
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Separation Science and Technology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713708471

Thermodynamic Modeling of the Extraction of Cadmium Nitrate by the
TRUEX-NPH Solvent
Luis Nuñeza; George F. Vandegrifta

a CHEMICAL TECHNOLOGY DIVISION ARGONNE NATIONAL LABORATORY, ARGONNE,
ILLINOIS

To cite this Article Nuñez, Luis and Vandegrift, George F.(1995) 'Thermodynamic Modeling of the Extraction of Cadmium
Nitrate by the TRUEX-NPH Solvent', Separation Science and Technology, 30: 18, 3455 — 3469
To link to this Article: DOI: 10.1080/01496399508015129
URL: http://dx.doi.org/10.1080/01496399508015129

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496399508015129
http://www.informaworld.com/terms-and-conditions-of-access.pdf


SEPARATION SCIENCE AND TECHNOLOGY, 30(1 B ) ,  pp. 3455-3469, 1995 

Thermodynamic Modeling of the Extraction of 
Cadmium Nitrate by the TRUEX-NPH Solvent 

LUIS NUNEZ and GEORGE F. VANDEGRIFT 
CHEMICAL TECHNOLOGY DIVISION 
ARGONNE NATIONAL LABORATORY 
9700 SOUTH CASS AVENUE, ARGONNE. ILLINOIS 60439 

ABSTRACT 

The TRUEX solvent extraction process is being developed to remove low con- 
centrations of transuranic (TRU) elements from high-level and TRU wastes cur- 
rently stored at US Department of Energy sites. Cadmium is an important constitu- 
ent of some of thehe wastes, especially at the Idaho Chemical Processing Plant. 
Cadmium distribution ratios were measured by using a radioactive Cd tracer under 
a variety of aqueous-phase compositions to elucidate the mechanism of cadmium 
extraction by TRUEX-NPH solvent at 25°C. A model for predicting cadmium 
distribution ratios was developed as a function of the thermodynamic activities 
of water and nitrate ion. The Generic TRUEX Model (GTM) was used to calculate 
these activities. The GTMs calculation of activity coefficients is based on a Brom- 
ley method. 

Key  Words. 
constant; Activity coefficients; Solvent extraction 

CMPO; TRUEX-NPH; Cadmium nitrate; Stability 

INTRODUCTION 

The TRUEX (TRansUranic Extraction) process is used to separate 
transuranic (TRU) elements from nuclear waste solutions (1-4). The 
TRUEX program at Argonne National Laboratory has focused on under- 
standing the TRUEX extraction chemistry ( 5 ,  6, 15-17) of waste streams 
at various US Department of Energy (DOE) sites. An important tool in 
this research is the Generic TRUEX Model (GTM), a thermodynamically 
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3456 NUNEZ AND VANDEGRIFT 

based model that is used to design TRUEX flow sheets for a variety of 
waste streams ( 7 ,  8). 

One of the DOE waste streams needing remediation is generated at 
Idaho National Engineering Laboratory (INEL) during the reprocessing 
of nuclear submarine fuel. This waste stream has a high ionic strength 
and high concentrations of cadmium and boron (both added as neutron 
poisons during fuel dissolution), as well as fluoride and zirconium. 

The high concentration of Cd" in the INEL waste stream could reduce 
solvent performance: solvent consumed in extracting cadmium is not 
available to extract TRU. Therefore, it is important that we understand the 
cadmium extraction mechanism so we can accurately predict the effects of 
solvent loading and design the TRUEX flow sheets accordingly (9). In 
this report we describe how the GTM has been used to derive a thermo- 
dynamically accurate extraction mechanism for a cadmium nitrate species 
Cd(NO3)..2CMPO in the TRUEX-NPH solvent. 

The TRUEX solvent is composed of 1.4 M tributyl phosphate (TBP) 
and 2.0 M octyl(pheny1)-diisobutylcarbamoylmethyl phosphine oxide 
(CMPO) in normal paraffinic hydrocarbons (NPH). The TBP in the solvent 
acts generally as a phase modifier to greatly reduce the propensity of the 
solvent to form a third phase. It  also acts in many cases as a secondary 
e xtractant . 

The behavior of cadmium in organic solvents is understood to some 
extent. The fluoride, chloride. and bromide salts of cadmium are generally 
nonextractable. The solvent extraction of cadmium into an organic solvent 
involves the solvation of a complexed anion, cation. or neutral salt into 
a water-immiscible phase by ion association, chelation. or solvation. In 
organophosphates (e.g. ,  di+-butyl phosphoric acid), however. the extrac- 
tion of cadmium is nonselective and is usually driven by ion association 
(10. I I ) .  In TBP systems, the extractability of cadmium fluoride is low 
( I2),  but chloride and iodide cadmium salts have produced ion-associated 
and chelated species such as CdC1,.2TBP, Cd12.2TBP, H2CdCI4.2TBP, 
HCdC13.3TBP, and many other species (13-17). In CMPO, little is known 
about cadmiurn extraction. In particular, extraction of cadmium nitrate 
with CMPO has not been reported. For nitrate species that are highly 
extractable, such as those containing Am3+.  Pu-". Np4+ .  and UO; +,  
there are well-established thermodynamic models based on the chemical 
equilibria of CMPO. TBP, and mixed CMPO-TBP complexes ( 2 , 6 ) .  How- 
ever. for nitrate species with low extractability in the TRUEX solvent. 
such as cadmium nitrate. thermodynamic models have not been ade- 
quately investigated. 

A mathematical model for the extraction of cadmium nitrate by the 
TRUEX-NPH solvent requires the collection of distribution ratios under 
a variety of aqueous-phase conditions and the determination of the  activity 
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EXTRACTION OF CADMIUM NITRATE 3457 

coefficient of water, hydrogen ion, and nitrate ion in high-ionic-strength 
solutions. The calculation of activity coefficients at high ionic strengths 
has been a major research interest for several years. The extended De- 
bye-Huckel equation for activity coefficients is only useful for ionic 
strengths less than 0. I molal, which makes it impractical for our research, 
which involves ionic strengths greater than 1 molal. Pitzer (18), Meissner 
(19), and others (20) have developed methods to determine activity coeffi- 
cients for pure and multicomponent systems by accounting for triple-ion 
interactions and other ion-neutral interactions. Pitzer's method is difficult 
to use for practical applications because many fitting parameters are re- 
quired and the availability of data is limited. A somewhat simpler approach 
to determining activity coefficients for high ionic strengths is based on 
the Meissner (19) and on the Bromley (21) methods, which have large 
existing databases (19). 

Distribution ratios and activity coefficients can be calculated by using 
built-in features of the GTM. This model uses activity coefficient values 
from the literature in a form to which the Bromley method can be applied. 
This model calculates the activities of {H+}, {NO;}, and {H1O} (where 
the braces, { }, symbolize activities). The GTM also calculates aqueous- 
phase speciation, extractant mass balance, concentration, and organic 
phase CMPO/TBP/HN03 speciation using solution thermodynamic prop- 
erties. 

Thermodynamically correct modeling based on chemical equilibria for 
nitrate species with low extractability in the TRUEX solvent has not been 
adequately investigated. Modeling based on the chemical equilibria of 
CMPO, TBP, and mixed CMPO-TBP complexes of highly extractable 
nitrate species such as Am3 + , Pu4+, Np4 + , and UO: + are well understood 
(2, 6). Thermodynamic modeling for nitrate species containing Cd and 
Zr (cladding component) in the TRUEX solvent has only recently been 
investigated. 

The TRUEX technology-base-development program at Argonne Na- 
tional Laboratory has focused on understanding TRUEX extraction chem- 
istry (15-17) of waste streams at various DOE sites. In this report, we 
describe how thermodynamic modeling has been used to derive an extrac- 
tion mechanism for a Cd(N03)2*2CMPO species in the TRUEX solvent. 

EX P E R I M E N TA L 

Extraction of Cadmium as a Function of HN03 
Concentrations 

The TRUEX solvent was prepared in normal paraffinic hydrocarbon 
solvent with a carbon average length of 13.4 (NPH, CIZ-Cl4. Conoco 
Chemicals) using CMPO that had been recrystallized (8) and TBP (Al- 
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3458 NUNEZ AND VANDEGRIFT 

drich Chemical Company, Gold Label). The purity of the constituents 
was confirmed by forward and reverse '''Am extractions at high and low 
nitric acid concentrations. The '4iAm concentration was measured by 
counting the 59 keV gamma ray with a sodium iodide detector. The distri- 

TABLE 1 
Cadmium Distribution Ratios and Initial Aqueous Concentrations of NaN03 and HNO3 

0 9.00E - 03 
0 4.95E - 02 
0 Y.80E - 02 
0 I .95E - 01 
0 3.20E - 0 1 
0 9.85E -01 
0 I .49E + 00 
0 I .98E + 00 
0 3.01E+00 
0 3.75E+00 

2.00E-02 3.18E+00 

I.00E-01 9 69E-02 
I.00E-01 4 92E-02 
1.00E-01 3 02E-02 
1.00E-01 1 13E-02 

3.00E-OI 9 80E-02 
3.00E - 01 4.24E - 02 
3.00E-Ol 3.01E-02 
3.00R - 01 1.14E - 02 

5.000-01 2.70E+00 
5.00E-01 9.79E-02 
5.00E -01 4.76E-02 
5.00E-01 3.07E-02 
5.00E -01 I .  11E -02 

1.00E+00 
l.OOE+W 
1 .OOE + 00 
1.00E+00 
I .OOE + 00 
I.OOE+OO 
I .ME + 00 
1 .WE + 00 
1.00E+00 

4.00E+00 
5.00E-01 
1.00E+00 
2.00E+00 
1 .WE - 01 

I .00E-01 
1 .WE -02 
5.00E-02 
3 .WE - 02 

1.64E - 05 
8.28E - 05 
6.97E - 05 
2.90E - 04 
7.90E-04 
3.33E-03 
4.40E - 03 
6.4lE -03 
6.86E - 02 
1.18E -01 

3.14E - 01 

2.83E -03 
2.28E -03 
2.35E-03 
1.51E - 03 

9.16E - 03 
1.04E - 02 
7.80E - 03 
8.45E-03 

7.52E-02 
I .6l E - 02 
I .47E - 02 
1.59E - 02 
1.70E - 02  

1.81 E - 0 2  
2.45E - 02 
2.12E-02 
I .78E - 02 
3.43E - 02 

3.38E -02 
3.83E-02 
3.42E-02 
3.64E - 02 

2.20E+00 

4.40E + 00 
4.40E so0 
1.40E +00 
4.40E + 00 
4.40E + 00 
4.40E + 00 
4.40E +00 
4.40E +OO 
4.40E + 00 

S.OOE+M) 
5.OOE +oo 
S.OOE+M) 
5.00E+00 

6.00E + 00 
6.00E +M) 

6.00E + 00 
6.00E + 00 

7.00E+00 
7.00E+00 
7 .OOE + 00 
7.00E+00 

8 .OOE + 00 
8.00E + 00 
8.00E+00 
8.00E + 00 

1 .OOE + 00 

3.00E + 00 
2.00E +00 
I .ME + 00 
5.OOE - 01 
I .WE - 02 
I .OOE - 0 1 
5.00E - 02 
3.00E -02 
I .OOE - 02 

8.83E - 02 
4.3.5E - 02 
2.85E - 02 
I .I3E - 02 

9.04E - 02 
4.48E -02 
2.94E - 02 
I .  12E - 02 

8.06E - 02 
4.18E - 02 
2.6lE - 02 
I .04E - 02 

9.26E-02 
4.67E - 02 
2.93E-02 
1.13E -02 

3.49E-02 

3.07E - 02 
4.14E-02 
7.62E -02 
1.61 E - 02 
9.41 E -01 
4.95E-01 
4.64E - 0 I 
4.91E-01 
3.94E -01 

9.448 - 01 
9.76E - 0 1 
9.65E - 01 
9.44E-01 

1.57E + 00 
1.97E + 00 
2.07E +00 
2.23E+00 

2.34E + 00 
2.74E + 00 
4.48E300 
4.27E + 00 

2.36E +00 
2.90E + 00 
3.12E + 00 
3.62 E + 00 
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EXTRACTION OF CADMIUM NITRATE 3459 

bution ratios (DAm = [Am],,,/[Am]a,) at both acidities were compared 
with those obtained for a TRUEX solvent previously studied. 

A series of 10 nitric acid solutions with concentrations ranging from 
0.009 to 3.94 M was pre-equilibrated with TRUEX-NPH (first 10 entries in 
Table 1) .  The pre-equilibration involves triplicate contact of the TRUEX 
solvent with fresh aqueous (acid) solution in a 1 : 3  organic to aqueous 
volume ratio. After pre-equilibration, the aqueous acid solutions were 
spiked with a ‘09Cd stock solution. The organic and aqueous solutions 
were mixed, placed in a thermostat-controlled bath at 25°C until equili- 
brated, removed, mixed again, and returned to the bath. This procedure 
was repeated twice. The organic and aqueous phases were separated and 
gamma counted on a Packard NaI crystal detector (Minaxi y Autogamma 
5000 Series) to determine the cadmium activity. The distribution ratios 
(Dcd = [Cd],,,/[Cd],,) were calculated. 

Extraction of Cadmium as a Function of HN03 
and NaN03 Concentrations 

The cadmium distribution ratios were also measured for given HNOJ 
NaN03 mixtures (Table 1). Acid solutions were prepared with salt concen- 
trations between 0.01 and 8 M NaN03.  All solutions were spiked with a 
“”Cd stock solution by using the procedure previously described, except 
without initial pre-equilibration of the organic solvent. 

All nitric acid concentrations were determined by potentiometric titra- 
tion of standardized NaOH using a Brinkman Titroprocessor 670. 

RESULTS AND DISCUSSION 

Extraction of Cadmium as a Function 
of HN03 Concentration 

The cadmium distribution ratios showed a linear increase as a function 
of nitric acid concentration in a log-log plot (Fig. 1). The least-squares fit 
converges to a power nitrate dependency, [NOT]”, where IZ = 1.64. The 
difference between 1.64 and the value of 2 expected for the extraction of 
a neutral cadmium nitrate species can be attributed to the nitrate activity. 
The distribution ratios ranged from 1.64 x lo-’ for 0.009 M HN03  to 
0.12 for 3.99 M HN03 .  These results can be compared with those obtained 
in a partitioning study (22) of cadmium in mixed fluoride and nitrate solu- 
tion from a synthetic INEL waste stream with 0.1 M CMPO and 1.4 M 
TBP. Within the acid region of 0.1 to 10 M HN03 ,  DCd values of a0.002 
were obtained: no significant cadmium extraction was observed. This re- 
sult can be attributed to the high concentrations of fluoride and extractable 
metals. 
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1 o - ~  

I . ' ' . " ' I  

A 
A 

r 
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0 0.1 1 10  

M W0.J 

FIG. I Cadmium distribution ratio as a function of nitric acid Concentration for pre-equili- 
brated TRUEX-NPH and ' T d  at 25°C. 

Extraction of Cadmium as a Function of HN03 
and NaN03 Concentrations 

The addition of a nonextractable salt such as sodium nitrate results in 
a salting-out effect. Increasing the aqueous-phase concentration of the 
salt has two important effects: 1 )  i t  decreases water activity and 2 )  i t  
provides a common-ion effect to promote the extraction of Cd(NO?)2. 
changing the {NOT} while having only a minimal effect on the {H+}. The 
GTM accounts for most of the principal nonaqueous acid complexes 
(HN03 ,  CMPO, TBP). The effect of nitric acid addition is shown in Figs. 
2 and 3 .  in hhich the nitric acid concentration is given as the aqueous- 
phase concentration before contact with the TRUEX solvent (0-1 M in 
Fig. 2 ;  4.4-8 M in Fig. 3 ) .  

The cadmium distribution ratio increases with increasing nitrate ion 
concentration. For NaNOl concentrations greater than 1 M (Fig. 3), the 
distribution ratios decrease slightly with increasing nitric acid concentra- 
tion. For NaNO? concentrations greater than 5 M, the distribution ratios 
are greater than 1. 

Both the acid and the salt concentration were varied in three data points 
to maintain the total nitrate ion concentration at 3.14 M. These data points 
show significant changes in distribution values as a function of acid con- 
centration. 
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; 0.1 
a: 

5 0.001 

1 o - ~  B 

._ 
E 
D 

'..I -- ' ".' .I  ' - ' " 

0 
A 8," 4 

P A  
t *+ 0 .  

A 

* *  
* , . . ..... I . . . ..... I . * ... 

0 

0 

A 

A 

no salt 

0.1 M W 3  

0.3 M "03 

0.5 M W3 
1.0 M W3 

1 o - 2  10' '  1 oo 10' 
M IHw3 1 

FIG. 2 Cadmium distribution ratio at 25°C as a function of nitric acid concentration and 
sodium nitrate concentrations from 0 to 1 M .  

Determining Stability Constant and TRUEX-NPH 
Chemical Equilibria 

The first step in developing an extraction mechanism for cadmium ni- 
trate in TRUEX-NPH is normalizing the DCd values by expressing the 

'I 0 

0 

ii 
IT 

.- 

c 1  
._ - 
3 
0 

5 
- 
M 

.$ 0.1 
E 
'13 

d 

0.01 

+ 

1 o - ~  1 o-2 10" 1 oo 10' 
M w 0 3 1  

+ [NO3-] = 3.14 
A 4.4 M W3 

0 5.0 M W3 
A 6.0 M W3 
0 7.0 M W 3  

0 8.0 M W g  

FIG. 3 Distribution constants of cadmium at 2S"C as a function of nitric acid concentration 
and sodium nitrate concentrations from 4.4 to 8 M .  
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3462 NUNEZ AND VANDEGRIFT 

concentrations of the aqueous species in terms of individual activities. 
For the nitric acid and salt concentrations, it is possible to determine the 
activities at 25°C by using the GTM activity coefficient feature, which is 
based on the Bromley method (91) as described below. 

Bromley's equation for multiple and single ion activity in a mixed elec- 
trolyte solution is expanded below (variables are identified after Eq. 5): 

( 1 )  
- A Z I Z ~ ~ ~  711FI + 712F2 + 

i l l  + 1'2 I + $  log TI2 = 

The F terms are defined as the following: 

Fl = ( Y 1 2  log y92 + YI4 log y:j + ... + Yl, log $,I 
( 2 )  

- (ZIZ2YI2 + ZIZjYlj + ... + ZIZ,Y],)  
A S I  

I + \'I 
+- 

where 

and A = Debye-Huckel constant, 0.5108 kg"'.moV at 25°C 
I = I, , ,  (ionic strength) 
y I 2 .  y,, = activity coefficient, molality scale 
7 1 1 ,  7 ' 2  = stochiometric coefficients 
Z, ,  Z, = absolute value of ionic charge 
m,, m, = rnolality 
i = ( 1 ,  3, 5 ,  . . .): cationic species 
j = ( 2 ,  4, . . .); anionic species 

The terms in Eqs. ( 2 )  and (3) refer to the stochiometric activity coeffi- 
cients of the pure solution of the electrolyte ij at the ionic strength of the 
mixed solution at 25°C. The yz values were obtained from literature and 
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EXTRACTION OF CADMIUM NITRATE 3463 

fitted with the following equation: 

- AZjZj $' 
l o g 4  = 1 + B J  + p i  + CIZ + 0 1 3  + E I ~  + ... (6) 

where B ,  p, C, D ,  and E are constants, and the ionic strength, Z, assumes 
complete dissociation ( 5 ) .  

The activity coefficient of a single-component electrolyte solution was 
determined as follows: 

- A Z f $ I  
l + $  + F i  log yi = 

-AZ,f $' 
log yj = l + $ + F j  

(7) 

The water activity of a single-component electrolyte solution ( a t )  was 
calculated from the component's osmotic coefficients ($1 as shown in Eq. 
(9) (similar expressions can be derived for multicomponent solutions): 

- 241 
55 .5  1 O(2.303ZiZj) log a% = (9) 

where the osmotic coefficient of the single-component electrolyte solution 
was fitted with the following equation: 

AZ;Zj + = 1 - 2.3025 [TI [ 1 + BI'/2 - 4.605 log(1 + BPI2) - I + Bll,2 

4 013 + ~ 1 4  + ... 1 2  
2 3  4 

- p -  + -CI' - - 
(10) 

By using the method presented above, the GTM calculates individual ac- 
tivities. In the present case, the GTM used the initial aqueous acid and 
salt concentrations and the measured values of DCd, and calculated the 
equilibrium concentrations of the nitric acid (after taking into account the 
acid complexation with TBP and CMPO), amount of CMPO and TBP 
available, and activities of H 2 0 ,  and NO;. These results (Table 2) were 
used to derive the extraction equilibria, as described below. 

The next step in deriving the extraction mechanism was determining 
the power nitrate dependency. In Fig. 4 the distribution ratios are plotted 
as a function of nitrate activities. Only the sodium nitrate concentrations 
from 0.1 to 8 M were included in Fig. 4. High nitric acid concentrations 
were excluded because the { H + }  for high acid concentrations were not 
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3464 NUNEZ AND VANDEGRIFT 

TABLE 2 
Activitieh and Concentration5 Determined by the GTM 

Organic phase 
Aqueous phase (pre-equilibrated) (pre-equilibrated) 

Measured [NaN031 [HNOqI 
Dc d tM) (MI {NO;} {HZO) CMPOfrcc TBPfree 

I .64E -05 0 9.000E - 03 
8.28E-05 0 4.950E - 02 
6.97E - 05 0 9.800E - 02 
2.90E-04 0 I .954E - 01 
7.90E - 04 0 3.2OZE - 01 
3.33E - 03 0 9.850E -01 
4.40E -03 0 I .487E + 00 
6.41E-03 0 1.984E + 0 
6.86E - 02 0 3.008E+00 
I . l8E -01 0 3.994E + 00 
2.83E-03 9.98OE-02 7.851E-03 
2.28E - 03 9.980E - 02 2.293E - 02 
2.35E-03 9.98OE-02 3.728E-02 
l.5lE-03 9.980E-02 7.072E-02 
9.16E - 03 2.994E - 01 5.900E - 03 
1.04E -02 2.994E -01 I .747E -02 
7.80E - 03 2.994E - 01 2.877E - 02 
8.45E-03 2.994E-01 5,602E-02 

I .6  I E - 02 4.697E - 03 
I .47E - 02 I .402E - 02 
I.59E-02 4.9WE-01 2.326E-02 
I .70E -02 4.9WE - 01 4.603E -02 
9.44E -01 9.980E -01 ?.9lSE -03 
9.76E -01 9.980E-01 8.815E -03 
9.65E -01 9.9XOE -01 I .48l E -02 
9.44E - 0 1 3.0 15E - 02 
3.49E - 02 2.196E + 00 2.481 E - 01 
7.52E-02 2.695E+00 7.097E-02 
3.14E-01 3.174E +00 1 . 1  l6E-03 
9.4lE -01 4.391E+00 2.410E-04 
4.9lE -01 4.39lE + 00 7.546E- 04 
I .62E -02 4.39lE + 00 I .3 l  IE  -03 
1.62E-02 4.391E+00 2.903E-03 
7.62E -02 4.39IE+00 I .  l36E -01 
4.14E - 02 4.391 E + 00 4.754E - 01 
3.07E - 02 4.391 E + 00 9.946E - 01 

9.44E - 01 4 . W E  + 00 1.630E - 04 
9.76E - 0 I 5 .  I I 2E - 04 
9.65E-01 4.990E+00 8.904E-04 
9.44E-01 4.990E~t-00 1.985E-03 

4.9')OE - 0 I 
4.9WE - 01 

9.98OE - 0 I 

4.9YOE + 00 

8.706E-04 1.000E+00 
4.084E-02 9.983E-01 
7.701 E - 02 9.967E - 01 
1.464E-01 9.934E-01 
2.691E-01 9.874E-01 
7.405E - 01 9.643E -01 
I .?06E + 00 9.43lE -01 
1.757E+00 9.201E-01 
3.245E+00 8.673E-01 
5.234E+00 8.111E-01 
8.199E - 02 9.964E - 01 
9.256E - 02 9.959E - 01 
I.026E-01 9.954E-Ol 
I.256E-01 9.943E-01 

3.061 E - 01 9.901 E - 01 
2.135E-01 9.898E-01 
2.208E-01 9.894E-01 
2.384E - 01 9.885E - 01 

3.175E-01 9.840E-01 
3.233E - 01 9.837E -01 
3.291E-01 9.834E-01 
3.436E-01 9.826E-01 
5.680E-01 9.688E-01 
5 .7 18E - 01 9.686E - 01 
5.756E -01 9.6848 -01 
5.855E-01 9.679E-01 
1.282E+00 9.228E-01 
1.353E+00 9 . w E  -01 
l.489E+00 9.039E-01 
1.959E + 00 8.672E - 0 I 
1.959E+00 8.672E-Ol 
I .960E + 00 8.67 I E - 0 I 
I .961 E + 00 8.670E - 01 
2.063E+00 8.61SE-01 
2.426E + 00 8.426E -01 
3.042E + 00 8.133E -01 

2.198E+00 8.480E-01 
2.198E +00 8.480E -01 
2.198E+00 8.480E-01 
2.199E+00 8.479E -01 

~~ 

2. OOOE - 0 I I .400E + 00 
1.980E -01 I .396E +00 
1.930E-01 I.388E+OO 
I .775E -01 1.358E +00 
I .434E - 01 I .276E + 00 
6.158E- 02 9.215E -01 
3 . 3  17E - 02 6.8098 - 01 
1 ,898E - 02 5.043 E - 01 
6.343E - 03 2.744E - 01 
2.128E-03 1.53 I E - 01 

I ,9948 - 01 1.399E + 00 
1.980E - 01 1.397E + 00 
I .965E -01 1.394E +00 
I .92 I E - 01 1.3868 + 00 
l.989E-01 1.398E+00 
1.967E-01 1.394E+00 
I ,945 E - 0 I 1.390E + 00 
I .889E - 01 I .38OE + 00 
1.987E-01 1.398E+00 
I .96OE - 01 I .393E + 00 
I .934E - 01 I .388E + 00 
1.87lE -01 I .376E +00 

1.985E -01 1.397E +00 
1.954E-01 1.392E +00 
I .925E -01 1.3878 +00 
1.852E-01 1.373E+00 
8.390E-02 1.052E+00 
1.316E-01 l.242E +00 
1.978E - 01 1.396E + 00 

1.992E-01 1.399E+00 
I .975E - 01 1.396E + 00 
1.957E - 01 1.392E + 00 
1.907E-01 1.383E+00 
8.016E-02 1.033E+00 
2.889E-02 6.333E--01 
1.249E - 02 3.9978 - 01 

I .993E-01 I .3WE+00 
1.978E-01 1.3966+00 
I .963E - 0 I I .394E + 00 
1.920E-01 1.386E+00 
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EXTRACTION OF CADMIUM NITRATE 3465 

TABLE 2. Continued 

Aqueous phase (pre-equilibrated) 
Organic phase 

(pre-equilibrated) 

Measured [NaN03] IHNO3I 
Dcd (MI 0 4 )  {NO<_) W2O} 

1.57E+00 5.988E+OO 8.281E-05 2.6828 +00 8.094E-01 
I .97E +00 5.988E +00 2.605E -04 2.682E + 00 8.094E -01 
2.07E +00 5.988E +00 4.551E -04 2.682E +00 8.094E -01 
2.23E +00 5.988E +00 I .021E -03 2.683E +00 8.093E - 01 

2.34E + 00 6.986E + 00 3.658E - 05 3.5 19E + 00 7.485E - 01 
2.74E +OO 6.986E +00 1.153E -04 3.519E +00 7.485E -01 
4.48E+OO 6.986E+OO 2.02OE-04 3.519E +00 7.485E-01 
4.27E+00 6.986E+00 4.559E-04 3.520E+00 7.485E-01 
2.36E +00 7.984E +OO I .  112E -05 5.608E +00 6.377E -01 
2.90E + OO 7.9848 + 00 3.5 14E - 05 5.608E + 00 6.377E - 0 1 
3.12E+OO 7.984E + 00 6.163E - 05 5.608E+OO 6.377E- 01 
3.62E +00 7.984E +00 1.401 E -04 5.608E + 00 6.377E - 01 

1.995E - 01 
1.984E - 01 
1.972E - 01 
1.939E - 01 

1.996E - 01 
1.9898 - 01 
1.98 I E - 0 I 
I .957E - 01 

I ,9988 - 0 I 
1.994E - 01 
1.989E - 01 
1.975E-01 

1.3998 + 00 

1.395E + 00 
1.3896 + 00 
I .399E +00 
1.3988 +00 
I ,3976 +00 
I .392E + 00 
I ,4008 + 00 
1.399E + 00 
1.3988 + 00 
I ,3968 + 00 

1.397E + 00 

accounted for in the extraction model. Two general features can be ob- 
served in this plot of the distribution ratios. 1) The best least-square power 
fit of {NOT)" was n = 1.98 ( R  = 0.78). Even with the large scattering, 
this value is close to the expected value of 2 for extracting a neutral 
cadmium nitrate species. 2) All of the distribution ratios generally con- 
verged onto one curve because the activity coefficients were independent 
of the ionic strength. 

1 

0.01 

1 o - 6  

I n-*  
.. 1 0 ' ~  0.001 0.01 0.1 1 10 

INOg-I 

FIG. 4 Relationship of cadmium distribution ratio to nitrate activity 
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3466 NUNEZ AND VANDEGRIFT 

Next, we determined the contribution of CMPO, TBP, and {H20} to 
the thermodynamic model. The measured distribution ratios (Table 1) 
were fitted to the following chemical equilibria for cadmium nitrate in the 
organic and aqueous phases. 

Aqueous phase: 
PI 

Cd’+ (Hz0)4(;iq) + NO< Cd(NO3) + ( 1  1) 

Organic phase: 
K I 

Cd2+(H20)4(aq) + ’NO< + 2CMPO G Cd(NO-()2’2CMPO + 4H20 

(12) 

where K ,  and PI are equilibrium constants relationship shown in Eqs. 
(11) and (12). 

The waters of hydration for cadmium can vary from I to 6 in inorganic 
salts (23). For the hydrous cadmium nitrate salt. the hydration number is 
4. which agrees with the number of water molecules in the organic phase 
determined in the thermodynamic model. Chelation excludes inner-sphere 
water molecule coordination by stabilization from the strong extractant 
(CMPO). Commonly known TBP cadmium complexes arc formed at high 
ionic strength by ion association or outer-sphere coordination and com- 
plexation of neutral hydrated species (13, 14). while our data support a 
dehydrated cadmium nitrate complex with two CMPO molecules. Experi- 
mentally, it has been found that neutral extraction from nitric acid by 
TRUEX involves one, two, or three CMPO molecules (24, 25). 

In our graphical analysis (using an Excel-solver and KaleidaGraph pack- 
age), we evaluated many possible chemical equilibria scenarios with H 2 0 ,  
CMPO, or TBP, or mixtures of each, in the organic phase. However, none 
of these analyses gave a better least-square f i t  than the simple 
Cd(N03)2.2CMP0 complex and the cadmium nitrate cation species. 

For the chemical equilibria in  Eqs. ( I I )  and (121, the distribution ratio 
for cadmium nitrate is defined by 

By using Eq. (13) the equilibrium constant for thc cadmium nitrate 
CMPO complex and the cation stability constant cadmium nitrate can be 
determined simultaneously. A plot of Dcd versus {NOT} (Fig. 4) to deter- 
mine the least-square fit of this function gave the values of K I  = 3.31 and 
PI = 0.59. 
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1 0  

0.1 

m - 
0" 0.001 

1 o - ~  

1 o - ~  
10.' 10' 

003 

FIG. 5 Comparison of the calculated and measured cadmium distribution ratios. 

Thus Eq. (13) takes the form 

3.3 1{NO; }2[CMPO]2 
Dcd = {H20}4( I + 0.59{NO<}) 

Distribution ratios calculated from Eq. (14) (Dcd-calc) are compared to 
the measured values in Fig. 5. The plot shows a fair correlation at both 
high and low distribution ratios. The points with some scatter are for low 
nitrate concentrations. Despite this scatter, the general trend of the data 
points is followed. These data give P I  values within the range of values 
found in determinations. These previous determinations of P I  were ob- 
tained by conductivity (26),  polarography (27), and other methods (28, 
29), and gave values between 0.62 and I .29. 

CONCLUSIONS 

The distribution ratio measurements of cadmium radioactive tracer with 
HN03/NaN03 mixtures allowed the determination of the TRUEX solvent 
extraction mechanism for a cadmium nitrate complex with two CMPO 
molecules. In addition, the P I  for a cadmium nitrate cation was determined 
and found to be in reasonable agreement with the values of PI obtained 
by other experimenters. The incorporation of this cadmium extraction 
mechanism into the GTM permits the design of flow sheets for INEL 
waste streams. Similar techniques of thermodynamic modeling can be 
applied to enhance the GTM database for dealing with other real waste 
solutions. 
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