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I. Introduction

The PUREX method is the standard aqueous reprocessing
method for the recovery of uranium and plutonium from
used nuclear fuel; the method involves the extraction with
tri-n-butyl phosphate (TBP) diluted with an organic solvent.
n-Dodecane is the best organic diluent owing to its separa-
tion performance and its resistance to radiation and ignition.
In addition, dilution with a hydrocarbon facilitates biphasic
separation by di!erentiating the density of the organic phase
from the density of TBP (0.974 g cm"3)1) and lowering the
viscosity of the organic phase, which results in improved
selectivity.2) However, the use of a combustible hydrocarbon
increases the risk of ignition and explosion. In fact, an ex-
plosion occurred in 1993 in a reprocessing plant in Tomsk,
Russia, where the PUREX method was in use3) and small
amounts (ca. 2%) of aromatic impurities were included in
the solvent.4) Investigation of the accident revealed that
organic substances produced by the degradation of TBP
and the solvent reacted with concentrated nitric acid to cause
the explosion.

In this study, we investigated the use of a nonflammable
solvent for the recovery of uranium and plutonium. Because
the use of fluorocarbon, an olefin in which the hydrogen
atoms are replaced by halogen atoms, is internationally re-
stricted owing to its ozone depletion potential, we focused
our attention on hydrofluorocarbons (HFCs) because they do
not deplete the ozone layer. HFCs are composed of carbon,
hydrogen, and fluorine and do not contain chlorine and
bromine. HFCs show excellent solvation characteristics
and low toxicity, and are nonflammable and chemically
stable, owing to the extremely strong C–F bonds. We ex-
pected that using an HFC as a diluent in place of hydro-
carbon solvents such as n-dodecane would improve the
safety of nuclear fuel reprocessing.

The use of HFC-134a (1,1,1,2-tetrafluoroethane, CF3CH2F)
as an extraction solvent both in the presence and absence of
supercritical CO2 at high pressure has been investigated.5,6)

There has been only one report on the use of HFCs at
atmospheric pressure: uranyl ion was extracted as a !-
diketone complex with HFC-125 (C2HF5, b.p. "48:1#C)
with 25% TBP.7) If the class of the diluent would be
extended to chlorofluorocarbon, only one more report is
available; neptunium(IV) and neptunyl(VI) were extracted
with TBP with CCl2FCCl2F (b.p. 92.8#C) as the diluent.8)

In this study, we investigated the use of 1,1,1,2,2,3,4,5,5,5-
decafluoropentane (HFC-43-10mee, Fig. 1, b.p. 55#C), also
referred to as 2,3-dihydrodecafluoropentane, as the TBP
diluent. The ozone depletion potential of HFC-43-10mee is
zero because it contains no chlorine atoms and because the
presence of two hydrogen atoms decreases its atmospheric
longevity. The compound is sold by DuPont as Vertrel XF,9)

and its ability to solvate a variety of organic compounds
makes it useful as a rinsing agent, dispersion medium, drying
fluid, and solvent. Also, the hydrofluorocarbon functions as a
fire extinguishant, an alternative to Halon 1301 and 1211
prohibited by the Montreal Protocol, as proved by HFC-
227ea and HFC-126, which are sold also by DuPont as
‘‘FM-200’’ and ‘‘FE-25,’’ respectively.10) Therefore, in the
reprocessing plant using HFC as the diluent, the extraction
solvent is kept nonflammable when the HFC content is more
than 85%.11)
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Fig. 1 Chemical structure of 1,1,1,2,2,3,4,5,5,5-decafluoropen-
tane (HFC-43-10mee, DuPont Vertrel XF)
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The physical properties of HFC-43-10mee, n-dodecane,
and TBP are shown in Table 1. Using HFC-43-10mee as a
diluent of TBP, we studied the distribution coe"cient (KD)
of uranium between the aqueous and organic phases. The
extraction mechanism was investigated by referring to the
conventional diluent of n-dodecane, and also with their
mixtures (HFC-43-10mee:n-dodecane = 9:1, and 7:3). We
also investigated the e!ect of "-irradiation of the extraction
solvent on KD.

II. Experimental

1. Materials
1,1,1,2,2,3,4,5,5,5-Decafluoropentane (99.9%, HFC-43-

10mee) was obtained from DuPont Mitsui Fluorochemicals
and used without further purification. Nitric acid (60–61%,
HNO3), tri-n-butyl phosphate (97%, TBP), and n-dodecane
(99%) were purchased from Wako Pure Chemical Industries
(Osaka, Japan). The standard basic solution for titration, 0.1,
0.5, and 1mol dm"3 sodium hydroxide, was purchased from
Wako Pure Chemical Industries. TBP was washed twice
with aqueous solutions of nitric acid, whose concentrations
were identical to the target concentrations. We prepared a
0.01mol dm"3 uranyl nitrate solution by dissolving U3O8 in
concentrated HNO3.

2. Methods
Extraction solvent mixtures were prepared with TBP as

the extracting agent and HFC-43-10mee, n-dodecane, or a
mixture of the two as the diluent. The diluent compositions
were as follows: 100 vol% n-dodecane; 100 vol% HFC-43-
10mee; 90 vol% HFC-43-10mee and 10 vol% n-dodecane;
and 70 vol% HFC-43-10mee and 30 vol% n-dodecane.

To investigate the dependence of KD on TBP concentra-
tion, we used 1mol dm"3 HNO3 aqueous phase and we
varied the concentration of TBP in the organic phase from
0.1 to 100 vol%. To investigate the dependence of KD on
HNO3 concentration, we used a mixture of 30 vol% TBP
and 70 vol% diluent and a 0.01mol dm"3 aqueous solution
of UO2(NO3)2; the HNO3 concentration was varied from 0.3
to 4.0mol dm"3. The amount of nitric acid that remained
in the aqueous phase after the distribution equilibrium was
determined by using an automatic titrator COMTITE-900
(Hiranuma Sangyo, Co. Ltd., Mito, Japan) with 0.1, 0.5, and
1mol dm"3 NaOH aqueous solutions.

Before extraction, the organic phase containing TBP and
the diluent was washed by vigorous shaking with an aqueous

solution of nitric acid whose concentration is identical to its
concentration in the aqueous solution of uranyl nitrate prior
to equilibrium. Then, the extraction solvent was combined
with the aqueous solution of uranyl nitrate in HNO3, and the
mixture was shaken vigorously for about 1min; after that,
the mixture was maintained for 15min at 25:0$ 0:1#C in a
water bath, and then the organic phase was separated from
the aqueous phase.

Solvent irradiation was carried out at the Co-60 "-ray
irradiation facility of Tohoku University. Before irradiation,
the extraction solvent was washed twice with 1mol dm"3

HNO3 solution by vigorous shaking. The solvent was irra-
diated at two di!erent temperatures, 25 and 8#C for about
three weeks. The radiation doses for each sample were
0.0, 1:9% 105, 4:3% 105, and 1:4% 106 R during 360 h at
25#C and 0.0, 4:6% 105, 8:1% 105, 1:6% 106, and 2:5%
106 R during 504 h at 8#C; the dose variation was achieved
by changing the distance between the radiation source
(Co-60) and the sample. The irradiated solvent was divided
into two equal-volume portions; one portion was used as
is for the extraction experiment, and the other portion was
washed once with 1mol dm"3 HNO3 before the extraction
experiment.

The uranium concentration in the aqueous phase was
determined by inductively coupled plasma atomic emission
spectroscopy (ICP-7500, Shimadzu Corp., Japan).

III. Results and Discussion

1. Solubility of TBP in HFC-43-10mee and Immiscibility
of the Organic Phase with Aqueous Solution
Because no information was available on the solubility

of TBP in the HFC-43-10mee, we determined the mutual
solubility of the ternary system of HFC-43-10mee-n-
dodecane-TBP (Fig. 2). HFC-43-10mee and TBP showed
good mutual solubility, similar to that of the well-known
n-dodecane-TBP system. Interestingly, the HFC-43-10mee-
n-dodecane mixture separated into two phases at low TBP
concentrations, which indicates that HFC-43-10mee and n-
dodecane were not miscible.

When TBP diluted with HFC-43-10mee was shaken with
aqueous HNO3, excellent separation between the organic
phase, including HFC-43-10mee (lower phase) and the aque-
ous phase (upper phase), was observed (Fig. 3). This result
indicates that extraction with an HFC-43-10mee-TBP sol-
vent mixture was possible and that this mixture has the
potential for use in the reprocessing of spent nuclear fuel.

Table 1 Physical properties of 1,1,1,2,2,3,4,5,5,5-decafluoropentane (DuPont Vertrel XF, HFC-43-10mee), n-dodecane,
and TBP

Boiling point
/#C

Liquid density
/g cm"3

Solubility in
water

Solubility of
water

Dielectric
constant

Flashing point
/#C

Ref.

HFC-43-10mee 55 1.58 140 ppm 490 ppm 6.72 — 16)
n-dodecane 216a) 0.749a) 3:7% 10"5 ppm 0:65% 10"1 ppm 2 74a) 17)

TBP 121 0.97 0.39 g dm"3 64 g dm"3 7.97 145a) 1)

a)Ref. 2)
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2. Dependence of KD on HNO3 and TBP Concentrations
Figure 4 shows the dependence of KD on the nitric acid

concentration that remained after distribution equilibrium.
When 100 vol% n-dodecane was used as the diluent, KD for
the uranium increased with increasing acid concentration
because of the salting e!ect of nitrate ions from HNO3

(Fig. 4(a)).2) When HFC (Fig. 4(b)) and mixtures of HFC-
n-dodecane (Figs. 4(c)–4(d)) were used as diluents, KD also
increased with increasing acid concentration. At a HNO3

concentration of 1mol dm"3, KD for the 100 vol% HFC-43-
10mee system was about 1/20 that for the 100 vol% n-
dodecane system.

When TBP is used as the extraction agent, the following
reaction of uranium(VI) ions occurs:

UO2
2&

aq & n NO3
"
aq & m TBPorg

! 'UO2(NO3)n(mTBP)org: *1+

Therefore, KD is defined as

KD , KU'HNO3)aqn'TBP)orgm; *2+

where n and m are the indices of the concentrations of
nitric acid and TBP, respectively, and KU is the equilibrium
constant for the extraction reaction shown in Eq. (1). The
dependence of KD on [TBP], i.e., the exponent of m, is
known to di!er from m0 , 2 (ideal condition) to m , 2:5
('HNO3) , 0mol dm"3) and m , 1:1 ('HNO3) > 0:5
mol dm"3), reflecting the extraction of nitric acid.12) The
dependence of KD on HNO3 concentration at a constant
TBP concentration ('TBP)org , 1:1mol dm"3, in this case;
Fig. 4) is given by

KD , kHNO3
'HNO3)naq; *3+

where kHNO3
is the equilibrium constant at the given constant

TBP concentration.13) The n value for the 100 vol% n-
dodecane system, hereafter defined as n!, was 1.3, which
is less than the n0 value of 2 expected from stoichiometry of
the complex formation.2) The reduced sensitivity to HNO3

concentration was due to the extraction of HNO3 by TBP:14)

H&
aq & NO3

"
aq & TBPorg ! 'HNO3(TBP)org: *4+

For the comparison of the dependence of KD on [HNO3]aq,
the values of n

n!
n0 are also evaluated and summarized in

Table 2.
The dependence of KD on TBP concentration at a constant

HNO3 ('HNO3)aq , 1:0mol dm"3, in this case) is given by

KD , kTBP'TBP)morg; *5+

where kTBP is the equilibrium constant at the given constant
nitric acid concentration. Equation (5) explains our results
(Fig. 5) well at 'TBP) < 0:6mol dm"3 for the 100 vol%
n-dodecane system and at 'TBP) < 1:5mol dm"3 for the
100 vol% HFC-43-10mee system. At higher TBP concentra-

Fig. 2 Ternary system of HFC-43-10mee-n-dodecane-TBP: ( )
homogeneous system and ( ) separation into two phases

Fig. 3 HFC-43-10mee in 30 v% TBP and 1mol dm"3 aqueous
HNO3 just after shaking (left) and 30 s after shaking (right)

Fig. 4 Nitric acid concentration dependence of distribution coef-
ficient (KD) of uranyl nitrate for the HFC-43-10mee-n-dodecane-
TBP system at HFC-43-10mee-to-n-dodecane ratios of 0:1 (a,
), 1:0 (b, ), 9:1 (c, ), and 7:3 (d, ) with TBP composition

being constant at 30 vol%. Error bars indicate 1:96# for each data
corresponding to 95% confidence interval.
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tions, the extraction mechanism of uranium was di!erent
from that at lower TBP concentrations. The values of m and
m
m! m0 are tabulated in Table 2, where m0 , 2 is defined as
the exponent based on the stoichiometry of the extracted
complex formation and m! is the exponent determined for
the 100 vol% n-dodecane system.

Interestingly, the indices for the 100 vol% HFC-43-10mee
system, n , 2:9 and m , 2:3, were much larger than those
for the 100 vol% n-dodecane system, n , 1:3 and m , 1:7.
When TBP is used as the extraction agent and n-dodecane as
the diluent, the complex of [UO2(NO3)2(2 TBP]org is known
to be generated.2) On the basis of the complex formation
known for the n-dodecane system, we use n

n! n0 , 4:3 and
m
m! m0 , 2:7 to discuss the generated species in the HFC-43-
10mee system.

In the 100 vol% n-dodecane system, the extracted species
were [UO2(NO3)2(2 TBP]org and surplus [HNO3(TBP]org,
and KD was decreased by the presence of the [HNO3(TBP]org
species, which does not contain uranium. In contrast, in the
100 vol% HFC-43-10mee system, the extracted species may
have been [UO2(NO3)2(2 TBP] + 2 (HNO3(TBP)org, and the

extracted amount of this species was sensitive to the HNO3

and TBP concentrations. The di!erence in the extraction
may have been due to the di!erence in the hydrophilicity
and hydrophobicity of the solvents. As mentioned in
Sec. III-1, mutual dissolution of the organic solvents in the
HFC-43-10mee-n-dodecane-TBP system requires the pres-
ence of a certain amount of TBP. The e!ect of TBP may be
explained in terms of the hydrophilicity of the P=O moiety
of TBP, which has an a"nity for the HFC, and the hydro-
phobicity of the t-butyl moiety, which has an a"nity for
n-dodecane (Fig. 6). Since hydrophilic ions and molecules
such as uranyl ion and HFC-43-10mee coordinate or sur-
round the P=O moiety of TBP, n-dodecane, which has an
a"nity for the butyl moiety of TBP, does not a!ect the
extraction of uranyl ion. Therefore, this schematic may
also explain why the KD values were less susceptible to
the n-dodecane concentration.

3. Deterioration of the Solvent under !-Ray Irradiation
Figure 7(a) shows the change in KD when the solvents

were exposed to "-ray irradiation at two temperatures (25
and 8#C). In the 100 vol% n-dodecane system, no obvious
change was observed even at a Co-60 "-ray dose up to
1:0% 106 R. In contrast, a significant increase was observed
for the 100 vol% HFC-43-10mee system. The e!ect of the
radiation dose on the ratio of KD to KD

0 (the distribution
coe"cient for the unirradiated sample) is also shown
(Fig. 7(b)). For the 100 vol% HFC-43-10mee system at
25#C, KD=KD

0 clearly started to increase at a dose of
1:9% 105 R, and the ratio reached 2.6 at a dose of
1:4% 106 R. At a lower temperature of the irradiation at
8#C, the increase in KD=KD

0 is moderately slower but
reached 3.2 at a dose of 2:6% 106 R. TBP is known to
undergo hydrolysis first to dibutylphosphoric acid and then
to monobutylphosphoric acid, which forms more stable
coordination compounds than does TBP; this hydrolysis is
accelerated by exposure to "-ray irradiation.15) Extensive
research on G values, i.e., the number of specified chemical
events produced in an irradiated substance per 100 eV of
energy absorbed from ionizing radiation, indicates that the

Table 2 Values of n (Eq. (3)) and m (Eq. (5)) for various HFC-
43-10mee-to-n-dodecane ratios

HFC-43-10mee- 'TBP) , 30 vol% 'HNO3) , 1mol dm"3

to-n-dodecane
kHNO3

n n
n! n0 kTBP m m

m! m0ratios

0 7.9 1.3 2.0 7.7 1.7 2.0
0.7 0.20 2.9 4.4 0.25 2.6 3.2
0.9 0.19 2.8 4.3 0.21 2.4 2.9
1 0.16 2.9 4.3 0.19 2.3 2.7

Fig. 5 TBP concentration dependence of distribution coe"cient
(KD) of uranyl nitrate for the HFC-43-10mee-n-dodecane-TBP
system at HFC-43-10mee-to-n-dodecane ratios of 0:1 (a, ), 1:0
(b, ), 9:1 (c, ), and 7:3 (d, ). Error bars indicate 1:96# for
each data corresponding to 95% confidence interval.

Fig. 6 Chemical structure of TBP and proposed a"nities of the
parts of the molecule for HFC and n-dodecane
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hydrolysis of TBP is especially accelerated in a diluent that
is stable to "-ray exposure.15) The trend has been explained
by the fact that the stable diluent consumes less energy than
TBP from the "-rays, and this results in the absorption of "-
rays by the TBP molecules.15) This explanation agrees well
with our result (Fig. 7(b)); that is, substantial hydrolysis was
observed in HFC-43-10mee but not in n-dodecane.

In order to provide information on the acidity of the
decomposed products during the irradiation, washing with
1mol dm"3 HNO3 was carried out. In the washing of the
solvent irradiated at 8#C by nitric acid, no clear e!ect was
found on the KD=KD

0 values for the 100 vol% HFC-43-
10mee system probably due to the acidity of the decomposed
products such as DBP or MBP. In contrast, the remarkable
e!ect found for the washing of the solvents irradiated at
25#C suggests that some of the dibutyl and monobutyl phos-
phates formed by "-ray exposure were washed out by the
HNO3.

IV. Conclusions

The nonflammable solvent HFC-43-10mee was investi-
gated as a diluent for the extraction of uranyl nitrate with
TBP. HFC-43-10mee dissolved TBP at all volume ratios
investigated in this study, and an extraction solvent con-
sisting of 70 vol% HFC-43-10mee and 30 vol% TBP was
investigated. This solvent mixture showed excellent phase

separation with water. The distribution coe"cients (KD) of
uranyl nitrate for the solvent mixtures were determined, and
the value for the 100 vol% HFC-43-10mee system was about
1/20 that of the 100 vol% n-dodecane system. By comparing
the dependences of KD on HNO3 and TBP concentrations,
we determined the extracted species to be [UO2(NO3)2(
2TBP] + 2 [HNO3(TBP]org in the 100 vol% HFC-43-
10mee system. The hydrolysis of TBP was accelerated sub-
stantially in the 100 vol% HFC-43-10mee system owing to
the stability of this solvent. The use of this HFC as a diluent
or a solvent for the extraction agent (TBP) is a promising
method for the safe reprocessing of spent nuclear fuel.
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