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Temperature effect on technetium( VII) extraction by CMPO and TBP
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Abstract

Temperature effect on the extraction of technetium(VII) was investigated under the conditions of the absence and
presence of uranium(VI) from nitric acid solution by n-octyl(phenyl)-N, N-diisobutylcarbamoylmethylphosphine oxide
(CMPO), tributyl phosphate (TBP) and a mixture of CMPO and TBP. The distribution coefficients of technetium by CMPO,
TBP, and CMPO + TBP in the absence of uranium decreased with the increase of temperature. In the presence of uranium,
the distribution coefficients of technetium were found to be quite larger than those in the technetium alone extraction system.
Their thermodynamic parameters were obtained using the temperature effects on the distribution coefficients of technetium
under various conditions. The information obtained from the thermodynamic parameters was discussed taking the extraction

mechanism of technetium into account. © 1997 Elsevier Science B.V.

1. Introduction

Separation of technetium from radioactive waste is
expected to be one of the measures mitigating the recent
waste problem, since technetium-99 is a long-lived fission
product and stays in nuclear waste for a long time. In this
connection, extraction of technetium from nitric acid solu-
tion by TBP has been studied by many researchers [1-10].
A bidentate extractant, CMPO, was developed at Argonne
National Laboratory to extract effectively transuranium
elements. In recent times, the solvent extraction chemistry
of technetium with CMPO has been studied under a vari-
ety of conditions by the present authors [11-15]. There is,
however, little information about the temperature effect on
the technetium extraction by the mixture of CMPO and
TBP [16]. The thermodynamic data also would be indis-
pensable for comprehending the whole extraction system.

In the present study, the temperature effect on the
extraction of technetium in the absence and presence of
uranium was investigated using CMPO, TBP and a mix-
ture of CMPO and TBP.

* Corresponding author. Present address: Nuclear Power De-
partment, Shikoku Electric Power Co. Inc., 2-5, Marunouchi,
Takamatsu 760-91, Japan. Tel.: +81-878 21 5061; fax: +81-878
25 2052; e-mail: takeuchi09058 @yonden.co.jp.

2. Experimental
2.1. Reagents

CMPO (M and T Chemical and Atochem North Amer-
ica) with a purity higher than 97% was used without
further purification. TBP (Wako Pure Chemical Industries),
n-dodecane (Tokyo Chemical Industries) and decalin
(Wako Pure Chemical Industries) were of reagent grade
and used as received. Technetium(VI)-99 (Amersham) as
NH,TcO, in 0.21 mol/1 NH,OH solution was diluted
with deionized water and HNO, to the desired concentra-
tions as technetium, 4 X 1075 mol /1 in the absence of
uranium and 1 X 10™* mol /1 in the presence of uranium.
Uranium(VI) (Allied Chemical and Dye, USA) as
UO,(NO;)26H,0 was dissolved in HNO, and finally
prepared to 1 X 1074, 1 X 1072 and 5 X 107 mol /I as
uranium in sample solutions.

2.2. Distribution measurements

Prior to the extraction of technetium and uranium,
organic solutions including CMPO and TBP were washed
three times with 0.5 mol /1 Na,CO, solution and pre-equi-
librated with a desired concentration of HNO,;. One
milliliter of aqueous HNO; solution containing technetium
and uranium was mixed with an equal volume of the
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organic solution of CMPO and TBP for 20 min by a wrist
action shaker (Yayoi, YS-8D) at 15 to 45°C. The phases
were separated quickly by centrifugation with 2500 rpm
for 5 min.

Technetium in both the phases was measured using a
liquid scintillation spectrometer {Aloka, LSC-900 and
Packard, 2550 TR/AB). The influence of uranium on
scintillation counting was very small but the corrections
were made on measurements, if necessary.

Uranium in the aqueous phase was measured using
ICP-MS (Fisons, PQ Omega). Since the reproducibility of
measurements in the aqueous solutions stripped by Na,CO;
could not be obtained, the concentration of uranium in the
organic phase was obtained from the initial and final
concentrations in the aqueous phase.

The distribution coefficient ( D) was defined as follows:

metal concentration in the organic phase

metal concentration in the aqueous phase

3. Results and discussion
3.1. Data analysis

The extraction equilibria of technetium and uranium
from nitric acid by a mixture of CMPO and TBP have
been reported by the present authors [11,13—15). These
equilibria are expressed as follows.

(1) Te-CMPO-TBP system:

H*(aq) + TcO, (aq) + 2CMPO(org)

= HTcO, - 2CMPO(org) (K,), (1)
H* (aq) + TcO; (aq) + 3TBP(org)

= HTcO,3TBP(org) (K,), 2)
H* (aq) + TcO; (aq) + CMPO(org) + 2TBP(org)

= HTcO, - CMPO - 2TBP(org) ( K,). (3)

(2) Tc-U-CMPO-TBP system:
UO,(NO;), - inCMPO(org) + TcO, (aq)
= UO,NO,TcO, - rCMPO(org) + NOj3 (aq) (K,),

(4)
where n =2 and/or 3,
(3) U-CMPO-TBP system:
UO3" (aq) + 2NOj (aq) + 2CMPO(org)
= UO,(NO,), - 2CMPO(org) ( K5). (5)

The terms K,, K,, K5, K, and K are the equilibrium
constants. In the case of the coextraction of technetium
with uranium, where the initial concentration of tech-
netium is 1 X 10™* mol/l and that of uranium ranged
from 1 X 10™% to 5% 1072 mol/l, the contribution of

TBP to the technetium and uranium extractions in the
present system was found to be negligibly small [13].

The equilibrium constants of these extractions are ex-
pressed by

Dy [1+[H" Lg/Ko]

K T Talevrols, (©)
- 2D ] o
[H* Jug[TBPLrg
_ D%‘c[l + [H+]aq/Ko] (8)
* [H" Jug[CMPO]org [TBP
_ [UO,NO;TcO, - 2CMPO],,,[NO3 ], ©)

K, = .
* [U0,(NO,), - 2CMPO] ore L TCO; Lug

«_ Dol + K3[NO; T (10)
" [NO; [ [emPOTey, |

where K, is the dissociation constant of HTcO,, K, is
the overall stability constant of UO,(NO,), in the aqueous
phase, and DY, D%, D3, and Dy denote distribution
coefficients for their equilibria (Egs. (1)-(3) and (5), re-
spectively). Under the condition in which [H*],,, [NO7 ],
[CMPO],, and [TBP],,, are considered constant, the equi-
librium constants for Egs. (6)—(8) and (10) can be written
only as a function of the distribution coefficients. The K,
is calculated in a similar way as described in our previous
study [14]. From the general relationship AG® =
—RT In K=AH®— TAS®, these thermodynamic parame-
ters are obtained by using semilogarithmic plots of In D,
In D, and In K, vs. 1 /T, respectively. Unfortunately, the
D3 cannot be obtained directly. Therefore, the D3_ is
defined in terms of the experimental distribution coeffi-
cient { D,,) obtained in the mixed CMPO-TBP system as
follows:

D,, = ([HTcO, - 2CMPO},,, + [HTcO, - 3TBP],,,
+[HTcO, - CMPO - 2TBP],,,,)

/([TCO‘:]AQ + [HTCO4]ﬁq)
=Dy + D3 + D, (1)
hence,

D%C=DX_D’1TC‘D;17—C' (12)

€

In order to avoid the significant effect of the nitric acid
extraction by the extractants, the data at the nitric acid
concentrations less than 0.1 mol /1 were used in the calcu-
lation of the thermodynamic parameters [16—18].

3.2. Extraction of technetium in the absence of uranium

Table 1 shows distribution coefficients of technetium at
various temperatures in the absence of uranium. Typical
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Table 1
Distribution coefficients of Tc at various temperatures in the
absence of U

Table 2
Thermodynamic parameters on the Tc extraction in the absence of
U

HNO, (mol /1) 15°C 25°C 35°C 45°C
0.2 mol /1 CMPO in decalin (D))

0.1 2.13 1.04 0.441 0.241
05 3.22 1.67 0.898 0.560
1 1.55 0.800 0.538 0.294
1.4 mol /1 TBP in decalin (D2,)

0.1 1.34 0.531 0.249 0.122
0.5 2.70 1.48 0.689 0.368
1 1.90 1.06 0.623 0.334
0.2 mol /1 CMPO + 1.4 mol /I TBP in decalin (D,,)

0.1 7.13 3.10 1.58 0.882
0.5 11.0 6.50 332 1.88
1 6.22 4.05 2.29 1.31
0.2 mol /1 CMPO + 1.4 mol /1 TBP in dodecane (D,, )

0.1 9.65 4.49 2.00 1.16
0.5 14.9 8.69 4.06 222
1 8.20 5.03 2.96 1.51

semilogarithmic plots of distribution coefficients are shown
in Fig. 1. These curves should be linear with a slope of
—AH3y/R. The values of AGy, and AS2; at 25°C are

1.5 T T T T T T
—O—TBP (D2;,) a
1 F —&x—cMPo (DY) -
—{— CMPO+TBP (D3,,)
0.5 | e
ot .
Lo}
=
Q 05 = -
=
=
1 -
15 .
2 F ]
25 1 1 1 1 L 1 1

31 315 32 325 33 335 34 345 35
1000/T (K1)

Fig. 1. Plots of In Dy, vs. 1/T for the technetium extraction in
the absence of uranium. [CMPO] = 0.2 mol /1; [TBP] = 1.4 mol /1;
[CMPO +TBP] = 0.2 mol/1 CMPO+ 1.4 mol /1 TBP in decalin;
[HNO;]= 0.1 mol /1.

HN03 AG(Z)‘)S A1—12098 AS;)%
(mol /1) (kJ /mol) (kJ /mol) (J /mol K)
0.2 mol /1 CMPO in decalin ( D2,)

0.1 —144 —-563 — 140

1.4 mol /1 TBP in decalin (D3,)
0.1 —224 -60.6 - 196

0.2 mol /1 CMPO + 1.4 mol /1 TBP in decalin (D)
0.1 -9.71 —-49.0 —132

0.2 mol /1 CMPO + 1.4 mol /1 TBP in decalin (D,, )
0.1 - -5307 -

0.2 mol /1 CMPO + 1.4 mol /1 TBP in dodecane (D,, )
0.1 - —~546* -

* Calculated from the plots of In D, vs. 1/T.

also calculated using the equilibrium constants and A H S,
values obtained from the slopes. The thermodynamic pa-
rameters are summarized in Table 2.

The distribution coefficient of technetium due to either
CMPO, TBP or CMPO + TBP in the absence of uranium
decreases with increasing temperature. This shows that
these extraction reactions are exothermic. In case of the
absence of the appropriate activity coefficient data for
various species involved in particular equilibrium, the
relevant thermodynamic parameters cannot be calculated
with high exactness. Nonetheless, approximate values of
these parameters can be obtained from the equilibrium
constants. The thermodynamic parameters, AHY, and
AS5g, for TBP obtained in the present study are actually
in good agreement with those in the literature [19].

The values of AGJs for the CMPO system were
negatively larger than those for the TBP system. This
indicates that CMPO can extract technetium more effec-
tively than TBP does. In addition, the values of the A H
for the CMPO system were similar to those for the TBP
system, whereas the values of A S for the CMPO system
were larger than those for the TBP system. Therefore, it
was concluded that the difference in the AGYy, values for
the CMPO and TBP systems is mainly ascribed to the
entropy change.

The negatively large entropy terms for CMPO and TBP
are consistent with large amounts of ordering that must
occur for four molecules in the CMPO system and for five
molecules in the TBP system on the left-hand side of Egs.
(2) and (3), respectively. If CMPO behaves as a bidentate
ligand, the value of ASS,g for CMPO is expected to be
somewhat negatively greater than that for monodentate
TBP due to the chelate effect. The experimental results,
however, show that the values of AS3, for CMPO are
negatively smaller than those for TBP. This suggests that
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Table 3 Table 5
Distribution coefficients of Tc at various temperatures in the Thermodynamic parameters on the U extraction in the absence of
presence of U Te. [Ul,pia = 1% 107% mol /1
HNO, (mol /1) [Ul,,ii (mol /D) 17°C  25°C 35°C  45°C HNO, AGY% AHY, AS%,
0.2 mol /1 CMPO in decalin (mol /1) (kI /mol) (kJ /moD) (J/mol K)
0.01 1x1074 384 271 146 0952 0.2 mol /1 CMPO in decalin
1x1073 370 202 172 8.79 0.01 —-34.0 —-304 12.0
5%x107° 175 857 679 404 0.04 —32.5 —36.3 —12.8
0.04 1x1074 231 128 0726 0494
1x107? 127 737 574 361
5% 1073 59.0 319 235 134
0.2 mol /1 CMPO + 1.4 mol /1 TBP in decalin
0.01 1x10-4 443 301 199 1.6 distinct from the extraction mechanism of technetium alone
1x1073 39.1 186 165 8.61 as mentioned above. It is considered that technetium is
5%x107% 156 77.1 513 375 coextracted via an interface anion exchange reaction be-
0.04 1x1074 478 261 168 101 tween UO,(NO;), - nCMPO (n=2 and/or 3) in the or-
1x1073 160  9.66 7.56 4.94 ganic phase and TcO, in the aqueous phase. Therefore,
5%x10™3 576 369 289 14.9

0.2 mol /1 CMPO + 1.4 mol /1 TBP in dodecane

0.01 [x10™*% 635 3.82 203 152
%1073 435 224 190 105
5% 1073 143 803 728 573

0.04 1x1074 512 323 171 114
1x107% 196 133 105 5.42
5%x107° 722 454 348 213

CMPO behaves as thought it were a monodentate extrac-
tant like TBP in the present extraction systems. This idea
is supported by the results in our previous study using
spectroscopic analysis [12].

The values of A HYg for the mixed CMPO-TBP com-
plex are closer to the results for CMPO than those for
TBP. This supports the supposition that technetium is
mainly extracted by CMPO in preference to TBP [11,12].
Comparison of the values obtained in decalin with those in
n-dodecane revealed no significant difference. This means
that the distinction between decalin and n-dodecane has no
influence on the present extraction mechanism.

3.3. Coextraction of technetium with uranium

The distribution coefficients of technetium in the pres-
ence of uranium are shown in Table 3. The coextraction
mechanism of technetium with uranium by CMPO is

Table 4
Thermodynamic parameters on the Tc extraction in the presence
of 5x107% mol /1 as U

HNO, AGSys AHjoy A Sy
(mol /1) (kJ /mol) (kJ /mol) (J /mol K)
0.2 mol /1 CMPO in decalin

0.01 —14.7 —293 —49.0
0.04 —14.2 —373 —77.5

TcO, bonds to the uranium atom instead of NO3. On the
other hand, in the absence of uranium, TcO, bonds to the
phosphoryl group (P=0) of CMPO through hydrogen
bonding. The discrepancy in the bonding nature for these
two extraction systems of technetium may be reflected
upon their thermodynamic parameters. Table 4 shows the
thermodynamic parameters obtained from the plots of In K,
vs. 1/T for the CMPO system under the conditions of
(UL =5 %1077 mol/1 and of [Tclyy=1X10"*
mol /1, where the coextraction of technetium with uranium
mainly occurs [13]. In addition, for the uranium alone
system, its thermodynamic parameters are summarized in
Table 5. In the case of calculation for the uranium alone
system, UO2" is supposed to be the dominant species in
the low nitric acid concentrations, that is, 1 3> K [NO7 ]fq
in Eq. (10).

The thermodynamic parameters for technetium and ura-
nium reflected obviously their different extraction systems.
The values of AHg and ASS,, for the coextraction of
technetium are negatively smaller than those in the extrac-
tion of technetium alone. On the other hand, the values of
A HJ,, for the extraction of uranium alone are similar to
those for the coextraction of technetium, though the values
of ASSys for uranium are larger.

Unfortunately, since the present coextraction systems
containing synergistic effect by the mixture of CMPO and
TBP are very complicated [13], the thermodynamic param-
eters cannot be obtained. However, all the data reveal the
exothermic tendency as shown in Table 3.

4. Conclusions

In the absence or presence of uranium, the temperature
effect on the technetium extraction was studied using
CMPO, TBP and the mixture of CMPO-TBP. The follow-
ing conclusions were obtained.

(1) All the extractions of technetium were exothermic
reactions.
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(2) The extraction of uranium was also exothermic, but
the values of A Hjy, were negatively smaller than those
for the extraction of technetium alone.

(3) In the absence of uranium, the values of A Hgyg for
the mixture of CMPO-TBP were closer to the results for
CMPO than those for TBP. This was consistent with the
idea that technetium was mainly extracted by CMPO.

(4) The extraction of technetium in the absence and
presence of uranium was characterized by the negatively
large enthalpy and entropy changes.

(5) The distinction between decalin and n-dodecane as
solvents has no influence on the present extraction mecha-
nism.
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