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It is well known that cesium extraction from acidic media by HCCD proceeds through a liquid-
liquid ion exchange extraction mechanism. Four data sets with 25 experimental measurements of
Cs distribution ratios, D¢ = [Cs]or,/[Cslag, at a variety of initial conditions (various concentrations
of [HCCD] and [HNQs]) have been modeled using the SXLSQI computer program developed at
ORNL. The SXLSQI program was used in this analysis to help elucidate the general chemical equi-
libria operative in the extraction of Cs" into an organic phase comprised of HCCD in FS-13. The
experimental data sets are best modeled with four chemical equilibria (T = 25°C). The equilibrium
constant for the primary exchange reaction of log K, = 3.07 is in excellent agreement with values
reported in the literature of log K., = 3.00 for the HCCD/nitrobenzene system. In general, the equi-
libria representing the mechanism of Cs extraction by HCCD are consistent with earlier literature
reports, albeit derived by different experimental and modeling schemes.

1 Introduction

It is now three decades since the initial study of alkali metal extraction by metal
bis(dicarbollide) anions was first published [1], and a wealth of excellent scientific infor-
mation has accumulated related to the extraction chemistry of these unique anions. The
hexachlorinated derivative of the cobalt bis(dicarbollide) anion [(8,9,12-Cl;-C,BgHg),-3-
CoJ", (CCD"), typically in the acid form (HCCD), is particularly well known to have a
high affinity and selectivity for Cs in nuclear applications. The early pioneering efforts
on dicarbollide chemistry where performed by the Nuclear Research Institute and the
Institute of Inorganic Chemistry at Rez, Czech Republic. Numerous collaborative efforts
further enhanced the understanding and development of anionic cobalt bis(dicarbollide)
with synergistic additives for the simultancous, efficient recovery of Cs and Sr. These
efforts are described and reviewed in the recent literature [2]. Recent collaborations
between Russian and US researchers expanded the use of HCCD in the Universal
Extraction (UNEX) process. Initially developed for the treatment of acidic aqueous
radioactive wastes, the UNEX process simultaneously extracts Cs, Sr, actinides (An), and
lanthanides (Ln) by incorporating neutral extractants, diphenyl-N, N-diisobutylcar-
bamoylmethylphosphine oxide (CMPO) and PEG-400, with HCCD in the diluent
phenyltrifluoromethyl sulfone (FS-13) [3-5]. More recently, the experimental work
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focused on understanding the organic phase complexes and structures responsible for Sr
extraction by the synergistic effects of PEG-400 and HCCD in FS-13 [6]. The current
work expands previous studies since FS-13 is not an extensively studied diluent.

Our experimental observations indicate that multiple chemical equilibria are involved in
Cs extraction and activity effects are significant for concentrations greater than 1 M HNO;.
This level of complexity requires the use of a computer program, SXLSQI [7-9], which has
the capability to calculate quantities such as distribution coefficients, organic phase concen-
trations, osmotic coefficients, absorbance data, and Karl-Fisher data based on the initial con-
ditions and concentrations of all reagents. The calculated values and experimental data are
compared through an agrecment factor that reflects the goodness of the fit. Activity coeffi-
cients in both organic and aqueous phases are taken into account. The main inputs are the
product species assumed formed during extraction. The stoichiometry is fixed by the user
and the formation constants for the species are changed automatically by the program to
improve the agreement factor. Multiple product species can be considered at the same time.

2 Experimental

The Cs salt of chloro-protected cobalt bis(dicarbollide), Cs™[(8,9,12-Cl5-C,B¢Hg),-3-
Co]” (CsCCD) (Katchem, ReZ, Czech Republic) was used as received. A concentrated
stock solution was prepared by dissolution of the CsCCD salt in FS-13 (Vekton, St.
Petersburg, Russia). This stock solution was converted to HCCD by repeated (4-5) batch
contacts with equal volumes of 4 M HCIO,. This stock solution, nominally at 0.25 M
HCCD, was diluted and used in subsequent extraction experiments. The HCCD concen-
tration in the organic phase is determined by potentiometric titration with standard base
assuming formation of the 1: 1 H": CCD™ complex.

Distribution ratios (D = [Metal],, / [Metal], ) were measured by equilibrium batch con-
tacts between the organic and aqueous phases at a volume phase ratio of unity (O/A = 1). The
aqueous phase was of the appropriate HNO; concentration and spiked with *’Cs in trace
quantities (typically, less than 10~” M). In all cases the organic phase was pre-equilibrated by
three contacts with fresh HNO; of the appropriate concentration, followed by contact with
the aqueous phase containing traces of '*’Cs. Phase contact was by vortex mixing for one
minute, phase separation by centrifugation, and distribution ratios determined by y-spec-
trometry.

3 Results and Discussion

While the physical chemistry of Cs extraction by HCCD is described in the literature and
is rather well understood, it cannot be simply explained via slope (log-log) analysis [10].
Indeed, the slopes of the lines representing the dependence of Cs™ extraction with nitric acid
concentration are steeper than anticipated for simple monovalent cation exchange where one
proton is released into the aqueous phase. During the course of our research, numerous val-
ues of D¢, have been experimentally measured as a function of initial HNO; concentrations
for a wide variety of HCCD containing organic phases. Cesium distributions vs. [HNO; ] iai
were measured with organic phases comprised of HCCD in conjunction with a variety of
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synergistic extractants such as PEG-400, CMPO, or tetrabutyl-2,6-pyridinedicarboxyl-amide
(TBDPA) for the simultaneous extraction of cations such as Sr, An, or Ln. A series of differ-
ent organic diluents were also studied. A sample of 10 such data sets are indicated by the
experimental results shown in Fig. 1 and the associated experimental conditions and results
of linear regression (log—log) analysis are listed in Table 1.

Table 1. Organic phase compositions and linear regression results from slope analysis.
(Experimental data are presented graphically in Fig. 1)

Data | [HCCD] [Complexant] Diluent Linear Regression B
set M) M) Slope Correlation, 1%,
(exp. points)
1 0 - FS-13 +1.10 0.9999 (3)
2 0.1 - FS-13 -1.27 0.991(7)
3 0.0001 - FS-13 -1.36 0992 (11)
4 0.06 - FS-13 -1.73 0.995 (4)
5 0.059 - nitrobenzene -1.78 0.995 (4)
6 0.068 0.03 M PEG-400 nitrobenzene -1.69 0.994 (4)
7 0.06 0.03 M PEG-400 FS-13 -1.63 0.990 (4)
8 0.02 8:8(1)2MMT}};%(§’-:00 FS-13 -1.48 0.971(7)
9 0.05 0.05 M TBDPA FS-13 -1.46 0971 (3)
10 0.05 0.05 M CMPO FS-13 -1.48 0.973 (3)
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Fig. 1. Cs distribution ratios as a function of the initial nitric acid concentration for a variety of
organic phases containing HCCD. Refer to Table 1 for organic phase compositions and results of
linear regression analysis. Aqueous phase: Cs in traces, varying [HNO;]. O/A =1 and T = 25°C.
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The primary observation in Fig. 1 and Table 1 is the excellent linearity indicated by the
correlation coefficient, r?, (’=I is a perfect linear fit) and very consistent agreement
between the linear slopes for the various data sets. The notable exception is data set 1, col-
lected for pure FS-13 diluent devoid of HCCD; however, this data set is important for mod-
eling considerations (vide infra). More importantly, for the remaining data sets the slope is
always less (or greater in absolute value) than the theoretical value of -1, and is typically
near -1.5. This observed slope of approximately -1.5 has been consistently observed in all
of the systems experimentally studied. The objective of this work was to provide addition-
al insight into this unpredicted anomaly of classical slope analysis. Note that only the first
four experimental data sets were modeled; these are the only data sets containing only
HCCD and FS-13 and are uncomplicated by the addition of other synergistic extractants.

The experimental results in data sets | through 4 was modeled with SXLSQI, which
uses the Pitzer treatment to account for the non-ideality of the aqueous phase. Hydration
of HCCD in the organic phase was also taken into account. Karl-Fisher titrations of the
organic phase indicated that the water content remains approximately constant and agree
with literature data indicating the hydration number of HCCD is ~5.5 [11].

In order to model the experimental data, the participation of FS-13 in the overall Cs
extraction was first determined by measuring of D¢, in the absence of HCCD (data set 1).
There is a clear dependence D¢ with NO;3™ concentration, suggesting formation of an
ion-paired cesium-nitrate complex in the organic phase:

Cs™ + NO; «= CsNO, log K, =-3.15 +0.03 @)

It is well known that Cs extraction in the presence of HCCD occurs primarily via
cation exchange. At high concentrations of HCCD and HNOs, it is reasonable to expect
the species are associated and Cs is extracted as follows:

Cs* + HCCD «*— CsCCD +H" log K, =3.07 £0.09 (2)

Note that using only the above two equilibria, the experimental results obtained at
higher HCCD concentrations (0.1 M and 0.06 M HCCD) were adequately modeled while
the results obtained at low (0.0001 M) HCCD concentration were overestimated (not
shown). It was anticipated that at lower HCCD concentrations, dissociation occurs and
the following equilibrium should also be included in the model:

Cs* +H +CCD™ «%5 Cs* +CCD™ +H'  logKs=1.54+0.35 (3)

The presence of the CCD™ anion is included in (3) to reflect dissociation in the organ-

ic phase, and is not included in the expression of K;. Equilibrium 3 indicates the
exchange of the HCCD proton for cesium in the organic phase and the following equi-
librium indicating the dissociation of HCCD in FS-13 should also be taken into account:

HCCD «X+5Ccp™ +H* logKs = -1.04 £ 0.35 4

The results from the SXLSQI model based on equilibria (1)—(4) are compared to the
experimental data in Fig. 2. The model is in excellent agreement with each of the exper-
imental data sets. The significant errors on the values of K3 and K, are primarily due to
the uncertainties regarding the hydration number of the different dissociated species. It is
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noteworthy that the calculated value of log K, = 3.07 is in excellent agreement with the
mean value reported in the literature of log K = 3.00, albeit derived for the
HCCD/nitrobenzene system at much lower concentrations of HCCD (i.e., dissociated)
[12].

No HCCD
0.0001 M HCCD
0.06 M HCCD
0.1 MHCCD
—— Model

oo pbO

lOgl O(DCS/YCS)

-15 -1.0 -0.5 0.0 0.5 1.0 1.5

log, BCVIlY e )

Fig. 2. Cs distribution ratios corrected for the activity of Cs as a function of the equilibrium activ-

ity of HNO; for different concentrations of HCCD. Aqueous phase: Cs in traces, varying [HNO;].

Organic phase: variable HCCD concentrations in FS-13. O/A =1 and T = 25°C. Model containing
ion pairs and dissociated species and plotted to exhibit the influence of activity in the system.

While the experimental data are well described by the above model, it was also
necessary to make activity corrections to achieve the expected slope of —1 in the log-log
analysis. Assuming that the cation exchange equilibrium (Eq. 2) dominates the overall
extraction system, and expressing K, in terms of activities, a, and activity coefficients, vy,
it can be mathematically shown that:

D(,i\-

log =-loga,. +c:~logamg +c &)
Cs™

where the constant, c, is the product of K, and the molar concentration of [HCCD]. Since

SXLSQI calculates activity coefficients for each data point and each ion based on the

Pitzer treatment [13], these y values can be conveniently used in the slope analysis.

In addition to activity effects, it is also important to account for the fact that nitric acid is
not fully dissociated at high concentrations. The free [H™] at high nitric acid concentrations
will be lower than the total [HNO;]. This is an important correction; 8% is associated for
an initial concentration of 2 M HNO; and increases to 16% for 5 M HNOs. After taking
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into account nitric acid association, correcting the distribution ratios for the activity of
cesium, and plotting as a function of the equilibrium nitrate activity as indicated by Eq. (5),
the log-log plots in Fig. 2 exhibit —1 slopes for each of the HCCD systems. Also, the sys-
tem without HCCD (where cesium is extracted as the cesium-nitrate ion pair) exhibits a
slope of +1. It is interesting to note that at the low concentration of HCCD (107* M) and
high concentration of nitric acid (10 M), the distribution ratios start leveling off. This is
likely due to the combination of cesium extraction via cation exchange with HCCD and as
the cesium nitrate ion pair. This observation further supports the model described above.

4 Conclusions

The mechanism of cesium extraction by HCCD in FS-13 was elucidated. Slope analy-
sis cannot be directly applied without a thorough trcatment of the data, primarily due to the
high ionic strength of the aqueous phase. Activity coefficient corrections demonstrated that
slope analysis confirmed the anticipated behavior of the system. Rigorous analysis of the
system required the use of the SXL.SQI computer program, which takes into account activ-
ity effects and confirmed the species formed in the HCCD/FS-13 system. It was determined
that the HCCD is present in the organic phase as both the ion paired and dissociated forms.
Cesium is likewise extracted with CCD™, cither as an ion pair or as a dissociated species. In
all cases, the number of water molecules associated with the complexes is in good agree-
ment with reported values. The calculated formation constant for the ion-paired Cs"CCD~
complex in FS-13 is in very good agreement with literature results for HCCD in nitroben-
zene. Understanding the behavior of this system is a solid basis that will be used to study
systems where neutral, synergistic extractants are added to extract additional radionuclides.

Acknowledgement: Sponsored by U.S. Department of Energy, under contract DE - AC07-99
ID13727
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