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Abstract−The extraction and stripping of uranium(VI) from other impurity elements in yellowcake was performed
simultaneously in one stage by a hollow fiber supported liquid membrane. Uranium ions were selectively extracted
from yellowcake using TBP as the extractant, while thorium and some rare earth elements were rejected in the raffinate.
The optimization method was carried out using 32 factorial design. The concentration of nitric acid in the feed solution
and the concentration of TBP in the liquid membrane were regarded as factors in the optimization. A mass transport
model focusing on the boundary layer of the extraction side was also applied. The model can predict the concentration
of uranium in the feed tank at different times. The validity of the developed model was statistically evaluated through a
comparison with experimental data, and good agreement was obtained.
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INTRODUCTION

Uranium is known to cause serious environmental damage and
acute toxicological effects in mammals, and its compounds are poten-
tial carcinogens [1,2]. It has been found in monazite ore in the south
of Thailand in the form of phosphate compounds. In the digestion
process, monazite ore is broken down using an alkaline process to
separate and purify the element. A solvent extraction process has
also been used to separate uranium from thorium. Ultimately, uranium
is precipitated in the form of ammonium diuranate ((NH4)2U2O7),
also known as “yellowcake.” However, yellowcake still contains a
few impurities of thorium and some rare earth elements (cerium,
lanthanum, neodymium, praseodymium, samarium, gadolinium,
dysprosium and yttrium), and should be further purified.

Solvent extraction processes have conventionally been employed
with various extractants to purify uranium and/or thorium. In the
PUREX process [3], TBP (tri-n-butylphosphate) is used as the extrac-
tant to extract uranium. In the AMEX process [4], thorium is extracted
with a primary amine in the first cycle, and uranium is extracted in the
second cycle using a secondary or tertiary amine. In the THOREX
process [5], 30% (v/v) TBP is used to mutually separate thorium
and uranium from 4 M nitric acid solution.

In recent years, other extractants have been used to separate ura-
nium and thorium. Nasab et al. [6,7] used Cyanex302 and Cyanex272
as extractants, and a high separation factor of 3.76 for the separation

of thorium from uranium was obtained. Hughes and Singh [8] extract-
ed thorium from monazite sulfate solution by 0.1 M of Adogen-283.
Multistage extraction, scrubbing and stripping were performed, and
99.5% yield and 99.86% purity were obtained. Amaral and Morais
[9] used a mixture of Primene JM-T and Alamine to selectively ex-
tract thorium and uranium from sulfuric liquor by solvent extraction,
which was composed of extraction and stripping stages. The result
indicated that thorium and uranium extraction was 99.9% and 99.4%,
respectively.

However, these solvent extraction processes have some disad-
vantages because of low selectivity of uranium, consuming large
amounts of solvents that are hazardous and flammable. Moreover,
multistage extraction and stripping steps must be employed [9,10].
These disadvantages can be avoided if there is a more energy-effi-
cient process to separate uranium and thorium.

Therefore, due to safety and technological considerations, find-
ing a new method to separate and purify uranium from either mona-
zite processing directly or from yellowcake is important.

Hydrometallurgical separation by a liquid membrane process pre-
sents a great challenge for the separation of uranium in view of the
stringent nuclear waste management regulations. This technique has
specific characteristics of simultaneous extraction and stripping in
one single stage. It is possible to attain high selectivity [11] employ-
ing less energy and input materials compared with other conven-
tional separation methods [12,13].

There are three kinds of supported liquid membrane: flat sheet,
spiral, and hollow fiber supported liquid membrane. Some research
has been conducted on the separation of uranium by liquid mem-
brane. Kedari et al. [14] separated uranium from thorium solutions
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by flat sheet supported liquid membrane. TOPO dissolved in dode-
cane was used as the extractant. High selectivity of uranium over
thorium was obtained. However, this work had no other impurity
elements in the feed solution, and a flat sheet supported liquid mem-
brane cannot be applied in continuous mode.

One of the most promising techniques is the hollow fiber sup-
ported liquid membrane (HFSLM) because it has no entrainment
and flooding, easy to install, high interfacial area, high selectivity,
high efficiency for low metal concentrations [13,15,16], and com-
patibility with other separation techniques [16,18]. In our previous
studies, the separation of several kinds of metal ions as well as phar-
maceutical products by a hollow fiber supported liquid membrane
have been reported [16,19-24].

The experimental design is a way to investigate the entire influ-
ence of a given variable, to assess its individual effect as an isolated
variable and its interaction with other variables, and also to determine
which variable could be neglected. Various experimental designs,
such as factorial design, Taguchi design [25], and surface response,
have been employed for optimization because they are faster, more
economical, more effective, and can simultaneously optimize more
than one variable. In particular, factorial design [26,27] is widely
used in the statistical planning of experiments to obtain the main
factor and optimized condition. Medjahed et al. [28] used full 23

factorial design for screening the factors that would influence the
experimental results, and also optimized the extraction of copper
by supported liquid membrane. The concentration of KSCN was
statistically significant, and the optimized percentage of extracted
copper(II) was 93.6%. Kavak et al. [29] used full factorial design
to screen the factors affecting the efficiency of lead removal by cation
exchange resin. Optimization was performed and 99% removal of
Pb(II) was obtained.

We demonstrated, for the first time, the separation of uranium
from yellowcake solution using a hollow fiber supported liquid mem-
brane. The yellowcake was obtained from monazite ore digestion.
Yellowcake dissolved in nitric acid solution typically contains tho-
rium and some rare earths as impurities. The effects of the concen-
tration of nitric acid in the feed solution and the concentration of
TBP in the liquid membrane phase were investigated and opti-
mized by using 32 full factorial design. In addition, a mathematical
model of the process of uranium ion transport across a liquid mem-
brane was studied. The model focused on the transport mechanism
and the reaction at the extraction side of the liquid membrane to

predict the concentration of uranium in the feed tank at different
times. Finally, the theoretical results from the model were com-
pared with experimental data.

BACKGROUND THEORY

1. Hollow Fiber Supported Liquid Membrane
A hollow fiber supported liquid membrane is composed of a mod-

ule that contains many hollow microporous polyethylene fibers aligned
horizontally, as shown in Fig. 1. The fibers are woven into fabric
and wrapped around a central tube feeder that supplies the shell-
side fluid. The woven fabric allows more uniform fiber spacing,
which in turn leads to a higher rate of mass transfer than that obtained
with individual fibers. Inside the module, the organic liquid mem-
brane phase is located between the aqueous feed solution, which
contains metal ions, and the stripping phase.
2. Separation Mechanism

A liquid membrane is designed to selectively extract only the
target metal. The selectivity is controlled by the carrier and form of
metal species [30]. We used a feed solution containing uranium(VI),
thorium(IV) and some rare earths. TBP (tri-n-butylphosphate) as
an extractant was used to separate uranium from thorium and other
rare earth elements. TBP was dissolved in kerosene as a liquid mem-
brane embedded by capillary force in the hydrophobic microporous
hollow fiber module. Uranium in the presence of nitric acid exists
in the form of  type species [31]. Uranium ions react with TBP
at the interface between the feed and liquid membrane to form com-
plex species, according to Eq. (1) [32]:

(1)

(2)

After that, the complex species diffuse across the organic liquid mem-
brane to react with sodium hydroxide, as the stripping reagent, at
the opposite interface. Then, uranium(VI) ions are stripped into the
stripping phase as in Eq. (2), releasing TBP and uranium(VI) into
the liquid membrane phase and stripping phase, respectively. Finally,
TBP diffuses back to react with the feed phase, in a new cycle where
the uranium(VI) ions can once again be extracted and stripped. A
schematic diagram depicting the coupled transport between ura-
nium(VI) ions in the feed solution and sodium ions in the stripping
solution is shown in Fig. 2.

UO2
2+

UO2
2+

 + 2NO3
−

 + 2TBP UO2 NO3( )2 2TBP⋅⇔

UO2 NO3( )2 2TBP⋅  + 2Na+ UO2
2+

 + 2NaNO3 TBP⋅⇔

Fig. 1. Hollow fiber supported liquid membrane contactor.
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3. Mathematical Model Development
A mathematical model of a hollow fiber supported liquid mem-

brane for the separation of uranium ions is illustrated in Fig. 3. The
overall mass transport through a liquid membrane is very compli-
cated. Therefore, the following assumptions were applied: (i) the
concentration of the feed solution is very low, and all of the ura-
nium ions react with TBP; (ii) bulk uranium ions come in contact
with an aqueous boundary layer thickness (δ ); (iii) the concentra-
tion gradient across the boundary layer is linear; and (iv) the com-
plexation and decomplexation reactions are much faster compared
to the diffusion across the boundary layer.

This work focuses on the feed/membrane interface layer, because
in most liquid membrane systems the mass transfer controlling step
occurs here [30]. All these steps, as a whole, make this phenome-
non very complicated. The aqueous feed solution contains uranium
ions, while the organic liquid membrane contains a substance, TBP.
From the extraction reaction in Eq. (1), at the plane z=δ, , from
the feed side moves to react with TBP instantaneously.

Using Fick’s (first) law of diffusion, the flux, NU, r, is the num-
ber of moles of uranium that go through a unit area in unit time,
the unit area being fixed in space [33]. The molar flux is related to

the concentration gradient, which for the r component is:

(3)

where DU, aq is the diffusivity of  in the aqueous phase and is
assumed to be constant, while xu is the mole fraction of  in
the feed solution.

When the concentration of uranium is low (xU≈0), the last term
of Eq. (3) is neglected and can be rewritten as:

(4)

For uranium ion mass balance with a steady-state condition, we ob-
tain Eq. (5):

(5)

By combining Eqs. (4) and Eq. (5), and integrating with two initial
conditions, r=0, CU=CU, o and r=δ, CU=Cδ=0, the final equation for
the uranium ion concentration can be expressed as:

(6)

Finally, by substituting Eq. (6) into Eq. (4), we obtain the expres-
sion for uranium flux:

(7)

From the definition of flux [18], we have the following equation:

(8)

By combining Eqs. (7) and (8), the final equation for uranium ion
concentration can be expressed as:

(9)

where (10)

Eq. (13) is an equation for predicting the concentration of uranium
in the feed tank at different times; the results will be compared with
experimental data.

EXPERIMENTAL

1. Reagents
Yellowcake was obtained from the Rare Earth Research and De-

velopment Center, Office of Atoms for Peace, Bangkok, Thailand,
and was dissolved by HNO3. The pH of feed solutions was adjusted
by NaOH. Tri-n-butylphosphate (TBP) was the extractant, kero-
sene was the organic diluent and NaOH was the stripping solution.
All chemicals in the feed solution except yellowcake were of AR
grade and purchased from Merck Co. Ltd.
2. Apparatus
• A Liqui-Cel® Laboratory Liquid/Liquid Extraction System (com-

posed of two gear pumps, two variable speed controllers, two rotame-
ters, and two pressure gauges) was used.

UO2
2+

NU r,  = − DU aq,
dCU

dr
---------- + xUNU r,

UO2
2+

UO2
2+

NU r,  = − DU aq,
dCU

dr
----------

dNU r,

dr
------------- = 0

CU r( ) = CU o, 1− 
r
δ
--

NU r,  = DU aq,
CU o,

δ
----------

NU r,  = 
V CU 0,  − CU t( )( )

At
-------------------------------------

CU t( ) = CU 0, 1− kt[ ]

k = 
DU aq, A
δ V

-----------------

Fig. 2. Transport scheme of extraction and stripping of uranium
in a liquid membrane process using TBP.

Fig. 3. Schematic representation of concentration profiles and inter-
face layer at the feed side of uranium transport.
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• A Liqui-Cel® Extra-Flow module offered by Celgard (Char-
lotte, NC; formerly Hoechst Celanese) was used as a support mate-
rial. The properties of the hollow fiber module are shown in Table
1. The fibers are potted into a solvent-resistant polyethylene tube
sheet with a polypropylene shell casing.
3. Analytical Instruments
• Research reactor for the neutron activation analysis (NAA)

method
• Gamma ray spectrometer for the NAA method

4. Procedures
The feed solution was made by dissolving yellowcake in nitric

acid, and the liquid membrane was prepared by dissolving TBP in
kerosene. The stripping solution was sodium hydroxide. The organic
liquid membrane contained TBP, which was allowed to circulate
in the tube and shell sides for 20 min. After that, the experiment
began by flowing the feed solution into the tube side of the hollow
fiber module. Simultaneously, 0.5 M of sodium hydroxide as the
stripping solution was countercurrently pumped into the shell side
of the hollow fiber module. The experiments were performed in
circulation mode. A schematic diagram of the process and a photo-
graph of the instrument used are shown in Fig. 4(a) and 4(b), respec-
tively. For factorial design study, samples (5 mL) were taken out from
the feed and stripping tanks at final time of 40 min. In the valida-
tion of mathematical model, the sample were taken at 10 min inter-
vals. The concentrations of uranium and thorium ions were measured
by the NAA method [34,35]. The experiments were done in quadru-
plicate, and all of the results were analyzed by 32 factorial design.

RESULTS AND DISCUSSION

1. Calculation of Aqueous Boundary Layer Thickness
The feed side aqueous boundary layer thickness was calculated

by the Lévêque equation [36] considering the laminar flow inside
the fibers:

(11)

where sh is the Sherwood number, d and L represent the inner diam-

eter and length of the fiber, and v is the linear flow velocity of the
feed through the fiber. As can be seen from the above relation, the
value of δ depends upon the flow rate of the feed solution.
2. Calculation of Diffusion Coefficient

The diffusion coefficient of the aqueous feed solution, DU, aq, was
estimated by the Nernst–Haskell equation [37], as in Eq. (12):

(12)

where:
DAB=diffusivity of solute A in solvent B (cm2/s)
n+ and n−=valences of the cation and anion, respectively
λ+ and λ−=limiting ionic conductance in (A/cm2) (V/cm) (g-equiv/

cm3)
F=Faraday’s constant (96,500 coulombs/g-equiv)
T=temperature [K]
R=gas constant=8.314 J/mol·K

For some parameters such as temperature (T=300 K), valences

sh = 
ri

δ
--- =1.62 d2v

LDU aq,
----------------

1/3

DAB = 
RT 1/n+( ) + 1/n−( )[ ]

F2 1/λ+( ) + 1/λ−( )[ ]
----------------------------------------------

Table 1. Characteristics of the hollow fiber module

Properties Descriptions
Material Polypropylene
Dimension of module (diameter×length) 6.3×20.3 cm
Inside diameter of hollow fiber 240 µm
Outside diameter of hollow fiber 300 µm
Effective length of hollow fiber 15 cm
Number of hollow fibers 35,000
Average pore size 0.03 µm
Porosity 30%
Effective surface area 1.4×104 cm2

Area per unit volume 29.3 cm2/cm3

Module diameter 6.3 cm
Module length 20.3 cm
Contact area 1.4 m2 

Operating temperature 273.15-333.15 K

Fig. 4. (a) Schematic diagram of the experimental setup of a hol-
low fiber supported liquid membrane process; (b) the instru-
ments used for the hollow fiber supported liquid membrane
process.
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of the cation (n+=2) limiting ionic conductance for  (λ+=60.6
A/cm2) [38]. The diffusivity calculated by the above equation is 1.31×
10−5 cm2/s.
3. Factorial Design Study

The selection of the significant variable is very important for deter-
mining the optimized condition. To investigate the interaction between
the variables in the separation of uranium, 32 factorial design was
used by varying two important variables: the concentration of TBP
in the liquid membrane (A), and the concentration of nitric acid in
the feed solution (B). The data of the 32 factorial design and the re-
sponses are shown in Table 2. Minitab 16.0 software was used to
calculate the statistical data, analysis of variance, and the graphs of
the 32 factorial design study.

From the analysis of variance in Table 2, the P-value of the interac-
tion between the concentration of TBP (A) and the concentration
of nitric acid (B) is 0.019<0.05. This means that the interaction be-
tween these two variables is significant, with 95% confidence. Thus,
we can remove the main variables (A and B) from the optimization.
The interaction plot of the 32 factorial design study is shown in Fig.
5. It can be concluded that 5% (v/v) TBP and 1.0 M of nitric acid
are the optimized condition, and they were used for model verification.
4. Uranium Transport and Model Verification

To verify the predictions of the uranium transport model, experi-
ments were performed based on the developed model. The experi-
mental results for different yellowcake concentrations in the feed
tank (Fig. 6) and for various flow rates of the feed solution (Fig. 7)
were compared with the model predictions.
4-1. Effect of Uranium and Thorium Concentrations in the Feed
Solution

Experiments were performed at different feed metal ion concen-

UO2
2+

Table 2. Analysis of variance for %extraction of uranium

Source of variation DF Sum of squares Mean square F P-value
Conc. of TBP (A) 02 0,612.11 0,306.06 07.91 0.002
Conc. of HNO3 (B) 02 2,241.27 1,120.63 28.97 0.000
Interaction (AB) 04 0,550.81 0,137.70 03.56 0.019
Error 27 1,044.51 0,038.69
Total 35 4,448.70 α=0.05

Fig. 5. Plot of the effects of HNO3 and TBP concentration by 32 fac-
torial design, and the responses.

Fig. 7. Effect of flow rate of feed solution on the separation rate of
uranium. Extractant: 5% (v/v) TBP; stripping solution: 0.5
M NaOH; flow rate of strip: 100 mL/min.

Fig. 6. Effect of initial uranium concentration on the separation
rate of uranium. Extractant: 5% (v/v) TBP; stripping solu-
tion: 0.5 M NaOH; flow rates of feed and strip: 100 mL/min.

trations: 200, 300, 400 and 500 ppm. TBP concentration was fixed
at 5% (v/v), and sodium hydroxide was used as the stripping solu-
tion. According to the experimental results, the rate of uranium trans-
port became slower as the feed concentration increased, because at
higher concentrations of uranium ions, fewer TBP molecules are
available for extraction. Fig. 6 shows good agreement for the com-
parison between the experimental and theoretical results obtained
by Eq. (9).
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4-2. Effect of Flow Rate of Feed Solution
A theoretical prediction was also performed to investigate the

effect of feed-side flow rate; the experimental and theoretical results
are shown in Fig. 7. As the feed flow rate increased from 100-400
mL/min, the slope of the experimental results became more nega-
tive. This means that the rate of uranium transport is higher with
increasing flow rate of the feed solution. Clearly, the transport model
in Eq. (9) can very well predict the concentration of uranium in the
feed tank.

According to liquid membrane theory, a higher flow rate means
a higher speed of the aqueous phase in the hollow fibers, causing
the aqueous boundary layer thickness (δ ) to be correspondingly
thinner. Consequently, the k value in Eq. (13) is higher; this brings
about a lower concentration in the feed tank at final time [22,23],
as calculated from Eq. (12).
4-3. Model Verification

The validity of Eq. (9) was checked by comparing with the experi-
mental data. Absolute error percentage (%A.E.), standard deviation

(S.D.) and pair t-test [39] were used to verify the validity of the math-
ematical model. A.E. is defined as:

(13)

where CExp is the concentration of uranium in the feed tank from
the experimental result, and CCalc is the concentration of uranium in
the feed tank as calculated by the mathematical model. The valid-
ity of the mathematical model is also based on the percentage of
standard deviation (S.D.) as defined below:

(14)

where N is the number of experimental data.
The concentrations of uranium in the feed tank as a function of

time, for initial feed concentrations of 100, 200, 300 and 400 ppm

%A.E. = 
CExp − CCalc

CCalc
---------------------------- 100×

S.D. = 

CExp

CCalc
----------- −1⎝ ⎠
⎛ ⎞

i=1

N
∑

N −1
------------------------------

Table 3. Comparison between experimental and predicted results and statistical analysis

Time
(min)

Feed concentration (ppm)
100 200 300 400

Exp. Calc. A.E. Exp. Calc. A.E. Exp. Calc. A.E. Exp. Calc. A.E.
000 100 100.0 0.000 200 200.0 0.000 300 300.0 0.000 400 400.0 0.000
010 095 093.2 0.019 188 186.4 0.008 280 279.7 0.001 385 372.9 0.033
020 088 086.4 0.018 173 172.9 0.001 261 259.3 0.006 348 345.6 0.007
030 077 079.7 0.033 158 159.3 0.008 240 239.0 0.004 322 318.8 0.010
040 072 072.9 0.012 144 145.8 0.012 217 218.6 0.007 295 291.6 0.012
050 068 066.1 0.029 134 132.2 0.014 196 198.3 0.012 260 264.4 0.017
060 056 059.3 0.056 121 118.6 0.020 175 178.0 0.017 232 237.2 0.022
070 053 052.5 0.009 110 105.1 0.047 154 157.6 0.023 215 210.0 0.024
080 044 045.8 0.038 098 091.5 0.071 136 137.3 0.009 180 183.2 0.017
090 040 039.0 0.026 080 078.0 0.026 116 116.9 0.008 160 156.0 0.026
100 037 032.2 0.149 075 064.4 0.165 102 096.6 0.056 140 128.8 0.087

S.D. 0.0551 0.0598 0.0208 0.0334

Pair t 0.9781 0.8971 0.9893 94662

Time
(min)

Flow rate of feed solution (mL/min)
100 200 300 400

Exp. Calc. A.E. Exp. Calc. A.E. Exp. Calc. A.E. Exp. Calc. A.E.
000 400 400.0 0.000 400 400.0 0.000 400 400.0 0.000 400 400.0 0.000
010 385 372.9 0.033 380 365.8 0.039 385 360.9 0.067 360 356.9 0.009
020 348 345.8 0.006 340 331.7 0.025 325 321.8 0.010 310 313.9 0.012
030 322 318.6 0.011 300 297.5 0.008 285 282.7 0.008 278 270.8 0.026
040 295 291.5 0.012 260 263.3 0.013 243 243.5 0.002 224 227.8 0.017
050 260 264.4 0.017 223 229.2 0.027 200 204.4 0.022 190 184.7 0.028
060 232 237.3 0.022 190 195.0 0.026 170 165.3 0.028 135 141.7 0.047
070 215 210.2 0.023 160 160.8 0.005 120 126.2 0.049 090 098.6 0.088
080 180 183.0 0.017 122 126.6 0.037 086 087.1 0.012 050 055.6 0.101
090 160 155.9 0.026 095 092.5 0.027 056 048.0 0.167 042 012.5 2.349
100 140 128.8 0.087 064 058.3 0.098 045 008.9 4.081 030 −30.5 1.983

S.D. 0.0334 0.0392 1.292 0.9732

Pair t 0.9466 0.9804 0.9136 0.9066
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and flow rates of 100, 200, 300 and 400 mL/min, were predicted.
The mathematical model results in Figs. 6 and 7 are shown by the
line which fitted well with the experiment data from 0 to 100 min.
Table 3 shows the results of %A.E, S.D. and pair t-test in the different
conditions. The two-tailed pair t-values are between 0.9 and 1.0.
Therefore, all pairs are less than the significance level of 0.10, which
means that the calculation by the mathematical model is acceptable.

Unfortunately, when the flow rate was high, the rate of transport
of uranium abruptly decreased, which was not in agreement with
the calculated results. This decrease occurred because when the flow
rate was too high, i.e., 400 mL/min, the liquid membrane leaked out
of the pores and the liquid membrane system was destroyed [22].

CONCLUSION

Hollow fiber supported liquid membrane process can extract and
strip uranium(VI) ions from yellowcake solution in a single stage.
By 32 factorial design, the interaction between the concentration of
HNO3 in the feed solution and the concentration of TBP in the liquid
membrane is significant; the optimized conditions are 1.0 M and
5% (v/v), respectively. The rate of uranium transport increased as
the flow rate of the feed solution increased, but the transport rate
was slower when the feed concentration was increased. An uncom-
plicated equation was created by mass transfer theory, which can
predict the concentration of uranium ions in the feed tank at dif-
ferent times.
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