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A B S T R A C T

A cloud point extraction (CPE) process using TX-114 as nonionic surfactant and bis(2,4,4-trimethylpentyl)di-
thiophosphinate (Cyanex 301) as extractant was successfully applied to extract UO2

2+ selectively and quanti-
tatively in the presence of Th4+ and lanthanide ions. The thermodynamic parameters of the interaction between
the related metal ions and the micelles were obtained by isothermal titration calorimetry (ITC), and the binding
constant followed the order of UO2

2+ > Th4+ > La3+, consistent with the result of extraction selectivity. In
the absence of NaCl, the stability constants β1 and β2 of the UO2

2+-Cyanex 301 complex in the micellar system
were determined via UV–vis spectroscopic titration to be 6.3×103 and 2.0× 105, respectively. In the presence
of 0.10mol L−1 NaCl, the stability constants β1 and β2 were measured to be 5.9× 103 and 1.0×107, separately.
It is believed that the combination of UO2

2+ and Cyanex 301 leads to the formation of a neutral complex, which
enters the micelles and results in a high extraction efficiency.

1. Introduction

Uranium, one of the most abundant natural actinides in the earth
crust, is a significant element used as nuclear fuel for electrical power
production. Uranium has an appreciable solubility in water, where
uranyl ion (UO2

2+) is the most stable chemical form [1]. Considering
the important usage as well as the chemical and radiological toxicity of
uranium [2], it is necessary to recover and detect UO2

2+ in aqueous
solutions. Nevertheless, uranium always coexists with thorium, lan-
thanide, transition metal ions and main group metal ions. The separa-
tion of uranium from main group and transition metal ions is relatively
easy, while the separation of UO2

2+/Th4+ and UO2
2+/Ln3+ is difficult.

In the traditional liquid-liquid extraction, multi-stage extraction and
stripping is indispensable, which produced a large volume of organic
wastes and acidic wastewater [3]. Therefore, it is necessary to explore
some green extraction methods.

Cloud point extraction (CPE), a micelle-mediated separation pro-
cess, is one of the most preferred methods to preconcentrate and se-
parate metal ions, owing to its high efficiency, high concentration
factor, low cost, safety, environment-friendly nature and versatility
[4–6]. By far, CPE has been proved suitable for a variety of metal ions,
such as transition metal ions (e.g., Pb(II), Cd(II) and Cu(II) co-extraction
[7], Co(II) and Ni(II) co-extraction [8], Cu(II) [9,10], Ni(II) [11]), rare

earth metal ions (e.g., co-extraction of La(III), Nd(III), Gd(III), etc. [12],
co-extraction of La(III), Gd(III), Lu(III), etc. [13]) and actinide ions (e.g.,
U(VI) and Th(IV) co-extraction [14]). With respect to the CPE of
UO2

2+, chelating agent (e.g., 8-hydroxyquinoline [15], di-
benzoylmethane [16,17]), organic pigments (e.g., chromotrope 2R
[18], eriochrome cyanine R [19]), organophosphorus compounds (e.g.,
P,P-di(2-ethylhexyl)methanediphosphonic acid [20], di-(2-ethylhexyl)
phosphoric acid (D2EHPA) [21], trioctylphosphine oxide (TOPO) [22]),
etc. [23–27] have been used as the extractant, and high efficiency was
achieved. The recovery of uranium by the CPE approach could be useful
in some special cases (e.g., recovery of 233U in the presence of Th4+)
besides detection. However, most of the extractants could extract not
only UO2

2+, but also Th4+, even lanthanide ions. Thus, the simulta-
neous preconcentration of UO2

2+ and Th4+ [14,17,28] was inevitable.
Table 1 summarized the reported works that considered the influence of
Th4+ and Ln3+ in the CPE of UO2

2+, while others didn’t mention. Our
research group developed an ionic liquid assisted TOPO/TX-114 (TX-
114: polyoxyethylene(8) octylphenyl ether) system to extract UO2

2+

selectively in the presence of lanthanide ions [22]. However, this
system could not separate UO2

2+ from Th4+ [29]. Thus, there is still a
great challenge.

Bis(2,4,4-trimethylpentyl)dithiophosphinate (Cyanex 301) is an
extractant used for the extraction of Co2+, Ni2+ [30], UO2

2+ [31] and
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minor actinide ions [32]. Indeed, Cyanex 301 (pKa= 2.6 [33]) can
dissociate in weak acid solution and act as an anionic surfactant.
Therefore, it can form mixed micelles with TX-114 easily, favoring its
dissolution in TX-114 solution and the following usage in CPE. Very
recently, Akl [34] applied Cyanex 301 as extractant in the mixed mi-
celles of TX-100 and cetylpyridinium bromide for the selective CPE of
UO2

2+ from transition, alkali and alkaline earth metal ions. However,
the separation of UO2

2+/Th4+ or UO2
2+/Ln3+ was not investigated.

Considering the preferable coordination of Cyanex 301 with “soft”
metal ions through two S atoms, it may have a better affinity towards
UO2

2+ than Th4+ and Ln3+, leading to the separation of UO2
2+/Th4+

and UO2
2+/Ln3+ by CPE method.

In the CPE process, it is believed that the complex formation be-
tween metal ions and extractants incorporated in the micelles had a
great influence on the CPE efficiency [35], but the complex formation
process was rarely studied. Nispen et al. [36] characterized the binding
of multivalent ions to modified pluronic micelles by isothermal titration
calorimetry (ITC). Nevertheless, they were not able to get the stability
constants. Recently, Saha et al. [25] used ITC to investigate the com-
bination of the extractant (i.e., a task specific ionic liquid bearing
phosphoramidate group) with UO2

2+ in HNO3 solution to help under-
standing the CPE mechanism. However, the formation process of
complex in the micelles system may be different from that in aqueous
solution. Moreover, most of the extractants used in the CPE have a poor
solubility in water. Therefore, this method could not well reflect the
real interaction between metal ions and extractants in micelles. In the
investigation of complex formation, spectroscopic method is powerful.
In TX-100 micelles, Verma and coworkers [21] have ever qualitatively
confirmed the binding of UO2

2+ with D2EHPA by UV–vis spectra. To
get the stability constant of complex, spectroscopic titration is often
used [37]. However, to the best of our knowledge, the method has not
been applied in micelle system. Challenge still exists.

In the present work, we developed a TX-114-based CPE process with
Cyanex 301 as extractant to extract UO2

2+ selectively in the presence of
Th4+ and lanthanide ions. Furthermore, the binding thermodynamic
parameters (ΔH, ΔG) between metal ions and the mixed micelles as well
as the stability constants of the complex formed in the micelles were
achieved to help understanding the CPE mechanism.

2. Experimental

2.1. Reagents and instruments

TX-114 (> 98%) and polyoxyethylene(10) octylphenyl ether (TX-
100,> 98%) was obtained from Alfa Aesar (China) and used as re-
ceived. Ammonium bis(2,4,4-trimethylpentyl)dithiophosphinate
(Cyanex 301) was purchased from Cytec Industries Inc. (Canada) and
purified by recrystallization [38]. Ultrapure water was used throughout
the experiment. All other materials used in this work were of analytical
grade and used without further purification.

The concentrations of all metal ions were determined by inductively

coupled plasma-atmoic emission spectrometer (ICP-AES, Leeman, USA)
with relative standard deviation (RSD) below 5%, whose instrumental
and operating conditions were listed in Table S1 (Supporting
Information). Dynamic light scattering (DLS) and Zeta potential mea-
surements were performed on a Malvern Nano ZS90 instrument
(Malvern Instruments, UK) at 293.2 K and at a scattering angle of 90°. A
He–Ne laser (λ=632.8 nm) with a power of 4 mWwas used as the light
source. The UV–vis spectra were recorded on a U-3010 spectro-
photometer (Hitachi, JP). ITC experiments were operated on a Nano
ITC 2G (TA instruments, USA).

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.seppur.2018.08.071.

2.2. CPE process

In a typical CPE process, the mixed solution of Cyanex 301 and TX-
114 (pH=3) was firstly added into the UO2

2+ solution and the mixture
was shaken slightly for about 30 s. Then, NaCl was added and the so-
lution was made up to 10mL containing 10mmol L−1 TX-114,
1mmol L−1 Cyanex 301, 0.05mmol L−1 UO2

2+, 1.0mmol L−1 HCl and
0.1 mol L−1 NaCl. After being shaken for 2 h at 25 °C and being placed
at 70 °C for 2 h, the mixture was centrifuged for 10min at 4000 rpm and
70 °C to achieve complete phase separation. The concentration of
UO2

2+ in the aqueous phase was measured by ICP-AES. The extraction
efficiency E was calculated by the following equation:

=
−

×E C V C V
C V

100%i i f f

i i (1)

where Ci (mmol L−1) is the initial concentration of UO2
2+ in the mi-

cellar solution, Cf (mmol L−1) is the final concentration of UO2
2+ in

aqueous phase after CPE, Vi (L) is the volume of the micellar solution
and Vf (L) is the volume of aqueous phase after CPE.

2.3. Microcalorimetric titration

In a typical titration, 4.0mmol L−1 UO2
2+ solution (pH 3.0) in the

syringe was injected in a total of 25 drops by each of 10 μL into the
measuring cell filled with the mixed micelles solution (1.0 mmol L−1

Cyanex 301 and 10mmol L−1 TX-114, pH 3.0) at 293.2 K. The rota-
tional speed of the stirrer was 250 rpm and the equilibrium time be-
tween two injections was 600 s. The dilution heat of UO2

2+ solution
titrated to TX-114 micelles solution (10mmol L−1, pH 3.0) was de-
termined in a separate run, and was subtracted from the determined
heat flow.

The binding parameters were obtained from the ITC data using the
NanoAnalyze software (Version 3.7). Data fitting was performed using
the independent set of multiple non-interacting sites (MNIS) model
[39], in which the total measured heat Q is determined by Eq. (2).

=
+ + − + + −Q C nK K C C nK K C C nK C
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2
L a

2
M
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Table 1
Summery of the reported CPE methods and our work.

Extractant Micellar media Selectivity towards Th4+ and Ln3+ Reference

Cyanex 301 TX-114 SU/Th= 140, Ln3+ could not be extracted This work
Dibenzoylmethane TX-114 5 times of Th4+ could interfere the detection of uranium [16]
Dibenzoylmethane TX-114 UO2

2+ and Th4+ were co-extracted [17]
Trioctylphosphine oxide TX-114 Selective separation of UO2

2+/La3+. Th4+ was not mentioned [22]
P,P-di(2-ethylhexyl)methanediphosphonic acid TX-114+CTAB UO2

2+ and Th4+ were co-extracted [28]
Trioctylphosphine oxide and N,N,N′,N′-tetraoctyldiglycolamide TX-114+ SDS UO2

2+ and Th4+ were co-extracted and equal amount of La3+ could
interfere the detection of uranum

[14]

Diglycolamide-capped quantum dot TX-114 Ln3+ did not interfere the detection of uranium. Th4+ was not mentioned [24]
N-propyl-(diphenylphosphoramidate)trimethylammonium bis

[(trifluoromethane)sulfonyl]imide
TX-114 Equal amount of Th4+ did not affect the detection of uranium [25]
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where V is the volume of the calorimeter cell, ΔH is enthalpy, and Ka is
the equilibrium binding constant. CL is the concentration of Cyanex 301
and CM is the total concentration of metal ions. The n value represents
the number of metal ions combined by each Cyanex 301 on average.

2.4. Spectroscopic titration

In a typical titration, 2.00mL UO2
2+/TX-100 micelles solution was

placed in a quartz cuvette with 1.0 cm optical path, into which 0.04mL
Cyanex 301/TX-100 mixed micelles solution was added and mixed for
2min before the spectra were collected in the wavelength region of
290–500 nm. The solution was maintained at 293.2 K and 26 additions
were performed, which generated 27 spectra. The stability constants of
UO2

2+/Cyanex 301 were obtained by using the nonlinear regression
program HypSpec 2008 [40].

3. Results and discussion

3.1. Optimization of CPE procedure

3.1.1. Effect of salting-out agent
The cloud point of 10mmol L−1 TX-114 with 1.0mmol L−1 Cyanex

301 was not observed at 95 °C. Therefore, it is necessary to adjust the
cloud point temperature (CPT). In CPE process, salting-out agent is
often added to reduce the CPT and to improve the extraction efficiency.
Generally, NaCl, Na2SO4 and NaNO3 are often used. Their influence on
the extraction efficiency was evaluated (Fig. S1 in Supporting
Information). At three identical concentrations of Na+, the salt type has
no significant influence on the CPE efficiency. In our investigation,
NaCl was selected.

The effect of NaCl concentration on the CPT of mixed micelles was
shown in Fig. 1A (curve a). With the increase of NaCl concentration, the
CPT of mixed micelles reduces greatly, favoring the usage of mixed
micelles in CPE. More importantly, sufficient NaCl is necessary to im-
prove the extraction efficiency (curve b, Fig. 1A). The extraction effi-
ciency increased with the increase of NaCl concentration and reaches
plateau at 50mmol L−1 NaCl. Considering that the addition of NaCl
could not alter the coordination environment of UO2

2+ (see the dis-
cussion in Section 3.3.3), the reason for the phenomenon may be that
high NaCl concentration favors the phase separation of the mixed mi-
celles above CPT. To guarantee the extraction efficiency at different
conditions, 100mmol L−1 NaCl was used in the following experiments.

3.1.2. Effect of phase separation temperature
Although the CPT of 10mmol L−1 TX-114 with 1.0mmol L−1

Cyanex 301 and 100mmol L−1 NaCl is 8 °C, the separation temperature
is not identical to the CPT. The influence of the separation temperature
on the CPE efficiency was evaluated from 25 to 75 °C. The result was
shown in Fig. 1B. It can be seen that the extraction efficiency increases
to about 97% at 35 °C, then decreases to approximately 92% at 55 °C,
and finally increases to about 98% when the temperature is higher than
65 °C.

In the temperature range of 25–35 °C, the increase of the extraction
efficiency is due to the dehydration of the hydrophilic group of TX-114,
which leads to a solubility decrease of mixed micelles. From 35 to 55 °C,
the decrease of extraction efficiency may be ascribed to the re-
solubilization of Cyanex 301 with the increase of temperature. Similar
phenomena was observed by Labrecque and coworkers [20]. When they
evaluated the influence of phase separation temperature (15–40 °C) on
the CPE efficiency of uranium by mixed micelles of TX-114 and

Fig. 1. The effect of NaCl concentration on the CPT (A, curve a) (Conditions: 10mmol L−1 TX-114, 1.0mmol L−1 Cyanex 301). The effects of NaCl concentration (A,
curve b), phase separation temperature (B), pH values (C) and Cyanex 301 concentration (D) on the extraction efficiency of UO2

2+ (Conditions of A: 10mmol L−1 TX-
114, 1.0 mmol L−1 Cyanex 301, pH 3.0, 0.05mmol L−1 UO2

2+, phase separation temperature: 70 °C; Conditions of B: 10mmol L−1 TX-114, pH 3.0, 0.05 mmol L−1

UO2
2+, 0.1mol L−1 NaCl; Conditions of C: 10mmol L−1 TX-114, 1.0 mmol L−1 Cyanex 301, 0.05mmol L−1 UO2

2+, 0.1 mol L−1 NaCl, phase separation temperature:
70 °C; Conditions of D: 10mmol L−1 TX-114, pH 3.0, 0.05mmol L−1 UO2

2+, 0.1 mol L−1 NaCl, phase separation temperature: 70 °C).

H. Liang et al. Separation and Purification Technology 210 (2019) 835–842

837



cetyltrimethyl ammonium bromide (CTAB), there appeared a maximum
extraction efficiency at 20 °C. It was assumed that CTAB resolubiliza-
tion occurs at higher temperature. Rub et al. [41] observed a maximum
critical micelle concentration (CMC) of the mixed micelles of pro-
methazine hydrochloride and TX-100 when the temperature increased.
As to the final increase of the extraction efficiency at the temperature
higher than 55 °C in our experiment, it might be related to the decrease
of CMC of the mixed micelles.

Labrecque et al. [20] chose 20 °C as the optimal temperature, but
they proposed that a system with a different ratio of CTAB and TX-114
would lead to a different optimal temperature. In our experiments,
when the molar ratio of Cyanex 301 and TX-114 was altered, the op-
timal temperature changed (Fig. 1B). When the concentration of TX-
114 was fixed at 10mmol L−1 and the concentration of Cyanex 301
increased to 1.5 mmol L−1, the extraction efficiencies reached a plateau
over 97% at the temperature above 60 °C, which were obviously higher
than those around 35 °C. When the concentration of Cyanex 301 arrived
at 2.0mmol L−1, the plateau around 35 °C disappeared, and there was
only one plateau over 95% at the temperature above 60 °C. Thus, 70 °C
was used rather than 35 °C in the condition experiments to guarantee
the extraction efficiency at different conditions.

3.1.3. Effect of pH
The pH value of the solution has a direct influence on the com-

plexation between UO2
2+ and Cyanex 301, because H+ is able to affect

the dissociation of Cyanex 301 and the hydrolysis of UO2
2+. Thus, the

effect of acidity on the extraction efficiency was firstly assessed by
varying the pH value from 1.5 to 6.0 with HCl (Fig. 1C). The extraction
efficiency increases greatly from pH 1.5 to 3.0, then reaches a max-
imum efficiency close to 100% at the pH range of 3.0–6.0. This may be
attributed to the competition of H+ with UO2

2+ to combine with the
Cyanex 301 anion. The pKa of Cyanex 301 is 2.6 [31], so that most of
the Cyanex 301 molecules are dissociated at pH > 3, favoring the
formation of the complex of UO2

2+ and Cyanex 301. The hydrolysis of
UO2

2+ ions in aqueous solution begins at pH 3.0, leading to the ap-
pearance of UO2OH+, (UO2)2(OH)22+ and (UO2)3(OH)5+ species at
pH > 3.0 [42]. It seems that the hydrolysis of UO2

2+ could not de-
crease the extraction efficiency in the pH range of 3.0–6.0. The influ-
ences of pH on the extraction efficiencies of Th4+ and La3+ were also
evaluated. The La3+ could not be extracted at the pH range of 1.5–5.2.
The extraction efficiency of Th4+ increases at the pH range of 1.5–3.5
and then decreased (Fig. S2 in Supporting Information). Considering
the CPE efficiency and selectivity towards Th4+, as well as avoiding the
hydrolysis of UO2

2+ and Th4+ that may influence the ITC measure-
ment, pH 3.0 was chosen as the proper pH value.

3.1.4. Effect of Cyanex 301 concentration
To optimize the dosage of Cyanex 301, the effect of Cyanex 301

concentration was studied (Fig. 1D). The extraction efficiency in the
absence of Cyanex 301 was 0.6 ± 0.5%, indicating that TX-114 mi-
celles could not extract UO2

2+ at pH 3.0. The CPE efficiency increases
rapidly before the Cyanex 301 concentration increases to 1.0mmol L−1,
and then remains nearly 100% with further increase of the concentra-
tion. In other words, the extraction efficiency reaches nearly 100%
when the Cyanex 301 concentration is about 20 times of the UO2

2+

concentration, and much more excess Cyanex 301 is applied to guar-
antee that all UO2

2+ ions are coordinated. Since the CPE process is
often used at a low UO2

2+ concentration, a Cyanex 301 concentration
of 1.0 mmol L−1 is enough. Besides, since Cyanex 301 can act as an
anionic surfactant to form charged mixed micelles with TX-114, a re-
latively high Cyanex 301 concentration will lead to the increase of TX-
114 usage to guarantee the phase separation, which will be discussed in
the following section. Thus, 1.0mmol L−1 Cyanex 301 was used in the
following experiments.

3.1.5. Effect of TX-114 concentration
TX-114 is the most widely used non-ionic surfactant in CPE ex-

periments because its CPT (24 °C [43]) is close to room temperature. In
the literature, 4 mmol L−1 or 0.2% (W/V) TX-114 are often used in the
CPE procedure [14,16–18]. To get a suitable usage of TX-114, the effect
of TX-114 concentration on the extraction efficiency was examined. In
the range of 2.5–15mmol L−1, the extraction efficiency kept close to
99% (Fig. S3 in Supporting Information). However, when the TX-114
was less than 5mmol L−1, it was difficult to separate the two phases
completely. This may be attributed to the high content of Cyanex 301 in
the mixed micelles, which conferred to the TX-114 micelles a negative
charge and made it more stable. Therefore, it is necessary to use suf-
ficient TX-114 to decrease the ratio of Cyanex 301 in the mixed micelles
and ensure the easy operation of the separation process. In the sub-
sequent experiments, 10mmol L−1 TX-114 was adopted.

3.2. Selectivity of the CPE process

Thorium and lanthanides often coexist with uranium. Moreover, the
separation of UO2

2+/Th4+ and UO2
2+/Ln3+ is difficult. Thus, Th4+,

La3+, Nd3+ and Yb3+ was selected as the competing ions to study the
selectivity of the CPE system. As can be seen from Fig. 2, the extraction
efficiency of UO2

2+ is nearly 100% at the optimized conditions, while
that of Th4+ is about 30%. The selectivity coefficient (S) of UO2

2+/
Th4+ was 140, calculated by the following equations.

=S D
D

(U)
(Th)U/Th (3)

=

−

D
C V C V

C V
i i f f

f f (4)

where D is the distribution ratio. Also, it is noteworthy that La3+, Nd3+

and Yb3+ could be hardly extracted. These results indicate that the
optimized CPE process has a good selectivity towards UO2

2+.
With respect to a CPE system with a relatively low molar ratio of

Cyanex 301 and TX-114, e.g., the solution containing 1.0mmol L−1

Cyanex 301 and 10mmol L−1 TX-114, 35 °C was also a suitable phase
separation temperature. As can be seen in Fig. 2, although the extrac-
tion efficiency towards UO2

2+ decreased a little in the presence of
competing ions, the selectivity towards UO2

2+ increased to some ex-
tent.

Fig. 2. Extraction efficiencies of different metal ions. (Conditions: 10mmol L−1

TX-114, 1.0 mmol L−1 Cyanex 301, pH 3.0, 0.05mmol L−1 metal ion, and
0.1 mol L−1 NaCl, phase separation temperature: 70 °C or 35 °C).
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3.3. Extraction mechanism

3.3.1. DLS and zeta potential measurements
In the CPE process, it is believed that Cyanex 301 is incorporated in

the TX-114 micelle, where UO2
2+ is combined with Cyanex 301. These

were confirmed by the results of DLS and zeta potential measurements
at 293.2 K. The zeta potential of 10mmol L−1 TX-114 aqueous solution
(pH 3) was measured to be 0.30 ± 5mV, nearly zero. Upon the addi-
tion of 1.0mmol L−1 Cyanex 301, the zeta potential decreased to
−60 ± 6mV, indicating that the Cyanex 301 anion was incorporated
in the micelles and the negatively charged head group was on the
surface. At the same time, the micelles size decreased greatly (Fig. 3),
which may be attributed to the formation of ionic-nonionic mixed mi-
celles that reduced the contribution of TX-114 [44,45].

When UO2
2+ was added to the mixed micelles of TX-114 and

Cyanex 301, the zeta potential increased to−9 ± 4mV, and the size of
the micelles also increased (Fig. 3). These results suggest that UO2

2+ is
coordinated with Cyanex 301 and the surface charge was partially
neutralized.

3.3.2. ITC study
To quantify the binding strength of metal ions to TX-114 micelles

containing Cyanex 301, UO2
2+ (Th4+ or La3+) aqueous solution was

titrated into the micelles solution of Cyanex 301 and TX-114 in in-
dividual experiments using ITC (Figs. 4, and S4, S5 in Supporting In-
formation). The enthalpy as a function of molar ratio of UO2

2+/Cyanex
301 is shown in Fig. 4B, which was well fitted with MNIS model (Eq.
(2)). The fitted and calculated thermodynamic parameters are listed in
Table 2. The free energy change (ΔG) of the reactions of metal ions with
the micelles are negative, indicating that the combinations of metal ions
and micelles are spontaneous processes in 293.2 K. And the binding
constant and the n values followed the order of
UO2

2+ > Th4+ > La3+, consistent with the result of the extraction
selectivity (Fig. 2). All of the combinations of ions and micelles have
positive changes in entropy and enthalpy, suggesting that the combi-
nations are all entropically driven. Thus, it is believed that the dehy-
dration of metal ions plays a dominant role in the interaction between
ions and micelles, in accord with the result of binding of multivalent
ions to modified pluronic micelles by Nispen et al. [36].

3.3.3. UV–vis spectrum study
In the CPE procedure, when the mixed micelles of TX-114 and

Cyanex 301 was added with UO2
2+, the solution turned yellow. In the

UV–vis spectrum, there appears an obvious absorption peak at ca.
370 nm (Fig. 5A), suggesting the formation of the complex based on
UO2

2+. Furthermore, UV–vis spectra titration was used to determine

the stability constant of the UO2
2+-Cyanex 301 complex in micelles

(Fig. 5B). Because the solution containing 0.20mmol L−1 UO2
2+ and

10mmol L−1 TX-114 was a little turbid, and the molecular structure of
TX-100 is similar to that of TX-114 (Scheme 1), TX-100 was used to
replace TX-114. The best fit of the titration spectra is gotten by as-
suming that UO2

2+ and Cyanex 301 formed 1:2 complex (Scheme 2).
And the stability constants β1 and β2 are determined to be 6.3× 103

and 2.0× 105, respectively. In order to investigate the influence of
NaCl on the complexation between Cyanex 301 and UO2

2+, the spec-
troscopic titration was also performed in the presence of 0.10mol L−1

NaCl (Fig. 5C). Comparing to the spectra obtained in the absence of
NaCl, it was found that the shape of the spectra obtained in the presence
of NaCl was similar and the absorption peak still appeared at ca.
370 nm, which means that the addition of NaCl could not alter the
coordination environment of UO2

2+. In the presence of NaCl, the sta-
bility constants β1 and β2 of the UO2

2+-Cyanex 301 complex in the
micellar system were determined to be 5.9×103 and 1.0×107, re-
spectively. The β2 value is higher than that of UO2

2+-Cyanex 301
complex in the absence of NaCl, which suggests that the ionic strength
is able to increase the complexation strength of UO2

2+ and Cyanex 301
in micelles. The formation of a neutral complex in the micelle system
lead to a high extraction efficiency. Since the stability constant is not
large enough, quantitative extraction was only realized at the excess of
Cyanex 301, consistent with the experimental result (Fig. 1D).

In order to examine the combination of Ln3+ and Cyanex 301 in
micelles, Nd3+ was chosen as the representative since the spectrum of
the Nd3+-Cyanex 301 complex was well studied [46]. When Nd3+ was
added to the mixed micelles of TX-100 and Cyanex 301, the position of
the characteristic adsorption peaks of Nd3+ complex was not changed
(Fig. S6 in Supporting Information), indicating that Nd3+ was still co-
ordinated by water, but not directly coordinated with S atom from

Fig. 3. DLS results of 10mmol L−1 TX-114 aqueous solution with(out)
1.0 mmol L−1 Cyanex 301 and 1mmol L−1 UO2

2+ (pH 3.0, 293.2 K).

Fig. 4. (A) Real-time thermogram for micelle solution (1.0mmol L−1 Cyanex
301 and 10mmol L−1 TX-114, pH 3.0) titration with 4.0 mmol L−1 UO2

2+ at
293.2 K. (B) Enthalpy as a function of molar ratio of UO2

2+/Cyanex 301, fitted
with MNIS model; symbols represent experimental data and line represents
model prediction.
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Cyanex 301 [46]. In other words, Ln3+ could not combine with the
micelles through coordination bond. Thus, it is not difficult to under-
stand the poor extraction efficiency of lanthanide ions. Unfortunately,
since Th4+ do not have absorption in the UV–vis spectrum, we could
not get any coordination information by spectroscopic method.

Combining with the results of ITC analysis, it is believed that the
combination of UO2

2+ with Cyanex 301 leads to the formation of
neutral complex, which enters the micelles. Since the coordination
number of UO2

2+ is often 5 or 6 in water, it is proposed that two
Cyanex 301 molecules and one/two water molecules coordinate with
UO2

2+, which constructs a stable binding site for UO2
2+ in the inter-

face of the micelle (Scheme 3). However, the hydrated lanthanide ions
can only combine with the micelles on its surface through electrostatic
interactions. As to Th4+, the poor extraction efficiency and a smaller
binding constant compared with UO2

2+ reflect that the complex of
Th4+ and Cyanex 301 may not form in the micelles system, similar to
lanthanide ions.

4. Conclusions

In this study, a CPE process based on TX-114 and Cyanex 301 mixed
micelles solution is developed to selectively extract UO2

2+ in the pre-
sence of Th4+ and lanthanide ions. After optimization, quantitative
extraction of UO2

2+ and a SU/Th value of 140 were realized. The ther-
modynamic parameters of the interaction between the related metal
ions and the micelles were obtained by ITC, and the binding constant
followed the order of UO2

2+ > Th4+ > La3+, consistent with the
result of extraction selectivity. In the absence of NaCl, the stability
constants β1 and β2 of the UO2

2+-Cyanex 301 complex in the micellar
system were determined via UV–vis spectroscopic titration to be
6.3×103 and 2.0×105, respectively. In the presence of 0.10mol L−1

Table 2
ITC data of micelle solution titrated with metal ions at 20 °C.

Metal ion ΔH/kJ mol−1 Ka/M−1 ΔG/kJ mol−1 ΔS/J K−1 mol−1 n

UO2
2+ 21 ± 3 (6.7 ± 0.2)×104 −27.1 ± 0.1 163 ± 11 0.242 ± 0.017

Th4+ 58 ± 6 (1.9 ± 0.1)×104 −24.0 ± 0.1 280 ± 20 0.179 ± 0.003
La3+ 39 ± 1 (9.3 ± 0.3)×103 −22.3 ± 0.1 230 ± 4 0.122 ± 0.005

Fig. 5. (A) UV–vis spectra of 0.05mmol L−1 aqueous solution of UO2
2+, mi-

celles solution containing 10mmol L−1 TX-114 and 1.0 mmol L−1 Cyanex 301,
and their mixture. (B) Spectroscopic titrations of UO2

2+/TX-100 with Cyanex
301/TX-100 (293.2 K). Initial solution: V=2.00mL, CU/CTX-100/CH=0.2/10/
1.0 mmol L−1. Titrant: CCyanex 301/CTX-100/CH= 2.0/10/1.0 mmol L−1. (C)
Spectroscopic titrations of UO2

2+/TX-100 with Cyanex 301/TX-100 in the
presence of NaCl (293.2 K). Initial solution: V=2.00mL, CU/CTX-100/CH/
CNaCl= 0.2/10/1.0/100mmol L−1. Titrant: CCyanex 301/CTX-100/CH/
CNaCl= 2.0/10/1.0/100mmol L−1.

Scheme 1. Structures of Cyanex 301, TX-114 and TX-100.

Scheme 2. Successive coordination steps of UO2
2+ by Cyanex 301.
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NaCl, the stability constants β1 and β2 were measured to be 5.9×103

and 1.0×107, separately. As far as we know, this is the first report
about the measurement of stability constant of complex in micelles. It
can be concluded that the combination of UO2

2+ and Cyanex 301 leads
to the formation of a neutral complex, which enters the micelles and
results in a high extraction efficiency. With respect to lanthanide ions
and Th4+, they could only combine with the micelles on the surface
through electrostatic interactions, leading to a poor extraction effi-
ciency. It is believed that the results reported herein will not only afford
us a selective CPE process for the separation of UO2

2+ from Th4+ and
lanthanide ions, but also contribute in a new way to investigating the
coordination chemistry in micelle-mediated separation processes.
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