the solution
and cylinder. Masses are measured on an analytical balance to within 1 mg, providing a precision
of 2.0% in the calculated density. Because the volume of solution utilized in each of these
experiments was much smaller than 50 mL (usually on the order of a total of 20 mL or less in
each phase), the procedure was modified to permit use of smaller volumes.

A 10-mL pycnometer was used to measure density. The volume of the pycnometer was
measured at the desired temperature using both pure water and pure acetone as references for the
aqueous and organic samples, respectively. Using essentially the same procedure, the dry
pycnometer is weighed on an analytical balance within 0.1 mg, and then reweighed after being
filled with either pure water or pure acetone. (Use of the density of pure water, or acetone, at the
measuring temperature permits the volume of the pycnometer to be calculated). The density of the
sample solution is calculated by using the measured mass of the solution and the calculated
volume of the pycnometer. The precision of density measurements made in this manner is

expected to be within about 0.1%.
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4. THEORETICAL DEVELOPMENT

The framework for the thermodynamic treatment of extraction equilibria has been well
developed in the literature. Specific equilibria are modeled using this general framework.

The present work concentrates on the extraction of a compound from an aqueous nitric
acid phase into an organic phase comprised of CMPO dissolved in an inert diluent. Three
extractable compounds are investigated: nitric acid, uranyl nitrate, and bismuth(IIl) nitrate.

Because nitric acid is present in each situation, models for its extraction are developed first.

4.1 Extraction of Nitric Acid
As reported in Sect. 2.4.3, the extraction of nitric acid by CMPO dissolved in TCE has

been modeled with a combination of three equilibria:

Hg, + NOy,, + CMPO,,, = HNO;;CMPO,,, . (4-1)
' * NOg,, + 2CMPO__, = HNO,2CMPO (4-2)
H(aq) N 03(aq) (org) 3 org)
and

= 2HNO,-CMPO,,, , (4-3)

(org)

2H, + 2NOsyy,, + CMPO,,,,
representing 1:1, 2:1, and 1:2 stoichiometries, respectively. The third equilibrium is important only
when the nitric acid concentration is "moderately high" (Chaiko et al., 1989). Similar equilibria

should occur for CMPO in an n-dodecane diluent.

4.1.1 Slope Analysis

Experiments can be performed to support slope analysis, which may be used to select an

appropriate stoichiometry. By writing the equilibrium in the more general form,
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H (ag)

+ NOyq, + nCMPO,,,, = HNO;nCMPO,,, , 44

the equilibrium constant may be written, according to Eq. (2-54), as

[HNO,-nCMPOYiu,mcirro

W) T 0. crP O o)

(4-5)

where the brackets indicate molar concentrations. Rearranging this equation to give the distribution

ratio in terms of the equilibrium constant according to Eq. (2-57) yields

[HN 0;-nCMPO] =K ( &NOJ)Z[NO;] ——"( &PO)" [cmpof @O
[ H ¢] I;I)VO,'nCMPO

where the aqueous activity coefficients are the concentration-based mean stoichiometric
coefficients. Experimentally, the aqueous nitric acid concentration and, hence, its activity
coefficient can be held constant while the CMPO concentration in the organic phase is varied. If
the ratio shown in braces [Eq. (4-6)] is constant, then the slope-analysis method given by
Eq. (2-59) is applicable. It is known from the work by Diamond et al. (1986) that the activity
coefficient of CMPO dissolved in toluene is not unity but decreases slightly with the CMPO
concentration. From the same work, the activity coefficient of CMPO is about the same, regardless
of whether the organic is equilibrated with pure water or 0.5 M nitric acid. The implication is that,
if the CMPO behaves similarly in an n-dodecane diluent, the term in braces [in Eq. (4-6)] will be
very nearly constant at a value a¥ound unity when n = 1, but will vary directly with the activity
of the CMPO when n = 2. Based on the work of Diamond et al. (1986), the activity coefficient
is expected to vary from 1.0 to about 0.92 as the CMPO concentration ranges from 0 to 0.2 M.

Slope analysis should give good results even if 7 is as high as 2. If the activity coefficients were
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known for the CMPO-n-dodecane system, the slope-analysis equation could be modified to correct

for those deviations from ideality.

4.1.2 Extraction Models

The equilibrium constants for reactions (4-1) through (4-3) may be written as

, KYome [HNO,-CMPO] »

)63 ’Y(c) - %) 0 s ( )
HNO,-CMPO (’Y(= ,HNo,) [HNO3]2[CMP0]

c) 2

;K] _ [HNO,2CMPO] “s)

Y(igvo,-zcmo (“Y(:},,\,o,)z[HNOB]Z[CMPO]2
and
I K Yoo _ [28NO,-CMPO] )

) Y(z?mo,-cmo (Y(:}mo,y [HN 03]4 [CMPO] ,

respectively. Because nitric acid is practically the only solute in the aqueous phase, the identity
[H*] = [NO;] = [HNO;] has been used. The subscripts on the equilibrium constants, K, were
chosen as reminders of the stoichiometry, and the primed values represent the equilibrium constant
calculated under the assumption that the organic phase is ideal, similar to the convention shown
in Eq. (2-55). These relationships include expressions for (1) the aqueous and organic nitric acid
concentrations; (2) the aqueous-phase activity coefficients, which may be calculated from the
aqueous concentrations using Pitzer’s method; and (3) the free CMPO concentration in the organic
phase. Based on the literature review, the extraction is assumed to involve the anhydrous form of
nitric acid. Extraction of water, by itself, is ignored as a secondary effect.

One-Parameter Models. The initial CMPO concentrations are known from the conditions
of the experiment. Equations (4-7) through (4-9) depend on the free CMPO concentrations, that
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is, the CMPO not complexed with nitric acid. The equivalents of CMPO complexed with the acid
are calculated from the measured organic-phase nitric acid concentration and the stoichiometry.

Material balances on the CMPO for each of the three stoichiometries are as follows:

[cmpo] = [cmPO), - [HNO,-CMPO] (4-10)

[cmpo] = [cmpo, - N0 2cMPO] (4-11)
and

[cmpo] = [cmpo), - %[2HN03-CMP0] , (4-12)

respectively, where the zero subscript indicates the initial concentration before phase contact. The

nitric acid balances require

[HNOs]mg = [HN03~CMP0] s 4-13)

[HNOZ']W = [HN03-2(,‘MPO] , (4-14)
and

[HN03]W = 2[2HN03-CMP0] , 4-15)

respectively. The organic nitric acid concentration for 1:1 stoichiometry is given by combining

Egs. (4-7), (4-10), and (4-13), and rearranging to yield

Ky ;’HNO,)Z [ENO,F[cmPO),

1+K :,)HNOS)Z[HNOJZ

(4-16)

[HN03L,g = [HNO3'CMPO] =

Equations (4-8), (4-11), and (4-14) may be combined to give the corresponding

relationship for 2:1 stoichiometry. This operation yields a quadratic equation wherein the negative
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of the square-root term must be taken to satisfy the requirement for a zero organic acid

concentration at an initial zero CMPO concentration. The result is as follows:

- 2 _
[ENO,], = [HNO,2CMPO) = @ - o - [cupo} @-17)

2 ?

where

1 , lempol,
4K2/;1( ;»;c}ﬂslo,)2 [HN 03]2 2

Q= (4-18)

Combining Egs. (4-9), (4-12), and (4-15) gives the organic acid concentration as a

function of aqueous acid concentration for 1:2 stoichiometry:

2K Sovo) [ANOSF[CMPO),
1+ Kll:z( &NO,)THN 03]4

4-19)

[HNO|, = 22HNO,-CMPO)] =

Two-Parameter Models. Given the three stoichiometries shown in Egs. (4-1) through (4-3),
only three different models can be developed by combining two stoichiometries at a time. First,
consider a model combining 1:1 and 2:1 stoichiometries. A balance on the CMPO gives the free

CMPO concentration as

[cMPO] = [cMPO), - 2[HNO,-2CMPO] - [HNO,-CMPO] (4-20)

and an acid balance is

[HNOsL'g = [HN03'2CMP0] + [HN03'CMP0] . (4-21)
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Combining Egs. (4-7), (4-8), and (4-21) gives the organic-phase acid concentration
[eNo,) = [cmpol Ko [ENOF(KL, + Kiu[cMPO)) . (4-22)

However, the free CMPO concentration is found from combining Egs. (4-7), (4-8), and (4-20) to

produce the quadratic form

{2K2f1( :},NOS)Z[HNOJZ}[CMPO]Z +{1 + Ky (yf},NoJ)z[HNOJ}[CMPo] (4-23)
- [emPol, =0 .

Inspection reveals that the positive square root of the quadratic term is required in order to get a
positive value of the free CMPO concentration from this equation. Equations (4-22) and (4-23)
represent the model.

Now a model combining 2:1 and 1:2 stoichiometries may be similarly developed. The

CMPO and acid balances are

[cnpo] = [cupo), - AHNO, 2CMPO] - [2HNO,-CMPO)] (4-24)
and
[HN03Lrg = [HNO3 -2CMPO] + 2[2HN03°CMP0] . (4-25)

Combining these with Egs. (4-8) and (4-9), the model becomes

[ENO, = [CMPO]( &NO:)Z[HNOJZ{K{:I[CMPO] + 2Ky &NOS)Z[HNos]Z} (4-26)
and
{2K2i1( ;;,No,)z[zar17\103]2}[CMPO]z + {1 + I(,':z(yf}mo,)‘t[HNOs]“}[CMPO] @27)
- [emPo), = 0

The positive root of the quadratic is again required for the same reasons as discussed previously.
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Finally, a2 model combining 1:1 and 1:2 stoichiometries begins with the following CMPO

and acid balances:

[cmPO] = [cMPO), - [HNO,-CMPO] - [2HNO,-CMPO] (4-28)
and
[HNO,| = [HNO,-CMPO] + J2HNO; CMPO] . (4-29)

Combining these with Egs. (4-7) and (4-9) yields

[ENO,] = [empo( ,m) [ENO,} {Kl 4+ 2Ky J,No) [ENO ]2} , (4-30)
with the free CMPO concentration given by

[cMPO),
1 +K 1( :HNO) [HN03]2 + Kl/:Z( .,HNO) [HN03]4

[cmPO] = (4-31)

Three-Parameter Model. The CMPO and acid balances for the three-parameter model

combining the stoichiometries shown in Eqgs. (4-1) through (4-3) are

[cMPO) = [cMPO); - [HNO,-CHPO] - 2[HNO,-2CMPO] - [2HNO, CMPO] (4-32)
and
[HNO,), = [HNO,-CMPO] + [HNO,2CMPO] + 2J2HNO;-CMPO] . (4-33)

Substituting Eqs. (4-7) through (4-9) into these expressions yields the model equations

[HNO,) = [CMPOY¥ v,

(4-34)
x [HNos]z{Kllzl + K,,[CMPO] + 2K;, 2(YE.~C,)HNO) [HNoa]z}
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and

o O COtPOT L+ Ko 07 @-35)
+ 2K1§2( ;},No,)“[HNoa]“}[CMPo] - [cmpo], = 0

The positive root in the quadratic form of Eq. (4-35) is required to give positive values for the

free CMPO concentration.

4.2 Extraction of Uranyl Nitrate
Extraction of uranium, as uranyl nitrate, with CMPO is expected to follow a 2:1
stoichiometry based on the literature. Additionally, the uranyl ion is reported to associate with six
waters of hydration, a conclusion indirectly supported by the crystallized form, uranyl nitrate

hexahydrate. The expected extraction equilibria may be written as

UO,(H,OYeq) + 2NOsyy + 2CMPO,,,,, = UO,(NO;),"2CMPO,,,, + 6H,0,,. (4-36)
It is possible that CMPO will also coextract nitric acid in a manner similar to that reported for
americium, according to

Uoz(Hzo)z(:zq) + 3N 03an> * H(;q) + 2CMP O(org) :z (4'37)

UO,(NO,),"2CMPO-HNO + 6H,0

3(org) (ag)

at high nitric acid concentrations. Models may be developed that include even more acid
molecules in the coextraction. A nitrate complexation of the uranyl ion has also been suggested

by Tedder and Davis (1983) and may be expressed as

Uoz(Hzo)z(:zq) *N OBan) = UON 03(H20);(aq) * Hzo(aq) ’ (4-38)
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where the pentahydrate form is assumed to be inextractable. Incomplete ionization effects are
included in the mean stoichiometric activity coefficients, such as those calculated by Pitzer’s

method, but an explicit description of the speciation does affect model predictions.

4.2.1 Slope Analysis
The stoichiometry of the extraction of uranyl nitrate with CMPO may be deduced using
slope analysis even when nitric acid is coextracted if near-ideal conditions can be utilized. A

general form of the extraction equilibria may be written as

= UO,NO,),,;nCMPO,, , + 6H,0 (4-39)

U02(H20)§(’aq) + 2NOy(,,) + nCMPO (rg) 2 (agy’

(org)

The equilibrium constant is

[UO,(NO,),-nCHPO 0.0y mcHPO B

- T o (4-40)
ooy [U0 0% [NOs T TemPOl (feseo

in molar concentration units according to Eq. (2-54). The distribution ratio, in terms of the

equilibrium constant, is found by rearrangement of this equation to yield

. _ [uowo),nempo] _ K(’Y(:,)z/o,(No,),)s[NO;]zJ (Feo)” (cupol (4-41)
[UOZ(HZO)?] a,f l l;)oz(NO,),-nCMPO

The slope-analysis method of Eq. (2-59) gives the equilibrium stoichiometry under ideal
conditions where the activity coefficients in the organic phase, the activity coefficient of aqueous
uranyl nitrate, and the activity of water can be held constant. However, even small variations in
the activity of water may have a significant effect because it is raised to the sixth power.

Similarly, the third power on the activity of the uranyl nitrate accentuates its effect. A modified
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distribution ratio can be developed to help correct these nonidealities when the aqueous-phase

properties are known. That is,

/ Da, - ( (.fl)mvo)’l n (4-42)
D= - Kvo; |3 iempol
(’Y(:,uoz(zvo,)z) UO,(NO), nCMPO

If the ratio of the organic-phase activity coefficients (shown in braces) is constant, then the plot
of In D’ vs In[CMPO] will give a line whose slope is n, the stoichiometric ratio. Further
corrections can be made if the nitrate concentration cannot be made constant; for example, the

expression for the nitrate concentration can be moved to the left-hand side of Eq. (4-42) with D.

4.2.2 Extraction Models

In the experimental program, the concentrations of nitric acid were limited to obviate the
formation of a third phase. Because the acid concentrations were low (<0.2 M), the coextraction
of acid with uranium as shown by Eq. (4-37) was thought to be insignificant. Extraction according
to Eq. (4-36) and nitrate complexation of the uranyl ion shown by Eq. (4-39) were thought to be
the dominating equilibria. Because slope-analysis data (Sect.5) did not rule out a 1:1
stoichiometry, a 1:1 stoichiometric equation is also considered.

One-Parameter Models. First, a one-parameter model is developed for a 2:1 complexation
of CMPO with uranium. The equilibrium constant for the reaction [i.e., Eq. (4-36)] may be written
as

2
. - Kolfeo) [UO0,NO,), 2CMPO]a | )

Yonopsacuro (om0, [UO L0 N0 T Tempol

=
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where the subscript U2 is a reminder of the stoichiometry. In this one-parameter model, the

measured concentrations are identified with model variables; thus,

(v, = [voWo)),) = [UoWo,),2cMPO) (4-44)

[], = om0y, = voE,0%] . (4-45)
and

vo;| = (o] + quowoy,) . (4-46)

A material balance for the free CMPO concentration can be written as follows:

[cMPO] = [cMPO), - 2UO,(NO,),2CMPO] - [HNO,-CMPO) . (4-47)
Now Eq. (4-43) can be combined with Eqgs. (4-44) and (4-45), and the result can be rearranged

to express the organic-phase uranyl nitrate concentration:

Kéz( oo ,)3[UL4[N03~]2[CMP of (4-48)
[U]arg = )

6
w

Nitric acid is also extracted by a competing reaction since it is present in the aqueous phase with
the uranyl nitrate. The experimental data (presented in Sect. 5) on the extraction of nitric acid is
adequately represented by a one-parameter model. Because the nitrate in the solution is supplied
by both the nitric acid and the uranyl nitrate, the amount of CMPO complexed with acid must be

expressed in the more general form

/ [HNO3 'CMPO]
Ky, = (4-49)

Wi Ta o5 empo]
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which can be rearranged to give the organic acid concentration; thus,
[FNO,-CMPO] = K\ (o) 1H N0 chPO] . (4-50)

Equations (4-48) and (4-50) may then be substituted into Eq. (4-47) to give the free CMPO

concentration in the implicit form

JZK woy,) [ULINO
l U2 UO (NOa)w ]aq[ 3 ] CMPO]z (4-51)

{1 + K (oo TH *][Nog]}[CMPO] - [empo, = 0

The quadratic form of this equation indicates that the positive square root must be used to obtain

positive free CMPO concentrations. Inserting the resulting concentration into Eq. (4-48) completes

a model that expresses organic uranium concentration as a function of aqueous uranium

concentration. It is customary to express the model in terms of the distribution ratio, which can

easily be developed by dividing both sides of Eq. (4-48) by the aqueous uranium concentration:

[UL ( . Uo,Wo, z) [N 03~]2[CMP 0]2 ' (4-52)

[ULq as

A different one-parameter model can be developed for the 1:1 stoichiometric equilibrium

UO,(H,0)5s) + 2NO3iyy + CMPO,,., = UO,(NO,),"CMPO,,,, + 6H,0. (4-53)

(ag)

where the equilibrium constant is

Koulio) [UO,(NO,), CMPO]a

vowarcuro (Vom0 [U0LH,0% [IN0s T TCMPO]

Ky = (4-54)
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The measured aqueous- and organic-phase uranium concentrations are identified with model
variables by Eqgs. (4-44) and (4-45) as before, and the total aqueous nitrate concentration is given

by Eq. (4-46). With this different stoichiometry, a material balance on the CMPO now becomes

[cMPo] = [cMPO), - [UO,MO,),:CMPO] - [HNO,:CMPO] , (4-55)
where the amount of CMPO complexed with nitric acid is given by Eq. (4-50). After substitution,

the model equations become

[cmPo) = [cmpO),
(Voo ' (4-56)
1+ Kllz I(Y(:,)H No,)z[H ’][N 03_] . Kuz(Y(z,uo,(No,),)6 [ULq[Nos]
and
D = [U],,,g _ Kl;l(’Y(:.)UO,(Nos)z)s[NO;]Z[CMPO] . wsn

U], a,
In this model the distribution ratio varies linearly with the free CMPO concentration rather than
with the square of the free CMPO concentration [see Eq. (4-52)]. The free CMPO concentration
has a much different form between models with 2:1 and 1:1 stoichiometries, as shown by
comparing Eqgs. (4-51) and (4-56).

Two-Parameter Models. Uranyl nitrate may complex with CMPO in both 1:1 and 2:1
ratios. Each equilibrium constant for a combined model has already been defined by Egs. (4-43)

and (4-54). Because this model does not distinguish separate aqueous uranyl species, the variables

in the model are related to the measured aqueous uranyl nitrate concentration by Eq. (4-45). The
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total aqueous nitrate ion concentration is, again, given by Eq. (4-46). A material balance on the

CMPO may be written as

[cuPo] = [cMPO), - JUO,WNO,),2CMPO] - [UONO,),:CMPO) (4-58)
- [ENO,-CMPO]

Substituting Eqgs. (4-43), (4-50), and (4-54) into Eq. (4-58) and rearranging yields

JZK v2|Ye Uo,(No,)z) [u ]aq[N 05 ]

[ al

cMPOJ’

4-59
w( , U0, (No,),) U]aq[N o) ‘]2 ( )

aw

CMPO

U+ Ky (o) T VOS] +

- [emPO), = 0
By comparison with Eq. (4-51), this simply adds a parameter to the linear CMPO term. The
positive root of the equation is required to obtain positive free CMPO concentrations. An organic

uranium balance includes both the solvate and the disolvate,

[, = [UO,(NOy),] = [UO,NO,),2CMPO] + [UO,(NO,),-CMPO] . (4-60)

Substitution of Egs. (4-43) and (4-54) yields the organic-phase uranium concentration in terms of

the aqueous-phase uranium concentration; thus,

[v],, = ""*‘”"”) [UL"[N ] {KL',Z[CMPOF + Kylcmpol} (4-61)

As compared with the one-parameter model given by Eq. (4-48), this equation just adds a linear
term in the free CMPO concentration.
Another two-parameter model may be developed from consideration of the equilibria

shown by Egs. (4-36) and (4-38). Basically, this adds an aqueous nitrate complexation to the
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one-parameter model describing the 2:1 solvation. The nitrate complexation equilibrium constant

may be written as

[ NOEON oo | @-62)

v [UOH,00 ) 0 NOS W

Mean stoichiometric activity coefficients, determined by such methods as vapor pressure
measurements, include the effects of partial ionization. Such coefficients are calculated by the
Pitzer method. Since the mean stoichiometric activity coefficient is defined as though the salt is
completely dissociated and no distinction is made between the two ions, it is assumed that the
activity coefficient of UO,NO,(H,0)s* is equal to that of UO,(H,0)¢**. The mean activity

coefficient of the nitrate ion is calculated by the Pitzer method. Now, Eq. (4-62) may be written

as
UO,NO,(H,0),
B, = [ AV 32( 2 )5]%) (4-63)
o (0% |[vos |2,
A material balance on the aqueous uranyl nitrate concentration is
], = [Uoz(Hzo)z*]aq + [U02N03(H20)§Lq . (4-64)

Combining Eqgs. (4-63) and (4-64) and rearranging to solve explicitly for the hexahydrated uranyl

ion concentration yields

UL, . (4-65)
a,+ BU[NO;}Y%;

[Uoz(Hzo)?]a g =
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Substituting Eq. (4-65) into Eq. (4-64) to obtain the concentration of the pentahydrate ion yields

[voNoym,0)] = R . (4-66)
a, B, [NOS KO,

The total free nitrate concentration balance is given by
- 2+ +* -
wo5] = [no)| + Juom,0%] + [voNom,0)] (4-67)
which, upon substitution of Eqgs. (4-65) and (4-66), gives

2a,+B,[NOS}E. y

(4-68)
a, +B,[NOS K,

wo;] - mwoy) -+

This equation is a quadratic in terms of the nitrate concentration and can be solved; however,
when the aqueous uranyl nitrate concentration is small compared with the nitric acid concentration,
then the nitrate concentration will be almost entirely due to the nitric acid. Additionally, when [,
approaches zero, two nitrate ions are contributed by each uranyl group; and, when B, is very
large, only one nitrate ion is contributed by each uranyl group. Therefore, under conditions where

the uranyl nitrate concentration is small compared with the nitric acid concentration, negligible

error will be introduced by setting the total nitrate concentration as defined by Eq. (4-46), and the
model will be greatly simplified.

The nitrate complexation equilibrium essentially reduces the aqueous concentration of the
extracting species according to Eq. (4-65). Only one'complex is formed in the organic phase, the

disolvate, so the CMPO material balance is given by Eq. (4-47). With these simplifications, this
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two-parameter model has the same form as the one-parameter disolvate model; the difference is

that [U],, is replaced by [UO,(H,0)¢*]. The model equations can now be written as

10, = Kilogon] [UOZ(Hzf)i’ no;| [cmpol’ (4-69)

a,

and

2+ -
{ZKUZ ('Y(-_g,uoz(No,)) [Z?Z(Hzo)s N 03] CMP 0]2 @70)

{1 + Kiy{yoho) TH *][No;]}[CMPO] - [empo), = 0
Because of the definition of distribution ratio, the calculated distribution ratio can be found by

dividing both sides of Eq. (4-69) by the total aqueous uranyl nitrate concentration,

W],  Kedome) (00,05 [NosTTempol | w
oL, a,[Ul,,

Comparison of this equation with Eq. (4-52) shows that the right-hand side now contains the ratio

D =

of the concentrations of the fully ionized uranyl species to the total uranyl nitrate. The model
equations are Egs. (4-46), (4-65), (4-70), and (4-69) or (4-71).

A third two-parameter model that includes unisolvate formation and the nitrate
complexation is now considered. The nitrate complexation equilibrium enters into the model for

1:1 extraction in parallel fashion to the 2:1 extraction model. The model equations are as follows:

[cmPo),
[CMPO] = KI ( 0 )3[[]0 (H 0)2* NO _]2 (4_72)
1+K;, 1( :t.HNO) [H ][N 03] ik St 62 2 °

a,
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and

W],  Koffuop I)B[UOz(HzO)s’ N03']2[CMP Y ' (4-73)

[ul, aglUl,

4.3 Extraction of Bismuth Nitrate
The extraction stoichiometry of bismuth nitrate with CMPO has not been reported in the
literature. However, it has been reported that CMPO extracts trivalent metal nitrates with a
stoichiometry of 3:1 (e.g., americium and neodymium), so this seems to be a reasonable initial
estimate for development of a model. Additionally, the crystallized form of bismuth nitrate
contains five waters of hydration; and, in fact, highly purified bismuth nitrate pentahydrate was
the source of bismuth for the experiments reported here. With this information in mind, the

expected extraction equilibrium is

+ 5H,0 . 4-74)

(ag)

Bi(HZO)z(;q) + 3NOy,, + 3CMpPO,,,, = Bi(NO,),’3CMPO,,,.,
4.3.1 Slope Analysis
The stoichiometry of the extraction of bismuth nitrate can be determined by slope analysis.

The equilibrium can be written in a form having an indeterminate coordination number as

Bi(H,0)p + 3NOsqp + nCMPO,,,,, = Bi(NO,),nCMPO,,, + SH,0,,, . (4-75)

27 (eg)
In this case, Eq. (2-54) becomes

Bi(NO,),"nCMPOY s von ncspo B
K = [ 3/3 ] Bi(NO,);"nCMPO ) (4_76)

(o, [BiCt, 0% [0, TICMPO]" (ihro)

84



Following the previous equation developments, the distribution ratio is found by algebraic

rearrangement,
, - [Biwoy, ncmpo] _ K| 3f<~0a=5)4[N03']BJ b Y capop @77)
[Bi(H20)§*] ay l‘Y(Bfi)(No,);nCMPO

At low concentrations where the activity coefficients are unity (ideal conditions), the slope method

of Eq. (2-59) gives the stoichiometry. Because methods to estimate the aqueous deviations from
ideality are available, it is possible to produce a modified distribution ratio to correct for these

nonidealities. The equation is

oo Da kvo,T bl [cmpol . (4-78)
( :33:(»/0,),)4 Y;)(No,),-ncmo

If the ratio of the organic-phase activity coefficients (shown in braces) is constant, then a plot of
In D’ vs In[CMPO] will be a straight line whose slope is the stoichiometric ratio, n. However,
there is no reason to expect the activity coefficients of free CMPO and CMPO complexed with
bismuth nitrate to be equal. Based on a value of # = 3, and assuming that activity coefficients of
free CMPO and CMPO-bismuth nitrate complex are only slightly different, then the ratio of the

organic-phase activity coefficients (shown in braces) may vary appreciably and the slope method

will give only approximate results.

4.3.2 Extraction Models

Extraction of bismuth nitrate by CMPO is likely to involve complications of acid

coextraction and nitrate complexation as in the case of uranyl nitrate. Because low acid

concentrations were used to avoid third-phase formation, acid coextraction was probably
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negligible. Development of an extraction model can proceed along the same lines as that for
uranyl nitrate.
One-Parameter Models. With a 3:1 stoichiometry as shown in Eq. (4-74), the equilibrium

constant can be written as

3 .
Ky = KB3( Cc’)‘”’o) = [BiNO), 3CMPO]a,; , (4-79)

O 3CHPO (o 3),)4[Bi(H20)2"][N03']3[CMP0]3

where the subscript B3 is a reminder of the stoichiometry. The measured aqueous and organic

bismuth concentrations can be identified by

(B, = [Bivoy,), = [Bie,0)% ] (4-80)
and
[Bi,,, = [Bicvoy,) = [BiNOy,3CMPO] @-81)

respectively. The total nitrate concentration is given by

wo; - (o +3(Bivoy,] . (4-82)
A material balance for the free CMPO concentration is

[cmpo] = [cmPO), -3[BiNO,),-3CMPO] -[HNO,-CMPO)] . (4-83)
The CMPO associated with nitric acid is given by Eq. (4-50) as discussed previously. The free

CMPO concentration is found by substituting Egs. (4-50) and (4-79) into Eq. (4-83):
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¢ af . . P
{ 3Ks{tooon) [aB;(Hzo)g Jivo:] [cmpo]? (4-84)

{1+ Koo T [vos }empo] - [empol, - 0
This cubic equation can be solved for the free CMPO concentration. Equation (4-79) can be
rearranged to express the organic-phase bismuth concentration in terms of the aqueous-phase
bismuth concentration:

Kooy [BiE,0 [NosT lompo] (485)

5
a,

[Bi(NO,),"3CMPO) =

Again, the customary distribution ratio can be found by dividing both sides of Eq. (4-85) by the

aqueous bismuth nitrate concentration.
Slope-analysis results reported in Sect. 5.3.2 indicate that a 2:1 extraction stoichiometry

for bismuth nitrate is likely. The equilibrium may be written as

Bi(H,0)%,, + 3NOsy + 2CMPO,,,,, = BilNO,);2CMPO,,, + SHO, - (4-86)
Development of the model parallels that for the 3:1 stoichiometry. In this case, the free CMPO

concentration is given by

NG Y * P
{ZKBz(Y(:.)Bi(No,),) [aB;(Hzo)g ]{N 03] [ CMP 0]2 wsn

+ {1 + K{:l( O, No,)z[H +][N03']}[CMP0] - [empo), =0
which is now a quadratic, rather than a cubic, in the free CMPO concentration. The positive

square root in the quadratic is required to obtain positive values of the free CMPO concentration.

The organic-phase bismuth concentration in terms of the aqueous concentration is given by
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c . + K
[BiO,),-2CMPO] = K‘;Z(Y(*)""‘”o”’)4[Bl(HZOS)S JproTtcmror . (4-88)

a,

Two-Parameter Models. Suppose there is a nitrate complexation of the bismuth ion.
Because an ion of unity charge is more likely to occur than one of higher charges, let it be

assumed that the complexation can be represented by

Bi(H,0)54p + 2NO54p = BiNO,(H,0) s + 2H,0,, . (4-89)

(ag)
Making the same assumptions about the activity coefficients of the individual ions as was made

for the case of uranium, the complexation constant is

. + 2
5 - [Bz(NOB)Z(HZO);]aw 2 w50
[Bice, 007 vos T s,
A material balance on the aqueous-phase bismuth concentration yields
(B, = [BicE,0)7] + [Bitvo,),@,0%5] . (4-91)

By presumption, the nitrate complex is inextractable and only the pentahydrate form of bismuth
extracts. The concentration of the extractable species, in terms of the measured aqueous bismuth

nitrate concentration, is found by combining Eqs. (4-90) and (4-91):

|Bic,0)3] = (4-92)

a,|Bi,,
2 T3 ) \2
@y BB[N 03] (')fvo;)
To modify the 3:1 stoichiometric model to include the nitrate complexation, Eq. (4-92) can be

substituted into Egs. (4-84) and (4-85) to calculate the free CMPO concentration and the organic-

phase bismuth nitrate concentration, respectively. As usual, division by the total aqueous bismuth

concentration will yield the distribution ratio.
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To include the nitrate complexation equilibria in the 2:1 stoichiometric model only

requires the substitution of Eq. (4-92) into Egs. (4-87) and (4-88).

4.4 Estimation of Solvent Activity Coefficients
The slope-analysis method can be used to deduce the extraction stoichiometry when both
the organic and aqueous phases approximate ideal conditions, or if the experimental conditions
are such that the quantities involved are constant. Suppose that the coordination number, n, is
known by other means, but the slope-analysis method gives different results. Further, suppose that
all variables except the activity coefficients of the extractant can be quantified and are shown to
be constant (i.e., have no effect on the slope-analysis results). Basically, this is the case where it

is suspected that the organmic-phase is quite nonideal and the activity coefficients of the

organic-phase components differ appreciably from unity. A general analysis begins with

Eq. (2-57), which may be rewritten as

h
D' = D_i% - k[x TRE]" , (4-93)
MX,
where
el b (4-94)
Yuax :nE

Taking the logarithm of both sides of Eq. (4-93) yields

D =K +zIfX]+mhR+niE], (4-95)
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and taking the partial derivative with respect to In[E] yields

dnD’ K _ omX] amR on (4-96)

omE]  om[E| ) omE]  olE]

By definition, X is constant, and the aqueous-phase anion concentration can be made constant

experimentally. Therefore, Eq. (4-96) reduces to

dnD’ _  dnR @9

——— SV

dln[E]| JlE|
Now, by supposition, the ordinary slope-analysis method, defined by Eq. (2-59), gives a different
coordination number than expected. The data correlate strongly with a straight line, but the slope

is not equal to the expected coordination number. This condition means that the right-most term

of Eq. (4-97) is a constant; that is,

MR _ ), (4-98)

oln[E]

and Eq. (4-97) may be written as

/
D' o-n . (4-99)

olnlE] ’
When the slope-analysis method gives a coordination number, n,, and the true coordination

number, 7, is known, then the difference, ®, is a measure of the ratio of the organic-phase activity

coefficients shown in Eq. (4-94).

Because the slope-analysis method requires the extractant concentration to change, an

expression for R in terms of extractant concentration can be derived by integration of Eq. (4-98):

In R = o IE| + constant (4-100)
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When [E] approaches zero, the activity coefficients approach unity and R should approach unity.

The form of Eq. (4-100) makes use of these boundary conditions difficult. If the extractant

concentration is less than unity, the logarithmic term can be approximated by the expansion

ln(1+x)=x—x_2.+f_3_—_x_+..., (4-101)
2 3 4

which applies for absolute values of x less than 1. Truncating the series to only the first term

permits Eq. (4-100) to be approximated by

InR= co([E]—l) + constant, (4-102)
which, upon substitution of the boundary conditions and rearrangement, yields
R = e°l] | (4-103)

This equation has the proper limiting value at zero extractant concentration but is only an

approximation. Performing the differentiation shown on the left-hand side of Eq. (4-98) results

in

on R _ JE] _ @ JE] =
oz amE]  dE) o o

Comparing Eqs. (4-98) and (4-104) demonstrates the error introduced by the approximation.
Howeyver, the apprqximation can be improved by selecting a value of @ different from that
suggested by Eq. (4-99). Assuming that the exponential function adequately models the behavior
of R when the extractant concentration is low, Eq. (4-103) can be substituted into Eq. (4-93) and

rearranged to obtain
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D _R-edd (4-105)

Taking the logarithm of both sides of the equation and rearranging yields

/

md=ln)—=_ _(=aE]+lhKk .

D
xFlEr

(4-106)

If we recall that the coordination number, », is known by other means, then the term in braces can
be evaluated. A semilogarithmic plot of the term in braces vs [E] is a straight line with a slope
equal to ® and an intercept K. Equation (4-106), together with Eq. (4-103), provides the means
for exploring the magnitude of organic-phase activity coefficients and their effect on slope
analysis, and also gives an estimate of the true equilibrium constant. This type of analysis does
not appear in the literature. Henceforth, it will be convenient to refer to Eq. (4-106) as the solvent

slope-analysis method.
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5. RESULTS AND DISCUSSION
At the beginning of the experimental program, some simple tests were performed to
determine whether there would be a volume change in either the organic or the aqueous phase
during extraction. Equal volumes of dry organic (0.20 M CMPO in n-dodecane) and pure water
were placed in a graduated cylinder, mixed, and allowed to separate. No changes in the volume
of either phase could be measured. Based on this information and because small quantities of salts

were extracted in the partitioning experiments, the phase volumes are considered to be constant

for the purposes of making material balances.

The raw data collected during the experimental program are tabulated in three separate
appendixes: Appendix C—extraction of nitric acid, Appendix D—extraction of uranyl nitrate from
nitric acid, and Appendix E—extraction of bismuth nitrate from nitric acid. Within each appendix,
the data are grouped by campaign. In this chapter, they are presented in a more compact form and
are arranged in a logical order (e.g., ascending concentration). However, the sample numbers are

also included to make the information easier to cross-reference.

5.1 Extraction of Nitric Acid with CMPO
Equilibrium concentrations of nitric acid distributed between a CMPO-n-dodecane organic
phase and a nitric acid aqueous phase were measured primarily at 25 and 40°C; a few experiments

were performed at 50°C. Aqueous concentrations of nitric acid were restricted to low values to
prevent formation of a third phase. Higher working temperatures permitted higher concentrations
to be used. Most experiments were performed with organic-phase CMPO concentrations of
0.20 M, with some experiments performed at lower CMPO concentrations to provide

slope-analysis data. Equilibrium constants are inferred by fitting the data to mathematical models.
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5.1.1 Approximate Regions of Third-Phase Formation
The solubility of CMPO-extract complexes in n-dodecane is limited and leads to a CMPO-

rich third phase when the solvent is sufficiently loaded. Equilibrium concentrations of aqueous

nitric acid causing a third phase were bracketed experimentally. Table 5.1 gives the nitric acid

Table 5.1. Nitric acid concentration
range wherein a third phase forms

Temperature Nitric acid
°OC) concentration (M)
25.0 0.30-0.50
40.0 0.94-1.00
50.0 3.04.0

concentration range in which a third phase forms as a function of temperature. The lower number
represents the highest nitric acid concentration at which no third phase was observed. The higher
number is the next highest nitric acid concentration tested where a third phase was observed.
Third-phase material appeared at the organic-aqueous interface and was slightly yellow in color.
At higher concentrations, where greater quantities of third phase formed and could be observed
more easily, the third phase appeared more viscous and adhered more strongly to the wall of the
glass container than either of the other two phases. Formation of the third phase also affected
phase separation behavior. When no third phase formed, both phases separated quickly (<2 min)
and were completely clear. Under conditions promoting third-phase formation, the bulk phases
separated quickly but the organic phase remained cloudy much longer (sometimes >30 min). The
lower limits of the ranges shown in Table 5.1 were, therefore, the upper limit of the acid

concentrations where distribution ratios were measured free of third-phase effects.
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5.1.2 Stoichiometry by Slope Analysis

Experiments were performed at organic-phase CMPO concentrations of 0.05, 0.10, and
0.20 M to support slope-analysis estimation of the nitric acid extraction stoichiometry (sometimes
called coordination number or solvation number). At a temperature of 25°C, a nominal aqueous
acid concentration of 0.25 M was used to ensure measurable quantities of acid in the organic

phase. At 40°C, the nominal aqueous acid concentration was 0.51 M. The results, along with the

calculated distribution ratio (organic/aqueous concentration ratio), are summarized in Table 5.2.

Table 5.2. Slope-analysis data for the extraction of nitric acid

Aqueous Organic
CMPO phase phase Distribution ratio, Data pair
M) ) (M) O/A P
At 25°C
0.200 0.252 0.018 0.0714 D-4-13/14
0.200 0.254 0.017 0.0669 D-15-01/02
0.100 0.257 0.008 0.0311 D-15-03/04
0.100 0.257 0.0084 0.0327 D-15-05/06
0.050 0.256 0.004 0.0156 D-15-07/08
0.050 0.258 0.004 0.0155 D-15-09/10
At 40°C
0.200 0.518 0.044 0.0849 D-3-09/10
0.200 0.508 0.042 0.0827 D-7-03/04
0.200 0.522 0.044 0.0843 D-16-01/02
0.100 0.519 0.021 0.0405 D-16-03/04
0.100 0.521 0.020 0.0384 D-16-05/06
0.050 0.518 0.010 0.0193 D-16-07/08
0.050 0.522 0.010 0.0192 D-16-09/10

These data are plotted in Figure 5.1 on log-log coordinates, as suggested by Eq. (2-59). Linear
regression was used to calculate the slopes of the best straight lines through the data, which are
also shown in the figure. At 25°C, the slope of the line is 1.076 % 0.140 with a correlation

coefficient of 0.9990. At 40°C, the slope is 1.065 = 0.054 with a correlation coefficient of 0.9996.

3
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Figure 5.1. Extraction stoichiometry for nitric acid.
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Before these results can be accepted, possible corrections to the slope-analysis method
should be addressed. The variables that must be considered are shown in Eq. (4-6). In each of the
two sets of experiments, the equilibrium constant, nitric acid concentration, and aqueous nitric acid
activity coefficient are constant, either by definition or by experimental conditions and need not
be considered further. The free CMPO concentration is reduced from its initial concentration by
an amount proportional to both the amount of acid extracted and the solvation number. The
correction is the largest when the solvation number is largest. Assuming that the solvation number
is unity, corrections to the free CMPO concentration change the In D-vs-In[CMPO] slopes to
1.082 (correlation coefficient, 0.9988) and 1.081 (correlation coefficient, 0.9992) for data at 25
and 40°C, respectively. Thus, there is essentially no change. If the solvation number were 2, the
slopes would become 1.089 (correlation coefficient, 0.9986) and 1.110 (correlation coefficient,
0.9985) at 25 and 40°C, respectively. Again, there is no appreciable change.

One last term in Eq. (4-6), the ratio of the activity coefficients of free CMPO and the
nitric acid solvate, can affect the slope analysis. No data on activity coefficients are available for
the CMPO-n-dodecane system. However, from the work of Diamond et al. (1986), it is known
_ that the activity coefficients for CMPO in toluene are approximately the same for organic
equilibrated with either pure water or with 0.5 M nitric acid; the activity coefficient is slightly less
when the organic is equilibrated with acid. This suggests, for a solvation number of unity, that no
correction is needed since the ratio of activity coefficients in Eq. (4-6) is about unity. On the other
hand, at a solvation number of 2, the stated ratio varies directly with the CMPO concentration.
The molar-scale activity coefficients read from the graph in the paper by Diamond et al. (1986)

are approximately 0.98, 0.96, and 0.92 for CMPO concentrations of 0.05, 0.10, and 0.20 M,

respectively. Correcting the distribution ratio by moving the activity coefficient ratio to the
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left-hand side of Eq. (4-6) and reanalyzing the data gives slopes of 1.121 (correlation coefficient,
0.9989) and 1.110 (correlation coefficient 0.9998) for data at 25 and 40°C, respectively.

None of the corrections to the slope analysis significantly change the solvation numbers
derived from the raw data. Since the slope is slightly larger than unity, it can be argued that a
disolvate is also formed with a relatively small yield. These data show that nitric acid forms

primarily a unisolvate with CMPO, [i.e., the 1:1 stoichiometry of Eq. (4-1) prevails].

5.1.3 Degree of Nonideal Behavior of Organic Phase
The solvent slope-analysis method derived in Sect. 4.4 is used to investigate the ratio, R,
of the activity coefficients of the free CMPO and the CMPO-nitric acid solvate. Because the

slope-analysis method strongly suggests that the solvation number is 1:1, Eq. (4-106) may be

written as
/
Ind, =In _Du L o[CMPO] + InK,, (-1
[vo, Jlcmpol

for the extraction of nitric acid. The subscript 1:1 is a reminder of the assumed true extraction -

stoichiometry.

Values of the activity coefficient for nitric acid and the free CMPO concentrations,
computed from the original data given in Table 5.2, are listed in Table 5.3. Transforming the
appropriate values from the table into data pairs defined by Eq. (5-1), linear regression is used to
compute the best values of the slope and intercept fitting Eq. (5-1) to the data. These values, along
with a correlation coefficient, are recorded in Table 5.4. The transformed data and best
straight-line fit to the data are illustrated in the semilog plot of Figure 5.2. The correlation

coefficients indicate that the fit is moderately good. On the other hand, the model is not as good
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Table 5.3. Activity coefficients of nitric acid and free CMPO
concentrations for the nitric acid slope-analysis data

HNO, Pag * . [CMPO), [CMPO]
M)  (gmL)y =T A (M) (M)

At 25°C

0.252 1.00531  0.75202 0.99142  0.200 0.182 0.07143 0.12630
0.254 1.00537 0.75175 0.99135 0.200 0.183 0.06693 0.11843

0.257 1.00547  0.75134 0.99125  0.100 0.092 003113 0.05514
0.257 1.00547 0.75134 0.99125 0.100 0.0916 0.03268 0.05790
0.256 1.00544 0.75148 0.99128  0.050 0.046 0.01563 0.02767
0.258 1.00551 0.75121 0.99121  0.050 0.046 0.01550 0.02747

At 40°C

0.518 1.00886  0.73392 0.98196  0.200 0.156 0.08494 0.15770
0.508 1.00854 0.73393 0.98232  0.200 0.158 0.08268 0.15349
0.522 1.00899 0.73392 0.98181  0.200 0.156 0.08429 0.15649
0.519 1.00889  0.73392 0.98192  0.100 0.079 0.04046 0.07512
0.521 1.00896 0.73392 0.98185 0.100 0.080 0.03839 0.07127
0.518 1.00886 0.73392 0.98196 0.050 0.040 0.01931 0.03584
0.522 1.00899 0.73392 0.98181  0.050 0.040 0.01916 0.03557

D D’

Table 5.4. Solvent slope-analysis results for the extraction of nitric acid

Temperature ® % Correlation
(°C) 1 Coefficient
25.0 0.9554 2217 0.8830
40.0 1.016 1.642 0.9282

a fit as are the raw data to the usual slope-analysis method. This is an indicator that the activity
coefficient ratio, R, is poorly modeled by an exponential function (even over a narrow range) and
that the estimations of the ratio may be in error. At CMPO concentrations of 0.20 M, the values
of @ in Table 5.4 give values of R [see Eq. (4-103)] of 1.21 and 1.22 at 25 and 40°C,

respectively. Ratios greater than unity imply that the activity coefficient of the CMPO-nitric acid

99



10

& a0°C
O 25°c

d1:1

- slope=0.955

D\
o'

slope=1.016

000 004 008 012 0416 050
CMPO Concentration (M)

Figure 5.2. Solvent slope-analysis method for the extraction of nitric acid with
CMPQO-n-dodecane.
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solvate is less than the activity coefficient of the free CMPO. This agrees with the measurements
of Diamond et al. (1986).

Values of the equilibrium constants given in Table 5.4 are those associated with infinite

dilution of the organic extractant. Equilibrium constants that include the effects of organic-phase
nonideality, K’,.,;, may be evaluated by multiplying K., by R. At CMPO concentrations of 0.20 M,
values of K’;,, are 2.683 and 2.012 at 25 and 40°C, respectively. These values are compared with

those calculated by other methods in Sect. 5.1.5.

5.1.4 Coextraction of Water

Organic samples were also analyzed for water content. The goal was to determine whether
water is replaced as nitric acid is extracted or if hydrated nitric acid is extracted. These effects
should manifest themselves as either a reduction or an increase, respectively, in organic-phase
water content as organic-phase acid content is increased. The data are summarized in Table 5.5.
Plots are shown in Figures 5.3 and 5.4 for data taken at 25 and 40°C, respectively.

Examination of the data obtained at 25°C indicate that the one point with a water
concentration of 7.8 wt % is an obvious outlier, and it was discarded. Although the remaining data
plotted in Figure 5.3 show extensive variation, they appear to indicate that the water concentration
increases as the acid concentration increases. To determine whether a causal relationship exists,
the water concentration is assumed to vary linearly with acid concentration. Linear regression
analysis gives a positive slope, but a correlation coefficient of only 0.149 indicates a very poor
correlation between water concentration and acid concentration. The data collected at 40°C, plotted
in Figure 5.4, are even more scattered. Overall, they appear random ahd, therefore, do not permit

definite conclusions to be drawn concerning the coextraction of water.

101



Table 5.5. Measured nitric acid and water contents of 0.20 M
CMPO organic phase equilibrated with nitric acid solutions

HNO, H,0 .

@0 (Wt %) Data pair
At 25°C

<0.001 0.34 D-4-01/02

<0.001 047 D-4-03/04

<0.001 0.18 D-4-05/06
0.002 0.26 D-4-07/08
0.002 1.2 D-6-01/02
0.004 0.21 D-4-09/10
0.012 0.51 D-4-11/12
0.014 7.8 D-6-03/04
0.018 0.35 D-4-13/14
0.022 0.58 D-4-15/16
0.024 0.62 D-6-05/06

At 40°C

0.001 0.21 D-3-01/02
0.001 0.5 D-3-03/04
0.003 <0.01 D-3-05/06
0.010 0.16 D-3-07/08
0.010 0.38 D-7-01/02
0.042 043 D-7-03/04
0.044 <0.01 D-3-09/10
0.062 043 D-7-05/06
0.081 0.02 D-3-13/14
0.086 0.05 D-3-15/16
0.091 0.02 D-3-11/12

Several phenomena could contribute to large errors in the water analysis. Entrainment of

aqueous phase into the organic phase is considered unlikely; otherwise, the extraction data on the
nitric acid (Sect. 5.1.5) would show the same degree of randomness. Most likely, the errors
occurred in sample analysis. For example, as successive samples are injected into the Karl-Fischer
analyzer, the integrity of the septum degrades and permits greater amounts of moisture-laden air

to enter the titration chamber. Another possibility is the rate at which CMPO releases water as the
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titration progresses. A titration may be prematurely considered complete due to a slow release of
water. The possibilities of large errors in the water analysis, coupled with the small concentrations
of extracted salts that may affect water extraction, resulted in a decision to abandon further

analyses of organic-phase water concentrations.

5.1.5 Determination of Thermodynamic Equilibrium Constants

Equilibrium concentrations for nitric acid partitioned between an aqueous phase and a

0.2 M CMPO in n-dodecane organic phase were measured at three different temperatures: 25, 40,
and 50°C. These data are given in Table 5.6. As shown, there are 9 data pairs at 25°C, 11 pairs
at 40°C, and 3 pairs at 50°C. Data taken at 25 and 40°C contain some duplicate points from which
the estimated standard deviation for measured organic nitric acid concentration is 0.00141 M.
(More significant digits are given here than justified so that the effects of roundoff are reduced.)
Few points were taken at 50°C because that test was done primarily to find the region of third-
phase formation.

Nonlinear regression is used to fit the data obtained at 25 and 40°C to the mathematical
models described in Sect. 4.1.2. The results obtained at 50°C are not treated this way because of
the few number of data points and because one of those (1.00, 0.054) appears to be in error
(organic nitric acid concentration is too low). The parameters of the regression are the equilibrium
constants, X/, on the molar concentration scale. Molar concentration units are used because the
chemical analyses of the samples are on that basis and because there is a general lack of density
data for the multicomponent organic phase with which to convert to other concentration units. The
organic-phase densities of six samples were measured, as reported in Appendix C. Within
measurement error, the density is not different from that of pure rn-dodecane. Density changes are

probably small because of the small amount of material transferred to the organic. Because
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Table 5.6. Equilibrium concentrations of nitric acid with 0.20 M
CMPO in r-dodecane from extraction experiments

Aqueous Organic Distribution

phase phase coefficient, DaFa
(M) (M) O/A parr
At 25°C
0.053 0.002 0.0377 D-4-07/08
0.102 0.002 0.0196 D-6-01/02
0.104 0.004 0.0385 D-4-09/10
0.202 0.014 0.0693 D-6-03/04
0.206 0.012 0.0583 D-4-11/12
0.252 0.018 0.0714 D-4-13/14
0.254 0.017 0.0669 D-15-01/02
0.296 0.024 0.0811 D-6-05/06
0.302 0.022 0.0728 D-4-15/16
At 40°C
0.046 0.001 0.0217 D-3-03/04
0.116 0.003 0.0259 D-3-05/06
0.200 0.010 0.0500 D-7-01/02
0.236 0.010 0.0424 D-3-07/08
0.508 0.042 0.0827 D-7-03/04
0518 0.044 0.0849 D-3-09/10
0.522 0.044 0.0843 D-16-01/02
0.756 0.062 0.0820 D-7-05/06
0.830 0.081 0.0864 D-3-13/14
0.910 0.086 0.0945 D-3-15/16
0.938 0.091 0.0970 D-3-11/12
At 50°C
1.00 0.054 0.0540 D-12-01/02
1.85 0.146 0.0789 D-12-03/04
2.76 0.179 0.0649 D-12-05/06

Pitzer’s correlation for aqueous electrolyte activity coefficients uses molal concentrations, it is
necessary to calculate the density of the aqueous phase using the methods described in Sect. 2.3,

calculate the equivalent molal concentration for each solute, calculate the molal scale activity

coefficient for each component, and then convert the activity coefficient to the molar scale using

Eq. (2-17).
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Although the slope-analysis method indicates that the extraction stoichiometry is 1:1, the
data were fit to every combination of the three stoichiometries shown in Eqgs. (4-1) through (4-3).

The results of the calculations are presented in Table 5.7. Each model is identified by the species

Table 5.7. Comparison of models describing the extraction of nitric acid: model
statistics, model parameters, and standard deviations of model parameters

T(?g) : 2 o K Oy K Oy K Oy
HNO,- CMPO
25.0 6.561 0.00128 2.660 0.092
40.0 61.78 0.00350 1.710 0.022
HNO,- 2CMPO
25.0 6.238 0.00124 14.21 0.51
40.0 346.1 0.00830 6425 0.029
2HNO,- CMPO
25.0 79.37 0.00444 28.47 0.98
40.0 1882 0.01934 1.505 0.016
HNO,- CMPO HNO,- 2CMPO
25.0 5.881 0.00129 1.521 1.293 7.428 8.791
40.0 42.85 0.00308 1.574 0.041 2.560  0.659
2HNO,;- CMPO HNO,- 2CMPO
250 6.004 0.00131 4.070 3.250 15.68 2.202
40.0 4533 0.00316 1.076 0.033 15.79 0.741
HNO,-CMPO  2HNO,- CMPO
25.0 5.820 0.00129 2960 0.363 -3.462° 4,044
40.0 48.02 0.00326 1.894 0.055 -0.197° 0.054
HNO,- CMPO HNO,-2CMPO  2HNO,;- CMPO
25.0 5.793 0.00139 4984 22280 -10.31° 117.7 -6.345* 3.859
40.0 38.98 0.00311 0.7850 0.4440 8.384 3582 0.7585 0.4323
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formed. Values of the equilibrium constant for the species formed are listed directly under it,
along with a value for the standard deviation in the equilibrium constant.

It should be noted that some equilibrium constants in the table are negative. These
negative values resulted because no constraint that the parameters should be positive was imposed.
Such values can be used as an indicator that a particular stoichiometry adversely affects the model.
For each model, two figures of merit are given: the weighted residuals squared, %% and the

standard deviation, 6. The %2 is defined by

2
xz - i [HNos]arg.model - [HN03]org,experimental , (5-2)

i=1 experimental i

where 7 is the number of points and the standard deviation is defined by

'Z ([HNoa]mg, model - [HNO3]or'g, e,men'men:al)j (5-3)
0 = s
n-p

where p is the number of model parameters. This definition of standard deviation describes the
average deviation of measured points from those calculated by the model while accounting for the
reduction in the degrees of freedom imposed by model parameters. Press et al. (1992) state that
x> for a "moderately” good fit to the data is equal to the degrees of freedom, n — p, with a
standard deviation of [2(n — p)]*

Comparison of the results shown in Table 5.7 for one-parameter models indicates that 1:1
stoichiometry fits the 40°C data best. The model standard deviation is clearly smallest in this case.
However, the data at 25°C are fit by either 1:1 or 2:1 stoichiometry equally well with standard
deviations slightly less than the estimated deviations in the data (~0.00141). Given the definition
of the standard deviations calculated by Eq. (5-3), Wadsworth et al. (1990) show that the F-test
statistic can be computed by
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2
_ Gmadel-l ) (5 _4)

F model-1, model-2 62
model-2

With the data at 25°C listed in Table 5.7, F,,,,, = (0.00128/0.00124)* = 1.07, which indicates that
the one-parameter models are not statistically different. Equilibrium constants, K., estimated by
the solvent slope-analysis method (Sect. 5.1.3) are quite close to those in Table 5.7.

The best two-parameter model, as selected by the smallest model standard deviations,
includes both 1:1 and 2:1 stoichiometries. However, the standard deviation in the second model
parameter for the data at 25°C is larger than the parameter itself, implying that the parameter is
not statistically different from zero. Additionally, the standard deviations of all the two-parameter
models are essentially equal. For data at 40°C, the F-test statistic for the best one-parameter vs
the best two-parameter model is (0.00350/0.00308)" = 1.29, which for eight and nine degrees of
freedom, respectively, indicates the two models are not statistically different. The other two-
parameter models and the three-parameter model are even less favorable.

Therefore, over the range of data provided here, a single stoichiometric representation for
the extraction of nitric acid, the 1:1 stoichiometry, provides an adequate fit. The model is
compared with the data at 25 and 40°C in Figures 5.5 and 5.6, respectively. As shown, the data

are well modeled.

5.1.6 Enthalpy of Extraction

The van’t Hoff equation, Eq. (2-6), shows that a plot of In K vs 1/T (temperature on an
absolute scale) may be used to estimate equilibrium constants at temperatures near that of the data.
The slope of the line is used to obtain a value for the enthalpy of reaction. For the study of the
extraction of nitric acid presented here, equilibrium constants are available from data collected at
25 and 40°C. Because there are only two points, direct substitution of the values into Eq. (2-6)
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Figure 5.5. Comparison of the 1:1 stoichiometric-based model for extraction of nitric
acid with the experimental data at 25°C.
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Figure 5.6. Comparison of the 1:1 stoichiometric-based model for extraction of nitric
acid with the experimental data at 40°C.
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gives the value of AH. According to Holman (1971), when a result is a known function of several
independent variables,
y= y(xp xp x3a ey x,,) ’ (5'5)
the errors in the independent variables propagate to the result by
%

— || 9 dy dy (5-6)
c, = > GII + (axzczT ... [axno"]z .

Assuming that all the errors are in the K-values, the error in the left-hand side of Eq. (2-14) is

given by

te]

K 5-7
olln _2|= Kioxl + %_GKZ >-7)

1 2

The van’t Hoff equation (illustrated in Figure 5.7), along with Eq. (5-7), gives
AH = ~5.46 + 0.46 kcal/g-mol; thus, the reaction is slightly exothermic. At a temperature of 50°C,
K., is estimated to be 1.303. Figure 5.8 compares calculated and measured organic-phase nitric
acid concentrations as a function of aqueous nitric acid concentration. The comparison is
remarkably favorable, considering that the extrapolation is in the dimensions of both temperature
and concentration. (The data point at 1.0 M aqueous nitric acid is a little low, as expected.) This

is another indicator that the model is an adequate one.
5.2 Extraction of Uranyl Nitrate from Nitric Acid Media

Two classes of experiments were performed to obtain data to characterize the extraction

of uranyl nitrate with CMPO. In one class of experiments, the nitric acid concentration and the
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Figure 5.8. Comparison of the 1:1 stoichiometric-based model for extraction of nitric
acid with the experimental data at 50°C, using the extrapolated equilibrium constant.
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initial uranium concentration were made constant while the CMPO concentration was varied.

These data support determination of the stoichiometry (or coordination number) of uranium
extraction. In the second class of experiments, the CMPO concentration was constant while both
the uranyl nitrate and the nitric acid concentrations were varied. Data from these experiments
support determination of the equilibrium constant of the extraction as well as other necessary
modeling parameters. Experiments in both classes were performed at temperatures of 25 and 40°C.

The original plan was to analyze all uranium samples using a liquid scintillation analyzer
(essentially radiocounting). Interferences caused by the decay daughters of 2*U, as described in
Sect. 3.4.4 and by Spencer (1994), resulted in the adoption of a back-extraction experimental
method to reduce the interferences with radiocounting. To verify that the back-extraction method
effectively eliminated the interferences, some samples were analyzed for “*U concentration with
an ICP-MS technique. Generally, both analytical methods gave the same results; however, the

radiocounting method was more repeatable.

5.2.1 Approximate Regions of Third-Phase Formation

The phenomenon of third-phase formation for uranyl nitrate—-CMPO complexes is very
much the same as that of nitric acid, described in Sect. 5.1.1. Limited solubility of the CMPO-
nitrate complex in n-dodecane results in a CMPO-rich phase. As discussed in Sect. 3, extraction
experiments with metal nitrates were performed with organic that had been preequilibrated with
pure nitric acid having the same concentration as the metal nitrate-bearing aqueous used in the

final contact. Experimentally, solutions having constant nitric acid concentrations and increasing

uranyl nitrate concentrations were prepared. The third-phase region was bracketed when one
sample exhibited no third phase, and then the sample of next highest concentration did develop

a third phase. The range of nitric acid and uranyl nitrate concentrations wherein a third phase
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forms is listed in Table 5.8. The third phase, which was a deep yellow color, appeared at the
interface of the bulk aqueous and organic phases. Even small quantities of the third phase were
readily visible because of the color. Formation of a third phase was also signaled by long-lived
cloudiness of the organic phase. At each condition of temperature and nitric acid concentration,
the lower value of uranyl nitrate concentration listed in Table 5.8 is the highest concentration
tested where a third phase did not form and, therefore, represents the upper limit of concentration
used in the experimental program. To avoid third-phase difficulties, the uranyl nitrate
concentrations were restricted to quite low values. If, for example, the distribution ratio is 100:1,

only about 1% of the uranium remains in the aqueous phase. Equilibrium concentrations in the

aqueous are, therefore, very small.

Table 5.8. Concentration ranges of uranyl nitrate in
nitric acid resulting in third-phase formation

Ternperature Nitric acid Initial uranyl
(1‘1 0 concentration nitrate concentration®
M) (M)

25.0 0.020 0.008, b

25.0 0.100 0.002-0.005

25.0 0.200 0.001-0.002

40.0 0.020 0.005, b

40.0 0.100 0.005-0.010

40.0 0.200 0.002-0.005

“Uranyl nitrate concentration in aqueous phase before
contact with an organic phase preequilibrated with pure nitric
acid of the given concentration.

’No attempt was made to cause a third phase because it
was likely that the uranium concentration need not be much
higher than the listed value.
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5.2.2 Stoichiometry by Slope Analysis

Distribution data derived from experiments with varying organic CMPO concentrations,
a fixed aqueous nitric acid concentration, and a nearly fixed uranyl nitrate concentration are
summarized in Tables 5.9 and 5.10. The raw data are included in Appendix D.

Table 5.9 lists the data obtained from radiocounting analyses. The initial uranyl nitrate
concentration was 0.001 M in the forward-extraction. Because some uranium was left in the
aqueous phase of the forward-extraction, the uranium carried in the organic phase to the back-
extraction was slightly lower. The fraction carried to the back-extraction is simply the ratio of the
measured count rate of the organic phase to the count rate of the aqueous feed. The equilibrium
distribution ratio is obtained from the back-extraction experiments. It is simply the ratio of the
count rates of the organic phase to those of the aqueous phase,

Table 5.9. Radiocounting measurements of equilibrium distribution ratios
supporting slope analysis for the extraction of uranyl nitrate

CMPO HNO, UxI10® , .
D D
(M) M) M) o ata pair
At 25°C
0.200 0.100 0.970 79.06 1048 D-29-13/14
0.200 0.100 0.958 71.93 0.975 D-31-13/14
0.200 0.100 0.958 75.25 0.781 D-31-15/16
0.100 0.100 0.937 29.32 0.552 D-31-17/18
0.100 0.100 0.934 27.76 0433 D-31-19/20
0.050 0.100 0.877 9.107 0.082 D-31-21/22
0.050 0.100 0.876 9.219 0.052 D-31-23/24
At 40°C
0.200 0.100 0.961 44 .36 0.206 D-30-15/16
0.200 0.100 0.951 44.20 0.072 D-32-13/14
0.200 0.100 0.956 42.27 0.165 D-32-15/16
0.100 0.100 0.913 15.14 0.268 D-32-17/18
0.100 0.100 0.915 15.32 0.324 D-32-19/20
0050 0100  0.802 4649  0.032 D-32-21/22
0050 0.100  0.805 4681 0012 D-32-23/24

“Initial uranyl nitrate concentration before final phase contact.
bStandard deviation of distribution ratio based on radiocounting of two

samples. .
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Table 5.10. ICP-MS measurements of equilibrium distribution ratios
supporting slope analysis for the extraction of uranyl nitrate

CMPO HNO, U x 10°

R D Data pai
0% 6% (M) ata pair
At 25°C
0.200 0.100 1.000 433 D-17-01/02
0.200 0.100 1.000 54.1 D-17-03/04
0.100 0.100 1.000 28.1 D-17-05/06
0.100 0.100 1.000 29.0 D-17-07/08
0.050 0.100 1.000 10.6 D-17-09/10
0.050 0.100 1.000 10.0 D-17-11/12
At 40°C
0.200 0.100 1.000 442 D-18-01/02
0.200 0.100 1.000 50.0 D-18-03/04
0.100 0.100 . 1.000 15.5 D-18-05/06
0.100 0.100 1.000 17.0 D-18-07/08
0.050 0.100 1.000 5.33 D-18-09/10
0.050 0.100 1.000 4.69 D-18-11/12

“Initial uranyl nitrate concentration before phase contact.

D =_°% (5-8)

where Cis the measured count rate, in disintegrations per minute per milliliter (dpm/mL). Because
two samples of each phase were collected for scintillation analysis, an average count rate and
associated standard deviation are reported as part of the raw data in Appendix D. The standard

deviation in the computed distribution ratio is found by applying Eq. (5-6) to Eq. (5-8) and results

C 2 5
G, = é Gorg + [ o;go.aq . (5-9)
ag Caq
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Values calculated by Eq. (5-9) are also listed in Table 5.9. These deviations represent only the
error in withdrawing and analyzing the sample, not the total experimental error. However, the
values can be used to determine those points that have large sampling errors.

Table 5.10 lists the data obtained from ICP-MS analysis of the forward-extraction samples.
These data compare favorably with those listed in Table 5.9. When the distribution ratio is less
than ~50, the values obtained by the different analytical methods are within ~10% of each other.
At higher distribution ratios, the differences become much greater.

Tables 5.9 and 5.10 contain results from replicate experiments from which the total

experimental error is estimated. Average distribution ratios and associated standard deviations
calculated for the two sets of data are shown in Table 5.11. This table also includes the percentage
relative standard deviation, which is calculated by dividing the standard deviation by the mean and
expressing the result as a percentage. The distribution ratios derived from the samples analyzed
by radiocounting have lower deviations than those derived from samples analyzed by ICP-MS.
Additionally, as shown in Appendix D, the radiocounting data deviate only ~1% from a closed
material balance, whereas the JCP-MS data balance to within ~10%. Because of the high
distribution ratios, a fair balance can be obtained by ignoring the aqueous phase. This emphasizes
that (1) poor balances may indicate large errors in the calculated distribution ratio and (2) good

balances do not guarantee small errors. Because the data obtained from radioanalysis are less

prone to errors, these data are used to model extraction behavior and to estimate values describing
the chemical characteristics of interest.

The uncorrected distribution ratios and CMPO concentrations listed in Table 5.9 are

plotted in Figure 5.9. Linear regression of the data at 25°C gives a slope of 1.513 + 0.007 with

a correlation coefficient of 0.9985. Similar treatment of the data at 40°C gives a slope of

1.607 = 0.002 with a correlation coefficient of 0.9994. Because the standard deviations listed in
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Table 5.11. Estimated errors in uranium distribution ratios based on
replicate experiments; comparison of two analytical techniques

CMPO HNO, Ux10® Average
(M) (M) (M) D

Radiocounting data

Sp RSD (%)

At 25°C

0.200 0.100 0.962 75.41 3.57 4.73
0.100 0.100 0.936 28.54 1.10 3.87
0.050 0.100 0.876 9.16 0.08 0.86
At 40°C

0.200 0.100 0.956 43.61 1.16 2.67
0.100 0.100 0.914 15.23 0.13 0.84
0.050 0.100 0.804 4.665 0.022 0.48
ICP-MS data

At 25°C

0.200 0.100 1.000 48.7 7.6 15.7
0.100 0.100 1.000 28.6 0.64 2.23
0.050 0.100 1.000 10.3 0.42 4.12
At 40°C

0.200 0.100 1.000 47.1 4.10 8.71
0.100 0.100 1.000 16.3 1.06 6.53
0.050 0.100 1.000 5.01 0.45 9.03

Table 5.9 are used in the analysis, the standard deviations in the calculated slopes are small. The
deviations inferred from replicate samples are about ten times larger (see Table 5.11), so the
deviations in the values of the slope are about 0.07 and 0.02 for 25 and 40°C, respectively. In
either case, the results suggest that uranyl nitrate is extracted with both 1:1 and 2:1
stoichiometries.

The distribution ratio can be corrected for aqueous-phase deviations from ideality as
shown by Eq. (4-42). From the literature review, the expected coordination number is 2; thus,

Egs. (4-47) and (4-50) can be combined to calculate the free CMPO concentration,
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Figure 5.9. Slope-analysis determination of the extraction stoichiometry for uranyl
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[cmpo), - 2[U],,,

meol - 1+ Koo [H]NOS]

(5-10)

which accounts for the CMPO consumed by both the uranyl nitrate and the nitric acid. When the
equilibrated phases are of equal volume, the organic- and aqueous-phase uranyl nitrate

concentrations are calculated from the initial uranyl nitrate concentration and the distribution ratio

by
mmal (5"1 1)
U]"" D +1
and
DU (5-12)
[vl,, = - plu], .

Table 5.12 lists the calculated values of the pertinent quantities. The aqueous uranyl nitrate

concentration is very low, ranging from ~1.0 x 10 to ~1.5 x 10" M. The density of the aqueous
phase approaches 1.0 in all cases. The activity coefficients of the nitric acid and the uranyl nitrate
differ appreciably from unity, but are nearly constant over the range of the data. The activity of
water in these solutions is close to unity and is also nearly constant. Consumption of the CMPO
ranges up to only ~4%. Because no information is available on organic-phase activity coefficients,
it is necessary to assume that activity coefficients of organic-phase species are unity. Now the
slope-analysis method can be applied using D’ and the free CMPO concentration in place of the
uncorrected values. Linear regression analyses give slopes of 1.488 and 1.586 for data obtained
at 25 and 40°C, respectively. Therefore, the corrections make no significant difference in the

estimation of the coordination number by the slope-analysis method. It also means that any

nonideal effects that impact the results, if they exist, lie with the organic phase.

7
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5.2.3 Degree of Nonideal Behavior of Organic Phase

It is reported in the literature by several authors (see Sect. 2.4.4) that CMPO extracts
uranyl nitrate with a 2:1 stoichiometry. Little detail on how this was deduced is given, except that
Kolarik and Horwitz (1988) report using slope analysis. It is noteworthy that nearly all
experimental work reported in the literature used CMPO dissolved in a mixture of TBP and an
inert diluent such ‘as n-dodecane. The TBP acts as a phase modifier to permit higher solvent
loading without forming a third phase. TBP is known to extract uranium in a 2:1 stoichiometry,
but its effect on the activity coefficient of CMPO is unknown.

Data describing the extraction of uranium with only CMPO in n-dodecane are reported
in Sect. 5.2.2. In addition, the slope-analysis method gives a well correlated straight-line fit to the
data with a slope of ~1.5. If it is assumed that the true stoichiometry is 2:1, then the organic phase

must be quite nonideal. These conditions fit the assumptions for the type of analysis developed

in Sect. 4.4. For the extraction of uranyl nitrate from nitric acid by CMPO with a coordination

number of 2, Eq. (4-106) may be written as

7
In dy, = lnj ZD’” = 0[CMPO] + In K, , (5-13)
[[N0;] [cupo

where the subscript U2 is a reminder of the assumed true stoichiometry. Values for D', and
[CMPO] are given in Table 5.12. The nitric acid concentration for the experiments under
discussion is 0.10 M, and the uranyl nitrate concentration is so low that its contribution to the total
nitrate concentration may be safely ignored.

Use of the solvent slope-analysis method is illustrated in Figure 5.10. Values for the slope

and intercept of Eq. (5-13) are given by linear regression and are listed in Table 5.13.

124



10

slope=-4.750

dy, x 10°®

slope=-3.816

0 25°C
. & 40°C

0.1 t 1 i i 1 T T
0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

CMPO Concentration (M)

Figure 5.10. Solvent slope-analysis method for the extraction of uranyl nitrate with
CMPO-n-dodecane.
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Table 5.13. Solvent slope-analysis results for the extraction of uranyl nitrate

Temperature ® K Correlation

(°C) v coefficient
25.0 ~4.750 1.925 x 10° -0.9935
40.0 -3.816 9.665 x 10° ~0.9965

The correlation coefficient indicates that the data are highly correlated to a straight line with a
negative slope. Values of the organic-phase activity coefficient ratio are given by combining
Eqgs. (4-94) and (4-103), which applied to the case at hand results in
c) 2
po _(Am) oo (5-14)

c)
U0 (NO,),-2CMPO

When the CMPO concentration is 0.20 M, va;lues of R are 0.3868 and 0.4661 at temperatures of
25 and 40°C, respectively. If the activity coefficient of free CMPO were the same as that reported
by Diamond et al. (1986) for CMPO in toluene (i.e., ~0.92), then the activity coefficient of the
disolvate would be ~2.2 at a temperature of 25°C.

The equilibrium constant for the extraction of uranium is given by the intercept of the
solvent slope-analysis equation. The intercept corresponds with the traditional equilibrium quotient
at infinite dilution of the extractant (in this case, CMPO). Computed values of the equilibrium
constant shown in Table 5.13 are quite large. Values of the equilibrium constants that include
effects of organic-phase nonideality, K";,, may be found by multiplying R by K. At a free CMPO
concentration of 0.20 M, the values of K’;, are 7.445 x 10° and 4.506 x 10° at temperatures of

25 and 40°C, respectively. These values are compared with values calculated by other techniques

in Sect. 5.2.4.
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5.2.4 Determination of Thermodynamic Equilibrium Constants

Experiments were performed to measure the distribution ratio of uranium with varying
aqueous-phase uranyl nitrate and nitric acid concentrations. To avoid third-phase difficulties, the
concentrations were limited to low values, as already discussed. In these experiments, the
organic-phase concentration of CMPO in n-dodecane was fixed at 0.20 M.

Data obtained through the use of radiocounting analysis are listed in Tables 5.14 and 5.15
for experiments performed at 25 and 40°C, respectively. As discussed in Sect. 5.2.2, the listed
standard deviations only include the effects of sample withdrawal and counting errors. Total

experimental error may be estimated from the data contained in the tables on replicate

Table 5.14. Distribution data derived from radiocounting analysis for the extraction of
uranyl nifrate from nitric acid solutions with 0.20 A CMPO in n-dodecane at 25°C

H(I:{c)’f' U (:4)1‘,03 D o,? Data pair
0.020 2.17 7.990 0.135 D-33-11/12
0.020 0.870 7.448 0.305 D-33-13/14
0.020 0.428 7.388 0.121 D-33-15/16
0.020 0212 7.268 0.179 D-33-17/18
0.020 0.0856 7321 0.299 D-33-19/20
0.020 1.73 7517 0.097 D-33-23/24
0.100 1.193 78.12 4.66 D-29-11/12
0.100 0.970 79.06 10.48 D-29-13/14
0.100 0.390 76.19 7.04 D-29-15/16
0.100 0.195 78.33 429 D-29-17/18
0.100 0.0485 74.01 0.42 D-29-19/20
0.100 0.958 71.93 0.975 D-31-13/14
0.100 0.960 7525 0.781 D-31-15/16
0.200 0.970 154.2 0.64 D-27-15/16
0.200 0.487 163.3 15.10 D-27-17/18
0.200 0.241 151.1 0.75 D-27-19/20
0.200 0.0967 143.0 8.23 D-27-21/22
0.200 0.0483 146.8 8.42 D-27-23/24
0.200 0.967 144.0 4.11 D-26-11/12
0.200 0.242 151.0 2.11 D-26-13/14
0.200 0.0484 1515 439 D-26-15/16

“Initial uranyl nitrate concentration before phase contact.
’Standard deviation of distribution ratio based on radiocounting of two samples from
each phase. 127



Table 5.15. Distribution data derived from radiocounting analysis for the extraction of
uranyl nitrate from nitric acid solutions with 0.20 M CMPO in r-dodecane at 40°C

HNO, U x 10° »

0 My D Cp Data pair
0.020 3.97 4433 0.032 D-34-13/14°
0.020 1.96 4.268 0.098 D-34-15/16°
0.020 0.779 3.762 0.143 D-34-17/18
0.020 0.381 3.673 0.014 D-34-19/20
0.020 0.191 3.479 0.018 D-34-21/22
0.020 0.0761 3.578 0.076 D-34-23/24
0.100 4.69 41.92 1.160 D-30-11/12
0.100 191 4430 0.252 D-30-13/14
0.100 0.961 4436 0.206 D-30-15/16
0.100 0.481 4231 1.360 D-30-17/18
0.100 0.0957 42.11 0.388 D-30-19/20
0.100 0.951 4420 0.072 D-32-13/14
0.100 0.956 4227 0.165 D-32-15/16
0.200 1.92 101.2 5.51 D-28-13/14
0.200 0.957 103.1 0.78 D-28-15/16
0.200 0.481 99.38 0.453 D-28-17/18
0.200 0.240 98.69 3.127 D-28-19/20
0.200 0.0970 103.2 0.58 D-28-21/22
0.200 0.0481 88.57 7.768 D-28-23/24
0.200 1.92 103.2 6.13 D-25-01/02
0.200 0.964 109.3 7.02 D-25-03/04
0.200 0.483 110.8 10.80 D-25-05/06
0.200 0.242 107.6 6.22 D-25-07/08
0.200 0.0964 102.4 3.12 D-25-09/10
0.200 0.0483 107.5 1.76 D-25-11/12

“Initial uranyl nitrate concentration before phase contact.
*Standard deviation of distribution ratio based on radiocounting of two samples

from each phase.
‘Mildly cloudy aqueous phase; distribution ratio may contain large error. These
points were not used in developing models.

experiments. Average distribution ratios and their standard deviations calculated from replicate

experiments are summarized in Table 5.16. The percentage relative standard deviation is also listed
in the table. Examination of the data in these tables reveals that (1) the distribution ratio varies
strongly with acid concentration; (2) at a fixed acid concentration, the distribution ratio shows

litle, if any, variation with uranyl nitrate concentration (but this is a narrow range of
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Table 5.16. Estimated errors in uranium distribution ratios derived from
radiocounting analysis of replicate experiments

HNO, U x 10° Average - RSD
M) M) D b (%)
At 25°C
0.100 0.963 75.41 3.57 4.73
0.200 0.0484 149.9 3.32 2.22
0.200 0.242 151.1 0.07 0.04
0.200 0.969 149.1 7.21 4.84
At 40°C
0.100 0.956 43.61 1.16 2.66
0.200 0.0482 098.04 13.39 13.7
0.200 0.0967 102.8 0.57 0.55
0.200 0.241 103.2 6.30 6.11
0.200 0.482 105.1 8.07 7.68
0.200 0.961 106.2 438 4.12
0.200 1.92 102.2 141 1.38

concentration); and (3) the average error over the entire data set is ~5%. Additional distribution
data for uranyl nitrate were obtained from experiments in which the samples were analyzed by
ICP-MS. These data, which are shown in Table 5.17, verify the magnitude of distribution ratios
developed from radiocounting analysis. However, the variability of the distribution ratios is much
greater, especially when the distribution ratio is large. Again, these data are valuable as a
verification tool but, because of the greater scatter, are not considered in the detailed modeling.

The data are fit to the models developed in Sect. 4.2.2 by nonlinear regression. To
estimate the general effects of nitric acid concentration and temperature, the data are first
subdivided into groups where the nitric acid concentration and temperature are constant. Then they
are fit to one-parameter models representing formation of the disolvate and solvate [equilibria
shown in Egs. (4-36) and (4-53), respectively]. The equilibrium constant is the regression

parameter. Quantities also calculated include the standard deviation of the model parameter,
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Table 5.17. Distribution data derived from ICP-MS analysis for the extraction
of uranyl nitrate from nitric acid solations with 0.20 ¥ CMPO in n-dodecane

HNO, U x 10°

37 My D Data pair
At 25°C
0.020 2.00 8.60 D-19-03/04
0.020 0.500 7.36 D-19-07/08
0.020 0.200 7.29 D-19-09/10
0.020 0.100 720 D-19-11/12
0.100 2.00 88.9 D-21-01/02
0.100 0.500 78.2 D-21-05/06
0.100 0.200 67.3 D-21-07/08
0.100 0.100 38.9 D-21-09/10
0.100 0.050 40.5 D-21-11/12
0.200 1.00 133 D-23-03/04
0.200 0.500 84.0 D-23-05/06
0.200 0.100 66.7 D-23-09/10
At 40°C

0.020 5.00 9.20 D-20-01/02
0.020 2.00 5.63 D-20-03/04
0.020 0.500 5.00 D-20-07/08
0.020 0.200 4.18 D-20-09/10
0.100 5.00 36.8 D-22-01/02
0.100 2.00 40.6 D-22-03/04
0.100 0.500 25.0 D-22-07/08
0.100 0.200 394 D-22-09/10
0.100 0.100 382 D-22-11/12
0.100 0.050 22.7 D-22-13/14
0.200 2.00 77.1 D-24-01/02
0.200 0.500 113 D-24-05/06
0.200 0.100 304 D-24-09/10

“Initial uranyl nitrate concentration before phase contact.

optimized values of the objective function (¥?), the standard deviation between the data and the

model, and the standard fractional deviation defined by

130



(5-15)

experimental

E ( experimental - model)Z

n-p

The results are shown in Table 5.18. Values of %> are much larger than the number of degrees of
freedom, not because of a lack of fit but because the standard deviations in the sample analysis
results do not include all experimental errors (as already discussed). The standard deviation of the
model is larger when the distribution ratio is large. The standard fractional deviation, on the other
hand, indicates a nearly constant deviation of the model of ~5%. The 1:1 stoichiometric model
fits the data slightly better than the 2:1 stoichiometric model.

The most interesting aspect of the results shown in Table 5.18 concerns the equilibrium

constants for the two extraction stoichiometries. First, the equilibrium constant, K’;,, at 0.10 M

Table 5.18. One-parameter models of uranium extraction
used for fixed nitric acid concentrations

Temp. HNO, 2 .
©C) ™) X (o] C; Parameter Deyviation

Kn Oxu
25.0 0.020 15.84 0268 0.0349 1.041 x 10° 8.39x10°
25.0 0.100 12.67 4052 0.0519 7.449x 10° 3.48 x 10°
25.0 0.200 37.49 7276 0.0487 5262x10° 1.63 x 10°
40.0 0.020 65.47 0.110 0.0302 5.069x 10° 1.54 x10°
40.0 0.100 180.8 1612 0.0380 4.626x 10° 6.46 x 10
40.0 0.200 50.58 6477 0.0656 3.539x10° 1.10 x 10°

K'n Crun
25.0 0.020 9.463 0.195 0.0251 2.048x10° 1.62x10°
25.0 0.100 9.420 3.557 0.0456 1458 x10° 6.77 x 10°
25.0 0.200 21.52 6.895 00460 9.824 x 10* 3.01 x 10°
40.0 0.020 59.97 0.100 00275 1.010x10° 3.06 x 10
40.0 0.100 152.0 1.387 0.0328 9.023 x 10* 1.24 x 10?
40.0 0.200 51.70 6.181 0.0625 6.769 x 10*  2.10 x 10?
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HNO; and 25°C is 7.449 x 10° as compared with 7.445 x 10° estimated in Sect. 5.2.3 by the
solvent slope-analysis method. At 40°C, the value in Table 5.18 is 4.626 x 10° as compared with
4.506 x 10° estimated by the solvent slope-analysis method. Remarkably, the values obtained by
the different methods are within 4% of each other. Second, for both models given in Table 5.18,
the equilibrium constant decreases with increasing nitric acid concentration and decreases with
increasing temperature. The effect of nitric acid could be to increase the concentration of an
inextractable nitrate complex. The decrease of K’ with increasing temperature indicates an
exothermic reaction.

The data are now divided into two groups according to the temperature at which the
experiments were performed. Basically, this means that both the uranyl nitrate and the nitric acid
concentrations vary in each group. The two groups of data are fit to various one-parameter and
two-parameter models. Results are summarized in Table 5.19. As expected, the one-parameter
model does not fit the entire data set well. The two-parameter model, which includes both 1:1 and
2:1 stoichiometries, does not fit the data well; and, in the unconstrained minimization, the
equilibrium constant for 1:1 solvation assumes negative values that have no physical meaning.
Because the initial CMPO concentration is not varied (except for the few points obtained for slope
analysis) and because high solvent loadings are prohibited by third-phase formation, the free
CMPO concentration at equilibrium conditions does not vary much. The effect on the regression
of the data is to cause grouped parameters in mixed stoichiometric models [e.g., K'y,[CMPOT* +
K',[CMPO] in Eq. (4-61)] to behave as a single parameter. Models that include coextraction
[equilibria shown by Eq. (4-37)] did not converge and, therefore, are not considered further.

Addition of a nitrate complexation equilibrium [Eq. (4-38)] to either a 1:1 or a 2:1
solvation model greatly improves the fit of that model to the data. The model for 2:1 solvation

with nitrate complexation appears to be slightly better but cannot be distinguished statistically.
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Table 5.19. Comparison of models describing the extraction of uranyl nitrate: model
statistics, model parameters, and standard deviations of parameters

Temp. 3 Standard Standard
(°C) X °c Ot Parameter* deviation Parameter” deviation
Ky Oxu2

250 6485 16.70 0291 5.806 x 10° 145 x 10°
400 9,410 17.89  0.195 4434x10° 524 x 10°

"’
Ky COxut

250 7,768 1770 0314 1.089x10° 272x 10°
400 11,410 19.72 0209 8.620 x 10 1.01 x 10

4
K Oxu2 K’y Cxul

250 3,162 1639 0219 3215x10° 425x10° -4889x10° 778 x 10°
400 6,309 1565 0.180 1.823x10°  2.66 x 10° -2.647 x 10° 5.05 x 10°

K’y Oxu By Cpy
25.0 156.1 5.838 0062 2503x10° 231x10° 9928 0.171
400 1,537 6.096 0071 1.135x10° 3.65x 10> 3715 0.050

K Oxv2 Bu Cpy
25.0° 1013 5.586 0.056 1.228x10° 1.12x10° 8619 0.157
40.0° 1,513 5992 0071 5.655x10° 180x10° 3.249 0.048

“Negative equilibrium constants are not permitted since they may indicate
"over-modeling" of data.
bSelected model.

Model deviations are reduced to the estimated error in the data, so additional parameters are not
warranted. Becaunse the slope-analysis results indicate a solvation number greater than 1 and

because the 2:1 solvation is reported in the literature, the model including disolvate formation is

selected.

The error estimates in the model parameters shown in Table 5.19 are low because the

standard deviations in the experimental data do not include all aspects of experimental error, as

discussed previously. This does not invalidate the results because all tested models are compared

on an equal basis. The total experimental error is about 5.6 and 7.1% at 25 and 40°C, respectively,

based on the values of standard fractional deviation listed in Table 5.19. Errors in the measured
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distribution ratios are scaled to these percentages, and the regression is repeated for the selected
model. The results are listed in Table 5.20. Values of the standard fractional deviations are about
the same as those in Table 5.19. The ¥* minimization parameter is close to the number of degrees
of freedom, as it should be. The model parameters have changed slightly but are within their
estimated standard deviations. Values of the standard deviations of model parameters are larger
than those in Table 5.19 and are more reflective of the quality of the data.

The model is compared with the experimental data in Figures 5.11 through 5.14. In
Figures 5.11 and 5.12, the organic-phase uranyl nitrate concentrations computed with the model
are compared with experimental values at temperatures of 25 and 40°C, respectively. The data are
reproduced quite well by the model. Figures 5.13 and 5.14 illustrate the variation of the
distribution ratio with the aqueous uranyl nitrate concentration. The distribution ratio decreases
slightly as the aqueous uranyl nitrate concentration increases.

In fitting the distribution data to the model, values of the nitrate complexation constant,
By, for the uranyl ion are estimated. With these values, the aqueous-phase speciation of the uranyl
nitrate can be estimated. For given nitric acid and uranyl nitrate concentrations, the total nitrate

concentration is found from rearrangement of Eq. (4-68). The result is, then, back-substituted into

Eq. (4-65) to obtain the concentration of UO,(H,0)**. The fraction of the aqueous urany! nitrate

in the UO,(H,0)** form can be found by dividing both sides of Eq. (4-65) by the total aqueous

Table 5.20. Calculation of extraction model parameters, using more realistic error estimates

Temp. R

. n- 2 c o, K o, c
°C) p X 3 1773 KU By BU

25.0 19 18.94 5.684 0.056 1213 x 10°  3.56 x 10° 8412  0.579
40.0 23 15.09 4.726 0.060 5.577 x 10°  2.12 x 10° 3.537 0476

“The number of data points minus the number of parameters, n - p, is the number of degrees of
freedom.
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Figure 5.11. Variation of the organic-phase uranyl nitrate concentration with the
aqueous-phase uranyl nitrate concentration at 25°C; comparison of experimental data with
model.
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uranyl nitrate concentration at 25°C; comparison of experimental data with model.
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uranyl nitrate concentration at 40°C; comparison of experimental data with model.
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uranyl nitrate concentration. Results of calculations with a uranyl nitrate concentration of 10 M
and nitric acid concentrations ranging from 0 to 1.0 M are plotted in Figure 5.15. As shown in
the figure, the concentration of the uncomplexed uranyl ion decreases rapidly with increasing nitric
acid concentration. Therefore, by difference, the inextractable nitrate complex increases in
concentration. Increasing the temperature increases the uncomplexed uranyl ion concentration.
Changes in nitric acid concentration and temperature have the expected effect on the ionization

of uranyl nitrate in aqueous solution.

5.2.5 Enthalpy of Extraction

Equilibrium constants of the two equilibria describing the extraction of uranyl nitrate
decrease with increasing temperature, indicating that the reactions are exothermic. With only two
points, Eq. (2-6) is used directly to calculate the enthalpy of reaction and Eq. (5-7) is used to
estimate the error in the result. For the extraction equilibrium shown in Eq. (4-36) and the nitrate
complexation equilibrium shown in Eq.(4-38), AH=-9.610 % 0.594 kcal/mol and

AH = -10.72 = 1.87 kcal/mol, respectively.

5.3 Extraction of Bismuth Nitrate from Nitric Acid Media
Two classes of experiments were performed to characterize the extraction of bismuth
nitrate with CMPO in a manner parallel to the experiments performed with uranyl nitrate. In one
class of experiments, the concentration of CMPO in the organic phase was varied while the

aqueous-phase nitric acid and initial bismuth nitrate concentrations were fixed. These experiments

support slope analysis to determine extraction stoichiometry. In the second class of experiments,

the organic-phase CMPO concentration was fixed, while both the bismuth nitrate and nitric acid
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concentrations were varied. These data support determination of the equilibrium constant. Both
classes of experiments were performed at temperatures of 25 and 40°C.
Because there was no readily available supply of a radioactive isotope of bismuth, ICP-MS

was used for all bismuth analyses. The raw data are tabulated in Appendix E.

5.3.1 Experimental Limits of Bismuth Nitrate Concentration

As previously discussed, the limited solubility of metal nitrate~CMPO complexes in the

organic diluent leads to the formation of a third phase. Experiments were performed at 25°C with
solutions having nitric acid concentrations of 0.20 M and various bismuth nitrate concentrations.
When the initial bismuth nitrate concentration was 0.002 M, no third phase formed; but, at
0.005 M bismuth nitrate, a third phase was observed at the liquid-liquid interface. At a temperature
of 40°C, an initial bismuth nitrate concentration of 0.005 M in 0.20 M nitric acid did not cause
formation of a third phase. Decreasing the nitric acid concentration to 0.10 M eliminated the
formation of third-phase material at 0.005 M bismuth nitrate and 25°C. However, at nitric acid
concentrations of ~0.05 M or less, the bismuth nitrate precipitated from the aqueous solution. Of
course, decreasing the bismuth nitrate concentration when decreasing the nitric acid concentration
alleviated the latter problem. Essentially the two phenomena, third-phase formation and
precipitation, bracketed the range of experimental conditions to narrow limits of concentration.

Extraction experiments were performed at only two different nitric acid concentrations with

maximum bismuth nitrate concentrations sl.lown in Table 5.21. The experiments were conducted
at 25 and 40°C.

When the third phase formed, it appeared at the liquid-liquid interface as a viscous, white,
translucent film. To examine the third-phase formation further, one experiment was carried out

with an initial bismuth concentration of 0.020 M. The results showed that a large quantity of third
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Table 5.21. Maximum bismuth nitrate concentrations at each
nitric acid concentration utilized for extraction tests

Nitric acid Initial bismuth

Temperature . . . 4

°C) concentration nitrate concentration
) (M)
250 0.100 0.005
25.0 0.200 0.002
40.0 0.100 0.005
40.0 0.200 0.005

“Bismuth nitrate concentration in aqueous phase before contact with an
organic phase preequilibrated with pure nitric acid of the given concentration.

phase formed, as expected, but some of the material settled beneath the aqueous phase, while the
remainder stayed at the liquid-liquid interface. Conditions favoring formation of the third phase

were avoided during the extraction tests.

5.3.2 Stoichiometry by Slope Analysis

Measured distribution ratios for bismuth nitrate in systems with different CMPO
concentrations are summarized in Table 5.22. The usual slope-analysis method of plotting the
distribution-ratio as a function of extractant concentration on log-log coordinates is illustrated in
Figure 5.16. The data appear to be on a straight line. Values of the slopes of the lines are
calculated by linear regression to be 1.560 = 0.044 (correlation coefficient, 0.9986) at 25°C and
1.785 = 0.022 (correlation coefficient, 0.9919) at 40°C. No data are available in the literature on
the extraction stoichiometry of bismuth nitrate with CMPO with which to compare these results.
The raw data may be corrected for CMPO usage and aqueous-phase nonidealities. Trivalent

americium nitrate is reported to extract with a 3:1 stoichiometry; and, if valence state is the
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Table 5.22. Measured distribution ratios for the extraction
of bismuth nitrate at different CMPO concentrations

CMPO HNO, Bi x 10°

D o Data pair
M) M) My D P
At 25°C
0.200 0.100 1.00 146.9 6.4° D-10-05/06
0.100 0.100 1.00 52.62 1.37 D-13-01/02
0.100 0.100 1.00 54.56 1.37 D-13-03/04
0.050 0.100 ’ 1.00 16.47 1.05 D-13-05/06
0.050 0.100 1.00 17.96 1.05 D-13-07/08
At 40°C
0.200 0.100 1.00 44 .57 1.24 D-11-01/02
0.200 0.100 1.00 42.82 1.24 D-11-03/04
0.100 0.100 1.00 16.94 0.44 D-14-01/02
0.100 0.100 1.00 16.32 0.44 D-14-03/04
0.050 0.100 1.00 3.765 0.121 D-14-05/06
0.050 0.100 1.00 3.594 0.121 D-14-07/08

“Initial bismuth nitrate concentration before final phase contact.
*Bstimated; see Appendix E.

primary variable, then a 3:1 stoichiometry may be expected for bismuth nitrate. Assuming a 3:1
extraction stoichiometry and accounting for extraction of nitric acid, the free CMPO concentration

can be found by combining Egs. (4-50) and (4-83); thus,

[empo); - 3[Bi],,,

[cmPO) = , (5-16)
1+K 11:1(7(:.)HN0,) [H 0][N 03-]
If the stoichiometry were 2:1, the free CMPO concentration could be obtained from
(cupo] - [cmpPoO); - 2[Bi],, (517

1+Ky, (Yic,)HNo,)z[H *][N 03-]
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Figure 5.16. Slope-analysis determination of the extraction stoichiometry for bismuth
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The total nitrate concentration is given by Eq. (4-82), and the organic-phase bismuth concentration
is computed from the initial bismuth feed concentration and the distribution ratio with equations
analogous to Eq. (5-12).

Nonidealities in the aqueous phase are included by modifying the distribution ratio as
shown by Eq. (4-78). Results of the calculations with intermediate quantities, including the mean
stoichiometric activity coefficient of nitric acid, mean stoichiometric activity coefficient of bismuth
nitrate, and the activity of water, are given in Table 5.23. These data show that the aqueous-phase
activity coefficients are essentially constant, so the usual assumptions of the slope-analysis method
are supported. With an assumed 3:1 stoichiometry, regression analysis on the data pairs D', and
[CMPO]),, gives values of the slope of 1.509 (correlation coefficient, 0.9988) at 25°C and 1.735
(correlation coefficient, 0.9923) at 40°C. With an assumed 2:1 stoichiometry, regression on D,
and [CMPO],, gives values of the slope of 1.526 (correlation coefficient, 0.9988) and 1.749
(correlation coefficient, 0.9922) at 25 and 40°C, respectively. Therefore, accounting for aqueous-

phase nonidealities and consumption of the CMPO does not significantly change the results. Slope

analysis indicates that the solvation number of bismuth nitrate is about 1.6:1, suggesting a

combination of two different stoichiometries (e.g., 1:1 and 2:1, or 1:1 and 3:1). The result is closer
to a 2:1 stoichiometry than that found for uranyl nitrate by identical means. If the organic phase

is very nonideal, these results may be considerably affected.

5.3.3 Degree of Nonideal Behavior of Organic Phase

It has been reported in the literature that trivalent americium is extracted by CMPO with
a 3:1 stoichiometry. Assuming that valence is the primary variable, bismuth nitrate should extract
with 3:1 stoichiometry; however, slope analysis indicates a coordination number of less than 2.

If the organic phase were highly nonideal, the slope-analysis method could give erroneous results.
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The solvent slope-analysis method (Sect. 4.4) provides a means of evaluating this possibility. For
the extraction of bismuth nitrate from nitric acid by CMPO with a stoichiometry of 3:1,

Eq. (4-106) may be written as

/
In dy, = an 3DB = o[CMPO] + In K, , (5-18)
o, Tlcupol

where the subscript B3 is a reminder of the assumed true stoichiometry. Slope analysis indicates
that the stoichiometry is closer to 2:1; and, if this is the true stoichiometry, Eq. (4-106) may be

written as

Dy

In d,, = In = o[CMPO] + n K, . (5-19)

[vo; Tlempol

Values for D', and the free CMPO concentration for both stoichiometries are given in
Table 5.23. The nitric acid concentration at each point is 0.10 M. At the concentrations given in
the table, the bismuth nitrate contributes insignificantly to the total nitrate concentration and may
be ignored. Values of the slope and intercept of Eq. (5-19) are calculated by linear regression and

are listed in Table 5.24, along with values of the correlation coefficient. The ratio of the organic-

phase activity coefficients is given by either

5 \3
- (¢CLP0) = golemro] (5-20)

<)
Y(Bi (NOy),~3CMPO

for 3:1 stoichiometry or by
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Table 5.24. Solvent slope-analysis results for the extraction of
bismuth nitrate

Temperature Equilibrium Correlation
A ® )
(°C) constant coefficient
Ky
250 -14.57 4.203 x 10° -0.9804
40.0 -12.09 9.170 x 10® -0.9992
Kp,
25.0 —4.664 1.317 x 108 -0.9863
40.0 —2.688 2.995 x 10’ -0.8629
€) 2
o (eo) _iuro] (5-21)

'Y(BL;')(NO,),'2CMPO
for 2:1 stoichiometry. The very low activity coefficients suggested when the assumed
stoichiometry is 3:1 are not realistic; values of R are 0.054 and 0.089 at 25 and 40°C, respectively.
Those for 2:1 stoichiometry are more reasonable and are chosen for further discussion. The solvent
slope-analysis method for a 2:1 stoichiometry is illustrated in Figure 5.17.

When the CMPO concentration is 0.20 M, values of R are 0.394 and 0.584 at temperatures
of 25 and 40°C, respectively. If the activity coefficient of free CMPO was the same as that
reported by Diamond et al. (1986) for CMPO in toluene (i.e., ~0.92), then the activity coefficient
for the bismuth nitrate disolvate would be ~2.15 at a temperature of 25°C. The equilibrium
constant 1s given by the intercept of the solvent slope-analysis line, and values at each temperature
are also listed in Table 5.24. Values of the equilibrium constants that include the effects of
organic-phase nonideality, K’p,, are computed by multiplying Kz by R. At a free CMPO
concentration of 0.20 M, the values of K’p, are 5.18 x 107 and 1.75 x 107 at temperatures of 25
and 40°C, respectively.
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Figure 5.17. Solvent slope-analysis method for the extraction of bismuth nitrate with
CMPO-n-dodecane with an assumed true stoichiometry of 2:1.
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5.3.4 Determination of Thermodynamic Equilibrium Constants

Experiments were performed to measure the distribution ratio of bismuth nitrate with
varying aqueous-phase bismuth nitrate and nitric acid concentrations. As previously discussed, the
range of concentrations was limited to avoid third-phase formation. The organic-phase

concentration of CMPO in n-dodecane was fixed at 0.20 M.

The measured distribution ratios are given in Table 5.25. Standard deviations in the
measured ratios are estimated from replicate experiments and are quite large. As shown in the
table, the distribution ratio increases greatly with increasing nitric acid concentration but decreases
with increasing temperature. As the distribution ratio increases, the' percentage error in the data
increases, presumably because of the difficulty in accurately measuring the low bismuth
concentrations remaining in the aqueous phase.

The data are fit to the models developed in Sect. 4.3.2 by nonlinear regression methods.
Model parameters are the equilibrium constants of the equilibria on which the models are based.
To determine the effects of nitric acid concentration and temperature in a more quantitative

manner, the data are subdivided into groups where the nitric acid concentration and temperature

are constant. The data are then fit to one-parameter models, describing the formation of disolvate
and trisolvate. Calculated values include the equilibrium constant (K”), the standard deviation of
the equilibrium constant (o), the optimized value of the objective function ()?), and the standard
deviation (C) and the standard fractional deviation (o;) of the model as compared with the data.
The results are given in Table 5.26. Neither model clearly fits the data best, but the standard
fractional deviations illustrate the large errors in the data at 0.20 M nitric acid where the
distribution ratios are large. In each model, the equilibrium constant decreases with increasing
nitric acid concentration and with increasing temperature. The effect of increasing nitric acid

concentration is similar to that found for uranyl nitrate, which indicates that a nitrate complexation
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Table 5.25. Distribution data for the extraction of bismuth nitrate
from nitric acid solutions with 0.20 A CMPO in n-dodecane

HNO, Bi x 10°

M) My D Cp Data pair
At 25°C
0.102 0.500 152.0 445 D-10-01/02
0.102 0.500 158.3 445 D-10-03/04
0.100 1.00 146.9 6.4° D-10-05/06
0.102 2.00 142.2 1.70 D-10-07/08
0.102 2.00 144.6 1.70 D-10-09/10
0.2 0.050 152.0 1002 D-5-11/12
0.201 0.100 440.8 1002 D-5-09/10
0.2 0.200 315.7 33.52 D-5-07/08
0.202 0.200 363.1 33.52 D-8-01/02
0.200 0.500 438.5 41.37 D-5-03/04
0.202 0.500 380.0 41.37 D-5-05/06
0.202 1.00 453.1 107.5 D-5-01/02
0.202 1.00 301.1 107.5 D-8-03/04
At 40°C
0.102 1.00 44.57 1.24 D-11-01/02
0.102 1.00 42.82 1.24 D-11-03/04
0.102 2.00 48.23 42 D-11-05/06
0.104 5.00 39.29 1.16 D-11-07/08
0.104 5.00 37.65 1.16 D-11-09/10
0.201 0.100 150.6 29.3° D-9-01/02
0.198 0.200 147.7 29.3% D-9-03/04
0.200 0.500 141.9 17.11 D-9-05/06
0.200 0.500 166.1 17.11 D-9-07/08
0.200 1.00 166.7 29.3° D-9-09/10
0.200 5.00 185.4 29.34 D-9-11/12
0.200 5.00 226.9 29.34 D-9-13/14

“Initial bismuth nitrate concentration before phase contact.
bStandard deviation estimated: see Appendix E.

equilibrium should be included in the model. The effect of temperature indicates an exothermic

extraction.
The data are now divided into only two groups according to conditions of temperature.

Within each group; both the nitric acid concentration and the bismuth nitrate concentration are
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Table 5.26. One-parameter models of bismuth nitrate

extraction at fixed nitric acid concentrations

Temp.

HNO,

0 an X2 c o; Parameter Deviation
K'p Ok

25.0 0.100 2.218 2.857 0.0186 2.777 x 10® 2.29 x 10°

25.0 0.200 11.76 100.1 0.5447 1.495 x 108 7.25 x 10°

40.0 0.100 3.542 2.952  0.0620 8.433 x 107 1.36 x 10°

40.0 0.200 12.38 40.10 0.1992 6.872 x 107 3.94 x 10°
K, Oxp

25.0 0.100 7.389 5.746  0.0373 5.221 x 107 4.13 x 10°

250 0200 1154 9959 05409 2793 x 107 1.34 x 10°

400 0100  13.61 3.937  0.0859 1553 x 107 2.37 x 10°

40.0 0.200 9.522 34.63 0.1725 1.303 x 107 7.26 x 10°

variable. The data are fit to the one-parameter and two-parameter models developed in Sect. 4.3.2
by nonlinear regression methods. The results of the calculations are listed in Table 5.27. As might
be expected, the one-parameter models based only on distribution equilibria do not fit this larger
range of data well.

The two-parameter models include distribution and nitrate complexation equilibria. Each
model fits the data within the estimated errors in the data. The ratio of the standard deviations of
the two-parameter models is near unity, so the models are indistinguishable on that basis. The
model based on the formation of the trisolvate is associated with values of % nearly equivalent

to the number of degrees of freedom, but the model based on formation of the disolvate is

associated with the lowest values of the standard fractional deviation. Additionally, disolvate
formation is supported by slope analysis to a greater extent, so the model selected as best includes
disolvate formation and aqueous nitrate complexation equilibria. The model is compared with the
experimental data in Figures 5.18 through 5.21. The organic-phase bismuth nitrate concentration

is plotted as a function of aqueous-phase bismuth nitrate concentration at temperatures of 25 and
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Table 5.27. Comparison of models describing the extraction of bismuth nitrate:
model statistics, model parameters, and standard deviations of parameters®

Temp. 2 Standard Standard
(°C) X ° Ot Parameter  soviation TR geviation
K'ss Ok
250 2937 2417 1.089 2.665 x 102 2.17 x 10°
40.0 2096 3517 02221 8268 x 107 1.29 x 10°
K'p, Ok
250 3152 2500 1.108 5015x 107 3.94 x 10°
40.0 33.87 3041 0.1979 1.529 x 10" 225 x 10°
K'gs Cxs3 Bs Opz
25.0 1392 8045 0.4388 4.144 x 10®  2.25 x 107 74.83 11.88
40.0 1599 31.13 0.1593 9.271 x 107 3.67 x 10° 15.03 5322
K'g Oxm Bs Cpz
25.0 18.58 80.05 0.4357 7.847 x 10"  4.27 x 10° 7647 12.03
40.0 2246 27.13 0.1439 1.690 x 10" 6.33 x 10° 13.17 4.984

“Negative equilibrium constants are not permitted; may indicate "over-modeling” of data.

40°C in Figures 5.18 and 5.19, respectively. Nitric acid concentration is a fixed parameter for each
curve. Results from the model agree with the experimental data. The distribution ratio for bismuth
nitrate is plotted as a function of the aqueous bismuth nitrate concentration at 25 and 40°C in
Figures 5.20 and 5.21, respectively, with nitric acid concentration as a parameter. The scatter in
the distribution ratios is more apparent in these graphs. The data are, however, described

adequately by the model. The distribution ratio tends to decrease with increasing aqueous

concentrations of bismuth nitrate,

Values of the nitrate complexation constant are determined as part of the data-fitting
process. With these values, the behavior of the aqueous-phase speciation of bismuth nitrate can

be estimated. A total nitrate balance, together with Egs. (4-91) and (4-92), gives the aqueous

nitrate concentration; thus,
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Figure 5.18. Variation of organic-phase bismuth nitrate concentration with
aqueous-phase bismuth nitrate concentration at 25°C; comparison of experimental data with
model.
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Figure 5.19. Variation of organic-phase bismuth nitrate concentration with
aqueous-phase bismuth nitrate concentration at 40°C; comparison of experimental data with
model.

155



1000

] O 0.10 M HNO,
_ = 0.20 M HNO,
) = x X
_ _ -
] &d =

Q |

© X @\_g___@

o

S8 1003

'5‘ -

:9 p

o ]

D —

10 1 1 LR i 1 L L t i |

0.1 1 10 100

[Bil,, x 10° (M)

Figure 5.20. Variation of the distribution ratio of bismuth nitrate with aqueous-phase
bismuth nitrate concentration at 25°C; comparison of experimental data with model.
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Figure 5.21. Variation of the distribution ratio of bismuth nitrate with aqueous-phase
bismuth nitrate concentration at 40°C; comparison of experimental data with model.
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3a} +BB[N03—]2(71(5)0;)2 [Bi . (5-22)
a,+B, [N 03—]2(7%;)2

wo; | = anoj] +

This cubic equation gives the nitrate concentration in an implicit form but can be solved
numerically. Substitution of the values into Eq. (4-92) gives the concentration of the uncomplexed
bismuth ion. Dividing both sides of Eq. (4-92) by the total aqueous-phase bismuth nitrate
concentration gives the fraction of aqueous bismuth nitrate in the Bi(H,0)s"* form. Results of
calculations with a bismuth nitrate concentration of 10* M and nitric acid concentrations ranging
from O to 1.0 M are shown graphically in Figure 5.22. As shown in the figure, the concentration
of the uncomplexed bismuth ion decreases rapidly with increasing nitric acid concentration.
Increasing the temperature increases the dissociation of bismuth nitrate, thereby increasing the

fraction present as the uncomplexed ion. These trends are expected of ionizing salts.

5.3.5 Enthalpy of Extraction

Equilibrium constants of the two equilibria describing the extraction of bismuth nitrate
decrease with increasing temperature, indicating that the reactions are exothermic. With values of
the equilibrium constants at the two conditions of temperature studied, Eq. (2-6) is used to
calculate the enthalpy of the reaction and Eq. (5-7) is used to estimate the error in the result. For
the equilibrium involving the bismuth disolvate, Eq. (4-86), and the equilibrium involving nitrate
complexation, Eq. (4-89), AH = -18.99 + 0.82 kcal/mol and AH = -21.75 + 5.07 kcal/mol,

respectively.
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Figure 5.22. Effects of nitric acid concentration and temperature on the fraction of
uncomplexed bismuth ion in aqueous solution.
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6. CONCLUSIONS
The extraction characteristics of nitric acid, uranyl nitrate, and bismuth nitrate with CMPO
were studied in an experimental program where CMPO was dissolved in n-dodecane to produce
the organic extracting medium. Three different aqueous systems were used in the experiments:
(1) nitric acid, (2) uranyl nitrate in nitric acid, and (3) bismuth nitrate in nitric acid. In each case,

the aqueous solution was equilibrated with the organic extractant and then the concentration of

the solute was measured in each phase to obtain distribution data. The objectives of the project
were to estimate extraction stoichiometry and equilibrium constants for the extraction of nitric
acid, uranyl nitrate, and bismuth nitrate with the CMPO extractant.

Two types of experiments were performed. In the first type, the organic-phase CMPO
concentration was varied while the aqueous-phase concentration was fixed to support the slope-
analysis method of estimating the extraction stoichiometry. In the second type of experiment, the
aqueous-phase nitric acid concentration and the concentration of the extractable salt (if one was
used) were varied to support estimation of the thermodynamic equilibrium constant. The constants
are inferred by fitting models based on various equilibria to the data and then selecting those
models that fit the data best. Both types of experiments were performed at 25 and 40°C for each
of the three different aqueous systems. A few experiments were also conducted at 50°C for the
aqueous system containing only nitric acid. Formation of a third phase (second organic phase)
occurred when the solubility of the extract complex was exceeded and limited the range of
concentrations for both phases.

This study provides fundamental information on the important parameters of extraction
equilibria for nitric acid, uranyl nitrate, and bismuth nitrate. Such information includes the
extraction stoichiometry, estimated values of the equilibrium constants on the molar scale at

temperatures of 25 and 40°C, and estimated values of the enthalpy of each extraction reaction.
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Nitrate complexation constants for uranyl and bismuth ions were estimated at 25 and 40°C.
Enthalpies of the nitrate complexation equilibria were also estimated. In addition, a method was

devised to approximate the ratio of the activity coefficients of the free CMPO to the complexed

CMPO in the organic phase.

6.1 Nitric Acid

Equilibrium concentrations of nitric acid distributed between the aqueous and organic
phases were measured at aqueous nitric acid concentrations ranging from 0 to ~0.30 M at 25°C,
0 to ~1.0 M at 40°C, and 0 to ~3.0 M at 50°C.

Traditional slope analysis indicated a coordination number of 1.065 at 25°C and 1.076 at
40°C; therefore, a 1:1 extraction stoichiometry is strongly indicated. Various models based on a

range of stoichiometries are fit to the data by regression methods. The model fitting the data best

is based on the equilibrium

Hg, *+ NO5,, + CMPO,,, = HNO,:CMPO,,, , (6-1)
which is a 1:1 stoichiometry. Since the fit is within the estimated errors in the data, the addition
of more parameters to the model is not justified statistically.

The equilibrium constant for Eq. (6-1) that includes the activity coefficients of the organic
phase was estimated. At 25°C the value of the equilibrium constant was found to be
2.660 = 0.092; at 40°C, it was 1.710 + 0.022. The enthalpy of the extraction was estimated to be
—5.46 = 0.46 kcal/mol, which suggests an exothermic reaction.

As indicated above, the traditional slope-analysis method gives a coordination number

slightly different from unity. Using a newly developed solvent slope-analysis technique, the
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deviation is ascribed to the ratio of the organic-phase activity coefficients that can be represented

by

#0_ - em[CMPO] , (6-2)
HNO,-CMPO

where ® =0.9554 at 25°C and o =1.016 at 40°C. Resolution into the separate activity
coefficients by this method alone is not possible. Use of the solvent slope-analysis method to
estimate values of the equilibrium constant for Eq. (6-1) gave values of 2.683 at 25°C and 2.012
at 40°C. This is a point of verification, but these values are not considered as accurate as those

quoted above.

6.2 Uranyl Nitrate

Equilibrium concentrations of uranyl nitrate distributed between aqueous nitric acid media
and the organic phase were measured at tracer levels of uranyl nitrate. Nitric acid concentrations
ranged from 0.02 to 0.20 M, and measurements were made at both 25 and 40°C. Over this narrow
range of conditions, the distribution ratios ranged from 3.5 to 165, indicating how strongly
uranium is extracted by CMPO.

Using traditional slope-analysis techniques, the coordination numbers for the extraction
of uranyl nitrate were estimated to be 1.513 at 25°C and 1.607 at 40°C. These values seemed to
indicate a mixed equilibria of 1:1 and 2:1 stoichiometries occurring in nearly equal proportion.
Fitting the data to models based on various equilibria resulted in values of equilibrium constants
that varied strongly with nitric acid concentration, suggesting the need to add a nitrate
complexation equilibrium to the model. The data were fit within the experimental error by a model

based on only two equilibria: a 2:1 extraction equilibrium,
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2+ - .
UO(H,0%0p * 2NOgpy + 2CMPO,,,, = UO,(NO,),-2CMPO,,., + 6H,0,,. (6-3)

and a nitrate complexation of the uranyl ion,

UO,(H,0%0py + NOsy = UONOJH,0)3, + H,0,,, - (6-4)
This model fits the data much better than one based on both 1:1 and 2:1 stoichiometries.
A coordination number of 2 was indicated by this approach.
The equilibrium constants for Eq. (6-3) inferred from fitting the data to the model were
1.213 x 10° + 3.56 x 10* at 25°C and 5.77 x 10° = 2.12 x 10* at 40°C. The enthalpy of the
reaction was estimated to be —9.610 = 0.594 kcal/mol, indicating an exothermic reaction. The

nitrate complexation constants for Eq. (6-4) were 8.412 + 0.579 at 25°C and 3.537 + 0.476 at

40°C. The enthalpy of the complexation was estimated to be —10.72 + 1.87 kcal/mol, which is

also exothermic.

Investigation of the degree of nonideality of the organic phase was accomplished by use
of the solvent slope-analysis method. Ratios of the organic-phase activity coefficients are

represented by

(Vo)

wfcmro]
c) ’
Y(uo,(No ,2CMPO

(6-5)

=€

where ® = -4.750 at 25°C and ® = -3.816 at 40°C. Equilibrium constants inferred by the solvent
slope-analysis method only verified those estimated at the same conditions of nitric acid

concentration and with models involving only the extraction equilibria.

6.3 Bismuth Nitrate
Equilibrium concentrations of bismuth nitrate distributed between aqueous nitric acid

media and the organic phase were measured at tracer levels of bismuth nitrate. Nitric acid
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concentrations were either 0.10 or 0.20 M, and measurements were made at both 25 and 40°C.

Over this narrow range of conditions the distribution ratio varied from ~3.5 to 450.0, but the data

were rather scattered. These data suggest that bismuth was more strongly extracted than uranium.

Traditional slope-analysis techniques indicated that the coordination numbers were 1.560
at 25°C and 1.785 at 40°C. A mixed equilibria of, perhaps, 1:1 and 2:1 stoichiometries were
suggested. Again, various models were fit to the data by regression methods. Models fitting the
data best included an extraction equilibrium and a nitrate complexation. There was no statistical
difference between 3:1 and 2:1 extraction equilibria with respect to the data fit, but the 2:1
equilibrium was chosen because it was closer to the coordination number inferred using slope

analysis. The selected model was based on the following two ecjuilibria:

Bi(H,0)% + 3NOsy +2CMPO,,, = Bi(NO,),-2CMPO,,., + SH,0,,. (6-6)

and

Bi(H,0)}, . + 2NO,,, = BiNO.),(H,0)s., + 2H,O, . . 6-7)
i(H,0)5(4) 3(ag) 315U 309 2Y@g

The equilibrium constant for the extraction equilibrium, Eq. (6-6), was estimated to be
7.847 x 10" = 4.27 x 10° at 25°C and 1.690 x 107 = 6.33 x 10° at 40°C. The enthalpy of the
extraction was estimated to be —18.99 x 0.82 kcal/mol, indicating an exothermic reaction. The

nitrate complexation constants for Eq. (6-7) were estimated to be 76.47 = 12.03 at 25°C and

13.17 + 4.984 at 40°C. The complexation was exothermic, and the enthalpy of the complexation

was estimated at —21.75 + 5.07 kcal/mol.
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Assuming that the true coordination number of bismuth nitrate extraction is 2, the solvent
slope-analysis method indicated that the ratio of the organic-phase activity coefficients was

approximately

( Ccf)‘”’o)2 = g olemro] , (6-8)

)
YE?(’(NO,);ZCMPO

where ® = —4.664 at 25°C and ® = -2.688 at 40°C.
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7. RECOMMENDATIONS

The work reported here provides a better understanding of the extraction properties of
CMPO. Most work reported in the literature is based on experiments with mixed CMPO-TBP
extractants, making analysis of the individual extraction equilibria unreliable. Reliable equilibria
data are important in the development of useful models to design extraction processes. The
equilibria constants and enthalpy of reaction data provided here on the extraction of nitric acid,
uranyl nitrate, and bismuth nitrate should be used in these models. These chemical properties will
be particularly valuable for modeling processes that operate at low nitric acid concentrations, such

as the stripping stages of a solvent extraction system. Calculations may be made with confidence

for processes operating between 25 and 40°C, and extrapolations near this temperature range are

likely to be fairly accurate.

Data already available on the mixed CMPO-TBP extractant should be reexamined to
ascertain the existence and magnitude of any synergism between CMPO and TBP with respect to
the extraction behavior of nitric acid, uranyl nitrate, and bismuth nitrate. Such a study will
ultimately result in improved models of processes using the mixed extractant.

Data on the activity coefficients of organic-phase CMPO species are needed. Results
reported in the literature show that the activity coefficients of the nitric acid—-CMPO complex in
toluene are lower than those of the uncomplexed CMPO. Based on the present study, the nitric
acid and CMPO form a 1:1 complex. An experimental program should be conducted to measure
the activity coefficients of these species in a n-dodecane matrix. More importantly, the activity

coefficients of a metal nitrate disolvate (preferably containing uranium) should be measured.

Based on the present study, it is likely that such a high-molecular-weight complex will exhibit

large deviations from ideality.
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9. NOMENCLATURE

Debye-Hiickel constant

Debye-Hiickel constant for activity coefficient, 0.511 kg* mol™* at 25°C
Debye-Hiickel constant for osmotic pressure

activity of a species

Or an anion

an arbitrary adjustable parameter

or a function in Pitzer’s model defined by Eq. (2-30)
a constant (found to be ~1.2 in Pitzer’s model)

an arbitrary adjustable constant

or a function in Pitzer’s model defined by Eq. (2-32)
molar concentration, mol/L,

or a cation

radioactivity count rate, dpm/mL

dielectric constant

or a distribution ratio

modified distribution ratio for solvent slope-analysis method, defined by Eq. (4-106)

symbol for an arbitrary extractant

function in Pitzer’s model defined by Eq. (2-28)

or the F-statistic

empirical equation to account for hard-core effects in Debye-Hiickel theory,
Eq. (2-29)

Gibbs free energy, cal/mol

or total Gibbs free energy in Pitzer’s model

or partial molar free energy if a subscript is used

function in Pitzer’s correlation defined in Eq. (2-36)

function in Pitzer’s correlation defined in Eq. (2-40)

enthalpy, cal/mol

or partial molar enthalpy if a subscript is used

number of waters of hydration

molal ionic strength, mol/kg

thermodynamic equilibrium constant (a function of temperature and pressure)

Boltzmann’s constant, 1.38045 x 107 erg/K

molecular weight

a cation

molal concentration, mol/kg of solvent
Avagadro’s number, 6.0232 x 10* mol™
number of moles

or number of data points

or the nth power

or the solvation number

pressure, atm (or bars, as indicated in the text)
number of parameters in a model

universal ideal gas law constant, 1.9872 cal/(molK)
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a reactant

ratio of activity coefficients of free CMPO and CMPO-nitrate complex
absolute temperature, K (or °C as noted)

coefficients describing temperature variation in Pitzer parameters

or arbitrary adjustable coefficients

volume, L

or partial molar volume when a subscript is used

an anion

mole fraction

or a general independent variable

a general dependent variable

ionic strength function defined by Eq. (2-33) (used in Pitzer’s method)
the charge number of an ion

or a specific stoichiometric coefficient

molar concentration of the chemical enclosed within the brackets

a parameter in Pitzer’s model

a parameter in Pitzer’s method

or the nitrate complexation constant

the activity coefficient

a change in the given value

electronic charge, 1.60206 x 107" coulomb or 4.8029 x 107! e.s.u.
second virial coefficients in Pitzer’s model (dependent on ionic strength)
chemical potential or partial molar Gibbs free energy, cal/mol

or third virial coefficients in Pitzer’s model (independent of ionic strength)

stoichiometric coefficient

or number of ions produced from a dissolved salt
ratio of circumference of a circle to its diameter , ~3.1415927
density of a material, g/mL or g/cm®

standard deviation defined by Eq. (5-3)

difference parameter in Pitzer’s model

the osmotic coefficient

or apparent molal quantity

scaled sum of errors squared, defined by Eq. (5-2)
difference parameter in Pitzer’s model

function defined by Eq. (4-18)

coefficient in solvent slope-analysis equation

Superscripts

,

(0)
(M

derivative

or indicates parameter modified to include nonideal effects
or a marker to indicate molar quantity

evaluated at a standard or reference state

identifier for coefficient in Pitzer’s model

identifier for coefficient in Pitzer’s model
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2 = identifier for coefficient in Pitzer’s model
(c) = concentration, or molar-based

ex = excess

® = mole fraction-based

Y =  activity-based Pitzer parameter

¢ = osmotic-based Pitzer parameter
Subscripts

- refers to anions

+ = refers to cations

+ = mean ionic or mean stoichiometric

0 = of, or related to, the solvent

a = an anion

a = an anion differentiated from a

ag = of, or related to, aqueous phase

B = bismuth, or related to bismuth

c = a cation

¢’ = a cation differentiated from ¢

D = related to distribution coefficient

f = fractional

H = nitric acid

i = counter or identifier for reactants or solutes
j = counter or identifier for solutes

M = cation of a salt

n a constant quantity (moles) of material

or an identifier for neutral solutes
n = neutral solute differentiated from n
stoichiometric ratio

nm =
org = of, or related to, organic phase

P = with respect to pressure or at constant pressure
ref = reference

s = value given by slope analysis

T = with respect to temperature or at constant pressure
Uu = uranium, or related to uranium

Vv = volume

vac = vacuum

X = anion of asalt

w = of, or related to, water
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A. Estimation of Pitzer Parameters for Bismuth Nitrate
No pure-component Pitzer parameters are available for bismuth nitrate [Bi(NO,),],
presumably because bismuth nitrate precipitates as basic bismuth nitrate [BiONO;] in pure water
and, thus, prevents measurements on the pure salt system. According to Weast (1972), bismuth

salts, in general, precipitate as the basic salt in water. However, bismuth nitrate dissolves readily
as the trinitrate form in aqueous nitric acid. Since bismuth nitrate exists in the aqueous nitric acid
waste solutions and it is desired that the extraction of bismuth nitrate by CMPO be measured and
modeled, estimates of the activity coefficients for bismuth nitrate in solutions containing it are
necessary. When the Pitzer model is used to compute such properties in multicomponent systems,
the need for Pitzer parameters is implied.

Rard et al. (1977) determined activity coefficients for aqueous rare-earth nitrates using the
isopiestic method. They observed that the activity coefficients at constant molal concentrations
(e.g., 1.0 m) formed an S-shaped curve when plotted vs the ionic radii of the cations. Shortly after
the appearance of this paper, Pitzer et al. (1978) reported Pitzer parameters for these trinitrates and
showed that the primary parameter, B%, formed an S-shaped curve when plotted against the ionic
radii of the cation. In an earlier paper, Pitzer and Mayorga (1973) found that the B’ parameter
varied linearly with B for 3-1 electrolytes. These observations indicate that the Pitzer parameters
for a homologous series vary regularly with the cationic radius, providing a means to estimate the
parameters for bismuth nitrate.

Pure-electrolyte Pitzer parameters and their first temperature derivatives as given by Pitzer
and coworkers (1978 and 1991) for the rare-earth nitrates are summarized in Table A.1. The ionic
radius of the fully ionized cation (charge, 3+) is also given in the table. As shown, the pw
parameter is constant, implying that the slope of the linear relationship to B@ is zero. Different

values of the Pitzer parameters for the rare-earth nitrates covering a greater concentration range
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are given by Kim and Frederick (1988). In their parameter set, B is not constant. As is the usual
case, the deviations from the data are greater when the range is larger; and since the ranges shown
in Table A.1 are adequate for the present study, those parameters will be used.

Since the value for 3B"/2 is the same for all the trinitrates shown in Table A.1, that value

was assigned for bismuth nitrate and entered into the last row of the table. Values of 3B®/2 are

plotted vs cationic radius in Figure A.1, and the expected S-shaped pattern may be observed. A
smooth curve was drawn through the data points. A value of 33®/2 was read from the curve at
an ordinate position of 0.960 A and assigned to bismuth nitrate (see the last row of Table A.1).
Although there was no precedent for doing so, a similar graphical construction, shown in Figure
A.2, was used to obtain a value of C? for bismuth nitrate.

Because it was expected that the parameters B and B would vary regularly with cationic
radius, it was anticipated that the temperature derivatives would also demonstrate similar regular
behavior. Figures A.3 and A.4 show the resulting plots, from which parameter values for bismuth
nitrate were selected. Again, for lack of another procedure, the temperature derivative of C? vs the

cationic radius was plotted in Figure A.5 as a means of estimating a value for bismuth nitrate.
Parameter values assigned to bismuth nitrate are shown in the last row of Table A.1.

It is likely that the above methods have produced only approximate values of the Pitzer
parameters for bismuth nitrate. There may be additional factors other than cationic radius, such
as electron shell configuration, that may influence these parameters. Errors in the primary
parameters are of greatest concern except at low concentrations where the model collapses to the
Debye-Hiickel limiting law. When the temperature range of interest is narrow, the first temperature
derivatives of the Pitzer parameters will have little influence on the performance of the model. For

the rare-earth trinitrates shown in Table A.1, Pitzer et al. (1978) note that a temperature change
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Figure A.1. Variation of B with ionic radius for rare-earth nitrates.
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Figure A.2. Variation of C° with ionic radius for rare-earth nitrates.
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Figure A.3. Variation of the temperature derivative of B with ionic radius for rare-
earth nitrates.

188



2.6

2.5-
2.4
2.3
2.2
2.1+

2.0 ]

3(3p"/2)/aT x 10°
O

1.9
1.8
1. 705

1.6 O

0.85 0.90 0.95 1.00 1.05 1.10
lonic Radius (A)

Figure A.4. Variation of the temperature derivative of B with jonic radius for rare-
earth nitrates.

189



1.5

1.0
(39 0.5-
x
b~
Q
Q 0.0
O
S -05-
-1.0- =S
a = =
'1.5 1 1 ] ]
0.85 0.90 0.95 1.00 1.05 1.10

lonic Radius (A)

Figure A.S. Variation of the temperature derivative of C* with ionic radius for rare-
earth nitrates.

190



of 25°C "causes less than a 1% change in B® or a 2% change in v, at 1 molal." Errors in the
temperature derivative of the parameters are likely to be insignificant.

Using the pure-component Pitzer parameters for bismuth nitrate, estimated as described
in the preceding discussion, activity and osmotic coefficients can be calculated as though the
material remains as the nitrate form in solution. No data on bismuth nitrate are available for
comparison, but the calculated values are shown in Figures A.6 and A.7. Also shown in

Figure A.6 is the Debye-Hiickel limiting law for a 3-1 electrolyte, which may be written as

ny, = -A6/3ym (A1)
where A = 1.1745 mol*/kg”, and
m = concentration of the electrolyte, molal.
Values for the limiting law computed from Eq. (A-1) were verified with the tabulated values of
Hamer (1968). Calculated activity coefficients for bismuth nitrate are different from the limiting

law by 10% or more when the concentration exceeds 0.0005 molal (i.e., an ionic strength of

0.006 m).
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Figure A.6. Estimated activity coefficient of aqueous bismuth(III) nitrate at 25°C, using
hypothetical pure-component Pitzer parameters.
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Figure A.7. Estimated osmotic coefficient of aqueous bismuth(III) nitrate solution at
25°C, using hypothetical pure-component Pitzer parameters.
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B. Estimation of the Apparent Molal Volume of the Bismuth Ion

The apparent molal volume (AMV) of bismuth(IIl) ion is not available in the literature,
but data have been reported for several other trivalent metals (see Table B.1). It was thought that
the AMV might vary regularly with either the ionic radius of the ion or the density of the pure
metal.

Examination of the data in Table B.1 shows that bismuth is more dense than all the other
elements listed there, implying an extrapolation to estimate the AMV of bismuth. In addition, the
AMYV of the ion does not vary regularly with the density of the element. However, if the AMVs

of the rare earths are plotted as a function of ionic radius, as in Figure B.1, a regular pattern

Table B.1. Apparent molal volumes, ionic radii, and densities of some metal ions at 25°C

Trivalent ~ Apparent molal volume* Crystal ionic radius® Density®
jon (cm*/mol) A (g/cm’)
Al —42.2 0.51 2.702
Fe —43.7 0.64 7.86
Cr ~39.5 0.63 7.194
Yb -44.22 0.858 6.977
Er —42.86 0.881 9.164
Ho -41.76 0.894 8.803
Dy —40.83 0.908 8.556
Tb —40.24 0.923 8.272
Gd —40.41 0.938 7.948
Sm —42.33 0.964 7.536
Nd —43.31 0.995 7.004
Pr —42.53 1.013 6.782
La -39.10 1061 6.194
Bi —-42.03¢ 0.960 9.80

g, J. Millero, "The Molal Volumes of Electrolytes," Chem. Rev. 71(2), 147-76 (1971).

bR. C. Weast, ed., CRC Handbook of Chemistry and Physics, 70th ed., CRC Press, Inc.,
Boca Raton, Fla., 1989, p. F-187.

‘R. C. Weast, ed., CRC Handbook of Chemistry and Physics, 53rd ed., CRC Press, Inc.,

Boca Raton, Fla., 1972, pp. B-62-B-156.
4G stimate based on variation with ionic radius.
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emerges. (The pattern is disrupted if aluminum, iron, and chromium, the other trivalent ions listed
in Table B.1, are included.) Straight lines were drawn between the data points, for convenience,
and a value of the AMV of bismuth was read from the graph corresponding to the ordinate value

of bismuth’s ionic radius. This result is included in the last row of Table B.1.
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C. Raw Data from Nitric Acid Extraction Experiments

The experimental data obtained on the extraction of nitric acid with CMPO is recorded
here. The analytical measurements include molar concentrations of nitric acid in each phase, some
values of the water concentration in the organic phase, and five measurements on the density of
the organic phase. Because the analytical method gives the concentrations in molar units, rather
than weight percent, for example, density measurements are not required for conversion of the
measured concentration to other units. The density of a solution of 0.20 M CMPO in n-dodecane
is, within the error of the measurement, the same as the density of pure n-dodecane, (i.e., ~0.750).

Data on the distribution of nitric acid between the aqueous-phase and organic solutions
of varying CMPO concentrations are given in Tables C.1 and C.2 for temperatures of 25 and

40°C, respectively. Distribution data on systems comprised of 0.20 M CMPO in n-dodecane and

aqueous solutions of varying nitric acid concentrations are listed in Tables C.3 through C.5. The

operating temperature is given as part of the table title.

Table C.1. Data from nitric acid extraction tests at 25°C and

0.25 M HNO,
Analytical results
Aqueous phase Organic phase
CMPO Sample HNO, Sample HNO,
(M) (M) (M)
0.200 D-15-01 0.254 D-15-02 0.017
0.100 D-15-03 0.257 D-15-04 0.008
0.100 D-15-05 0.257 D-15-06 0.0084
0.050 D-15-07 0.256 D-15-08 0.004
0.050 D-15-09 0.258 D-15-10 0.004
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Table C.2. Data from nitric acid extraction tests at 40°C
and 0.50 M HNO,

Analytical results

Aqueous phase

Organic phase

C?A/I;;O Sample }?:4())3 Sample H(I;%
0.200 D-16-01 0.522 D-16-02  0.044
0.100 D-16-03 0.519 D-16-04 0.021
0.100 D-16-05 0.521 D-16-06  0.020
0.050  D-16-07 0.518 D-16-08 0.010
0.050  D-16-09 0.522 D-16-10 0.010

Table C.3. Data from nitric acid extraction tests at 25°C and 0.20 M CMPO

Analytical results

Aqueous phase

Organic phase

HNO, HNO, HNO, H,0 Density
() Sample (M) Sample M)  (wt%) (g/ml)
0.0 0 D-0-01 00 <001  0.743°
0.0 0 D-0-02 00 <001 0753
0.0 D-1-01 D-1-02 <001 0765
0.0 D-4-01  0.002 D-4-02° <0.001 0.4
0010  D-4-03 0011 D-4-04°  <0.001 047
0020  D-405 0021 D-4-06° <0.001 0.18
0050  D-4-07  0.053 D4-08  0.002 026
0100  D-4-09  0.104 D4-10 0004 021
0200 D411 0206 D-4-12 0012 051
0250  D-4-13 0.252 D-4-14° 0.018 035
0300 D415 0302 D-4-16 0022 058 07544
0100 D601  0.102 D-6-02 0002 12
0200 D-603 0202 D-6-04 0014 7.8
0300 D-605  0.296 D-6-06 0024 0.62

“Pure n-dodecane; true density, 0.750 g/mlL.
*Pure n-dodecane contacted with water.
‘Overnight separation.
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Table C.4. Data from nitric acid extraction tests at 40°C and 0.20 M CMPO

Analytical results
Aqueous phase Organic phase
HNO, HNO, HNO, H,0 Density
(M) Sample (M) Sample (M)  (wt%) (g/mL)
0.0 D-3-01 0.010 D-3-02 0.001 0.21 0.757
0.020 D-3-03 0.046 D-3-04 0.001 0.15
0.100 D-3-05 0.116 D-3-06 0.003 <0.01
0.200 D-3-07 0.236 D-3-08 0.010 0.16
0.500 D-3-09 0.518 D-3-10 0.044 <0.01
1.0° D-3-11 0.938 D-3-12 0.091 0.02
2.0° D-3-13 0.830 D-3-14 0.081 0.02
3.0° D-3-15 0.910 D-3-16 0.086 0.05 0.763
0.200 D-7-01 0.200 D-7-02 0.010 0.38
0.500 D-7-03 0.508 D-7-04 - 0.042 043
0.762 D-7-05 0.756 D-7-06 0.062 043

*This concentration caused formation of a third phase, which occurred on the
first preequilibration. Water was added in 10-mL increments to cause back-extraction
and break the third phase. Measured concentrations in the aqueous phase were

expected to be lower than the initial concentration.

Table C.5. Data from nitric acid extraction tests at 50°C and 0.20 M CMPO

Analytical results
Aqueous phase Organic phase
HNO, HNO. HNO, H,0° Density”
Sampl 3 Sampl 3 2
(M) ampie o APy (wt%) (gnml)
1.0° D-12-01 1.00 D-12-02  0.054
2.0° D-12-03 1.85 D-12-04  0.146
3.0%¢ D-12-05 2.76 D-12-06  0.179
4,004 D-12-07 D-12-08

“Not measured at this temperature.

bSingle contact; no preequilibration. Measured aqueous concentrations were expected

to be lower than the initial concentration.

“Visual indication that a very small quantity of third phase may have been present.
4A slightly yellow third phase formed; sample was not analyzed.
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D. Raw Data from Uranyl Nitrate Extraction Experiments

Samples prepared to obtain equilibrium data for the distribution of uranyl nitrate between
an aqueous nitric acid phase and an organic CMPO-n-dodecane phase were analyzed by two
different techniques, radiocounting and ICP-MS. The radiocounting data are listed in Tables D.1
through D.10, and the ICP-MS data are summarized in Tables D.11 through D.13. The use of
these data to calculate distribution ratios and perform material balances is straightforward because
equal volumes of each phase were equilibrated in each test.

Radiocounting Data. The radiocounting data are recorded in Tables D.1 through D.10. The

tables list (1) the measured count rate of the uranium-bearing solution prior to phase contact,

(2) the count rates of both the aqueous and organic phases following equilibration, (3) standard
deviations in the measured count rates, (4) a uranium material balance, and (5) the value of the
distribution ratio. The measured disintegration rate in the radiocounting data is directly
proportional to the concentration of the uranium in the sample. At least two samples were
withdrawn from each phase of an equilibrated pair and used to compute an average count rate and
standard deviation in the count rate. The distribution ratio is calculated from the raw data by the
ratio of the organic-phase count rate to the aqueous-phase count rate. Because all the uranium in

the equilibrated pair was initially in one of the phases, a material balance may be represented by

agueous counts + organic counts (D-l)

mat bal = e
initial counts

and has a value of unity for a perfect balance. Deviations from unity, multiplied by 100, represent

the percentage error in closing the material balance.

ICP-MS Data. The ICP-MS data are recorded in Tables D.11 through D.13. Analysis by
this method is specific for ?*U; however, the concentration of uranium measured in these

particular samples is only proportional to the true molar concentration of uranium. This
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phenomenon occurs for two reasons: (1) a portion of the uranium in the samples was 2*U, which
was not detected; and (2) the samples had been prepared for radiocounting analysis by placing a
0.5-mL aliquot of equilibrated solution (either aqueous or organic) in 5.0 mL of liquid scintillation
fluid, thereby changing the concentration. Without corrections, the ratio of the measured organic-
phase uranium concentration to the measured aqueous-phase uranium concentration provides a
good estimate of the distribution ratio. In addition, any proportional bias in the measured
concentrations is eliminated when the ratio is calculated. The material balances shown in the tables

have been cormrected for both the dilution factor and the fraction of uranium present as 22U,
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E. Raw Data from Bismuth Nitrate Extraction Experiments

Laboratory data on the extraction of bismuth nitratce from nitric acid media by
CMPO-n-dodecane are listed in Tables E.1 through E.3. The data in Table E.1 were obtained
from experiments wherein the CMPO concentration is either 0.05 or 0.10 M and the nitric acid
and initial bismuth nitrate concentrations are fixed. Tables E.2 and E.3 contain data on extraction
by 0.20 M CMPO where the nitric acid and bismuth nitrate concentrations are varied. All
experiments were performed with equal volumes of each phase.

Concentration data in the tables are reported in units of mg/L for the aqueous phase and
pg/g for the organic phase. Both of these are concentrations of atomic bismuth. The few density

measurements made of the organic phase show that its density is close to that of n-dodecane.

Conversion of the organic bismuth concentrations to a volume basis (e.g., mg/L) only requires
multiplication by the density. For this purpose, the density of the organic phase was taken as
0.760 g/mL at 25°C and 0.753 g/mL at 40°C. Distribution ratios were then calculated as the ratio
of the organic-phase bismuth concentration to the aqueous-phase bismuth concentration. A material
balance was calculated by adding the concentrations in each phase and dividing the result by the
initial bismuth concentration. Values of unity represent a perfect balance.

Replicate measurements in the tables permit estimation of the standard deviation of the
distribution ratio. For those points for which there is no replicate, the standard deviation may be
estimated somewhat crudely. The estimate is based on the average relative standard deviation of

those points within the same series (e.g., D-10, which were all analyzed at the same time) for

which there are replicates. It is assumed that the relative standard deviation for a given series is
constant and that the standard deviation for a single point is estimated by multiplying the

distribution ratio by the average relative standard deviation of the series.

219



~Tw/3 866°0 Sem snosnbe Jo Asua(y,
"Juy3 G86°0 sem snoanbe jo Aysus(,
"W 1000 Jo uonenuaduod {(FON)Ig [eniut ue pue ‘ONH W 01'0 Suisn pouuopiad seam juswiradxe yoeg,

¥65°€ L96°0 8LLO 01T 80-¥1-d 0'bv 9600 JLOP1-A 00y 0500
S9LE 8560 012 90-¥1-d 0z 760°0 SO0-v1-d 00 0S0°0
TE'91 ¥66°0 092 #00°0 YO-v1-a 0Tl 960°0 £0-¥1- 00 001°0
¥6'91 0€0°1 0Lz $00°0 T0-v1-a 0Tl 960°0 10-v1-a 0°0p 0010
96°L1 8660 €PL0 092 80-€1-d 011 880°0 JLO-€1-a 06T 0500
Ly'91 €00°1 092 90-€1-d 0zl 760°0 S0-€1-a 0T 0500
9G¥ LEO'T 08T S00°0 Y0-€1-a 06'€ 2600 €0-€1-d 0'sT 001°0
79'CS 100°'1 0LT $00°0 70-€1-d 06'€ 760°0 10-€1-d 0z 001°0
oner ooueleq  (TuyB) (3/3r) ) opdures (/3w) 2y sidureg (D) )
uonnqmsIq  [enolRIN  Asus(q 1q ‘ONH 1q ‘ONH dwsy,  OdIND

aseyd opuesio

aseyd snoonby

s)jnsal1 [eonAjeuy

n02= W 0T°0 pPuB suonuvuadued QJJAD JUAIJIp 8 »5159) UOIORNIXD INEBINU YPNuIsiq oy vjeq ‘T°H 91q¢e],

220



“Tuy8 6660 Sem snoanbe Jo Lnsua(y,

9'pbl 0801 09L°0 06 0100 or-or-d or'e 010 .60-01-A 2000 001°0
(442! 790'1 08¢ 800°0 80-01-A 01°¢ 010  Lo-0I-d 7000 001°0
6'9¥1 790'1 062 900°0 90-01-Q 0S'1 00I'0  S0-0I-d 100°0 001°0
€851 860°1 0ST $00°0 #0-01-A 0ZL0 W10 €0-01-d 0000 001°0
oSt 8601 0S1 900°0 20-01-A 0SL'0 701°0 10-01-d $000°0 001°0
1'10€ 99L°0 012 $10°0 $0-8-a 0£S°0 070 £0-8-a 1000 0020
1°€9€¢ ¥8L°0 134 7100 20-8-d 060°0 72020 10-8-a 70000 0020
0°csI VAN 91 Z1-s-a 80°0 8L1°0 11-6-a $0000°0 0020
8'0v¥ LSO'Y 6C 01-s-a SO0 1020 60-5-a 10000 0020
LSIE $86°0 s 80--a £1°0 vLI'O L0-s-d 70000 0020
008¢ ¥60'1 0s1 90-s-A 0€0 7070 S0-s-d $000'0 0020
. S'8¢h ¥60'1 0St $0-6-a 920 0020 £0-5-d $000°0 0020
1°€Sh 0El'l (1] 6% 20-s-a 750 2070 10-5-d 1000 0020
oner ooueeq  (JuyB) (3/3r) . ) odueg (1/3w) ) aduieg . ncs . )
uonnqmisiq  [euoely  AisusQg q ONH 1q ‘ONH CoNg ONH
aseyd owedip aseyd snoanby

s)[nsal1 [eonAeuy

D,ST I 51593 UOHIEIIXD djENIU YPNwWSY Woy vjeq '7'F AEL

221



"€GL°0 Sem [nsax djeorday,
“Jwy3 10’1 sem snoanbe jo Ansus(,

"an[eA SIY) Uey) JOMO] Jeymawos A[qeqoid sem UOTIEIUSOUOD SILIU YINWSIG [eru],

$9'Le PI80  LTSLO 0011 €100 01-11-d 00'cC ¥01°0 460-11-d $00°0 001°0
6T°6¢ L3880 00c1 2100 80-11-Q 00°¢C ¥01°0 L0-11-a #5000 001°0
ET8Y 810’1 0LS 8000 90-11-d 06'8 <010 so-11-d 2000 001°0
[4: 44 690'1 062 900°0 ¥0-11-a o1°S 201°0 £0-11-d 100°0 001°0
LS'VY 8901 06T 900°0 w-1r-a 06'v 010 10-11-d 100°0 001°0
69¢C 68°1 00zt 0200 ¥i-6-d oL 0020 £l-6-d €000 0070
¥'S81 651°1 0091 0200 cl-6-d 059 0020 11-6-d $00°0 0020
L'991 er't 1143 ¢100 01-6-a oyl 0020 60-6-d 1000 0020
1991 L80'1 0sT 2100 80-6-d 0890 00Z°0 L0-67d $000°0 0020
6'1v1 £v6°0 0¢l1 C100 90-6-d 069°0 00Z°0 §0-6-d $000°0 0020
ULyl §T6°0 IS 0100 ¥0-6-d 0970 861°0 £0-6-d 0000 0020
9'0S1 £V6'0 9t 0100 20-6-d 0£1°0 1020 10-6-a 1000°0 0020
ol oouwuq  (Tw@)  (3/8M) W s WBw W g ") )
uonngmsiq  [eHelRI  AsueQ 'q ‘ONH 3 | *ONH “CoNtg ‘ONH

aseyd oruediQ

oseyd snoanby

sjnsal [eon3A[eUYy

Do0P 1€ 159} UOIIBIIXD LU YINWSIY WOy vjeq €'Y qe

222



—
e

11-15.
16.
17.
18.

19.
20.

42.
43.
44.
45.
46.
47.
48.
49.

50.

51
52.

53.
54.

55.

56-57.

VRN RA WD~

ORNL-6854

INTERNAL DISTRIBUTION

E. C. Beahm 21.

C. P. McGinnis
J. F. Birdwell 22. L. E. McNeese
E. D. Collins 23. G. W. Parker
J. L. Collins 24-26. K. E. Plummer
A. G. Croff 27. 1. D. Randolph
D. J. Davidson 28. J. C. Rudolph
B. Z. Egan 29-33. B. B. Spencer
D. D. Ensor 34. M. G. Stewart
L. K. Felker 35. J. S. Watson
J. N. Herndon 36. Central Research Library
R. T. Jubin 37. Y-12 Technical Library
L. N. Klatt Document Reference Center
L. M. Kyker 38. ORNL Patent Section
D. D. Lee 39-40. ORNL Laboratory Records
B. E. Lewis 41. ORNL Laboratory Records, RC
A. P. Malinauskas

EXTERNAL DISTRIBUTION

- L. A. Bray, Pacific Northwest Laboratory, M&CS Center—Chem PMC Systems Section,

Battelle Boulevard, P.O. Box 999, Richland, WA 99352

N. G. Colton, Pacific Northwest Laboratory, Battelle Boulevard, P.O. Box 999, MS P8-30,
Richland, WA 99352

T. A. Freyberger, Trevion II Building, 12800 Middlebrook Road, Germantown, MD 20874
S. M. Gibson, Trevion II Building, 12800 Middlebrook Road, Germantown, MD 20874

R. D. Korynta, Department of Energy, Oak Ridge Operations, P.O. Box 2001, Oak Ridge, TN
37831-8620

W. L. Kuhn, Pacific Northwest Laboratory, Battelle Boulevard, P.O. Box 999, Richland, WA
99352

G. J. Lumetta, Pacific Northwest Laboratory, Battelle Boulevard, P.O. Box 999, MS P7-25,
Richland, WA 99352

J. O. Moore, Oak Ridge Technical Program Officer, Department of Energy, Oak Ridge
Operations, P.O. Box 2001, Oak Ridge, TN 37831-8620

J. J. Swanson, Pacific Northwest Laboratory, Battelle Boulevard, P.O. Box 999, MS P7-25,
Richland, WA 99352

P. S. Szerszen, SAIC, 555 Quince Orchard Road, Suite 500, Gaithersburg, MD 20878

1. Tasker, Waste Policy Institute, 555 Quince Orchard Road, Suite 600, Gaithersburg, MD

20878-1437
T. Todd, Idaho National Engineering Laboratory, P.O. Box 4000, Idaho Falls, ID 83415

G. F. Vandegrift, Chemical Technology Division, Argonne National Laboratory, Argonne, IL
90439

Office of Assistant Manager, Energy Research and Development, DOE-ORO, P.O. Box 2008,
Oak Ridge, TN 37831-6269

Office of Scientific and Technical Information, P.O. Box 62, Oak Ridge, TN 37831

223




