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Abstract A mathematical model for the transport of Ce
(IV) from hydrochloric acid solutions through dispersion
flat combined liquid membrane (DFCLM) with contain 2-
ethyl hexyl phosphonic acid-mono-2-ethyl hexyl ester
(P507) as the carrier, dissolved in kerosene as the
membrane solution have been studied. This process of
facilitated transport, based on membrane technology, is a
variation on the conventional technique of solvent
extraction and may be described mathematically using
Fick’s second law. The equations for transport velocity are
derived considering the diffusion of P507 and its metallic
complexes through the liquid membrane. In this work, the
system is considered to be in a transient state, and chemical
reaction between Ce(IV) and the carrier to take place only
at the solvent–aqueous interfaces. Model concentration
profiles are obtained for the Ce(IV), from which extraction
velocities are predicted. The experimental and simulated
Ce(IV) extractions showed similar tendencies for a high Ce
(IV) concentration and acidity case.The model results
indicate that high initial Ce(IV) concentrations and acidity
both have detrimental effects on Ce(IV) extraction and
stripping. The diffusion coefficient of Ce(IV) in the
membrane and the thickness of diffusion layer between
feed phase and membrane phase are obtained and the
values are 6.31 � 10–8 m2·s–1 and 31.2μm, respectively.
The results are in good agreement with experimental
results.

Keywords Dispersion flat combined liquid membrane
(DFCLM), dispersion phase, feed phase, 2-ethyl hexyl
phosphonic acid-mono-2-ethyl hexyl ester, Ce (IV)

1 Introduction

Rare earth metal has been widely used. It can be used
alone, also in mixed form of Re. The performance of the
metal alloy can be improved by joining amount of rare
earth metals or compound in it. Therefore, rare earth
elements are called the vitamin of metallurgical industry
[1–3]. With rare earth elements in production and life, the
application of rare earth elements and widely for extraction
and enrichment became very necessary, at home and
abroad in recent years, there are many agencies in the
research of this aspect [4,5]. Liquid extraction of rare earth
metals is characterized by a short process, high speed, great
enrichment ratio, little reagent-consuming and low cost,
which has broad industrial application prospect [6,7].
Rare earth Ce(IV) is playing an increasingly important

role in high technology. Ce(IV) is typical in light rare earth
element. To investigate the transport regularity of light rare
earth elements by liquid membrane, we chose Ce(IV) as
the sample in experiment. A few of research about
transport of Ce(IV) by liquid membrane has been done
during the last decade [8,9], but the effect of transport was
not good enough because of disadvantages above. In this
work, we chose a novel liquid membrane system to
transport Ce(IV) in the experiment.
Mathematical modeling of the transport phenomena

which take place in the dispersion flat combined liquid
membrane (DFCLM) is important for the interpretation of
laboratory results and in the design and scale-up of these
processes. Li et al. [10] presented a very simple model, in
which the extraction velocity is considered proportional to
the concentration difference between the extraction and
stripping phases. Later on Martin and Davies [11],
Hochhäuser and Schönfeld [12], Völkel et al. [13] and
Gladek et al. [14] adopted similar mathematical considera-
tions. Their steady-state approach is, however, only valid
when the extraction is far from equilibrium.
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On the other hand, researchers in the area of DFCLM
have presented analytical solutions for the determination of
the facilitation factor. Facilitated transport is a process by
which a nonvolatile carrier facilitates or increases the
transport of a solute across a liquid film and the facilitation
factor may be defined as the ratio between the total flux of
solute with facilitation and the total flux without it. In this
direction, Smith et al. [15] considered the uncomplexed
carrier concentration to be constant within the liquid film,
which is equivalent to having a large amount of the carrier
in the organic phase relative to the amount of solute to be
extracted. The differential equations that describe this
process in steady-state are linear and easy to solve.

DA
d2CA

dx2
¼ kfCBCA – krCAB, (1)

DAB
d2CAB

dx2
¼ krCAB – kfCBCA, (2)

where, CA, CB, and CAB = concentrations of the solute, the
carrier and the carrier–solute complex in the DFCLM,
respectively; DA and DAB = diffusivities of the solute and
the carrier–solute complex in the DFCLM, respectively; kf
stands for forward complexation reaction rate constant; kr
stands for reverse complexation reaction rate constant.
Their solution was first introduced by Donaldson and
Culberson [16] in 1975. Kreuzer [17] arrived at the same
expression through a dimensional analysis whose solution
was a function of the chemical reaction and the carrier
concentration. Noble [18] and research group composed of
Elkamel and Noble [19] derived another expression for the
factor. However, this differs from the others only in that it
also considers the resistance to mass transfer. In the case of
metal ion extraction, a facilitation factor has no meaning
since the metal is insoluble and therefore cannot flow
through the organic liquid membrane without forming a
complex with the carrier.
In general, the majority of the models published

describes gas transport at steady-state, and do not account
for the chemical reaction between the permeating species
and the carrier in the membrane. The present work
proposes a dynamic mathematical model that describes
the transport of Ce(IV) through a liquid membrane
composed of 2-ethyl hexyl phosphonic acid-mono-2-
ethyl hexyl ester (P507) in kerosene. The Ce(IV)-(P507)
reaction takes place only at the organic–aqueous interfaces
and homogeneous equilibria are assumed in each of the
three phases involved.

2 DFCLM experimental procedure

The measurements of transport rate for the DFCLM were
performed as follows: the experiments were accomplished

with a simple diffusion cell. The diffusion cell consisted of
two-conpartment perspex half-cells. Two half-cells were
separated by the membrane. The membrane was impreg-
nated with P507 dissolved in kerosene and clamped
between the two half-cells. The effective volume of each
one is 80 mL. A microporous PVDF membrane was used
as a solid support. It had a 65 µm thick film with a nominal
porosity of 75% and a tortuosity of 1.67.The effective area
is 16 cm2. The feed phase (80 mL) consisted of Ce(IV),
H2SO4 and HCl solution, and was poured into a half-cell.
The mixed dispersion phase consisted of the different
volume ratios of the membrane solution containing the
carrier P507 and HCl stripping solution was placed into
another half-cell. Samples of the feed phase were taken at
timed intervals. The stirring of dispersion phase were
allowed to stand until phase transport occurred. Then the
Ce(IV) sample from the dispersion phase was collected.
Figure 1 is the experimental installation of the DFCLM
process. Figure 2 is the the principle of chemical
reaction.

Fig. 1 Experimental installation of DFCLM process.1,2-feed
phase; 3,4-dispersion phase; 5- PVDF membrane; 6,7-pumps

Fig. 2 Diagram of Ce(IV) transport through the dispersion
combined liquid membrane. HR represents the carrier within the
membrane, which in this case is P507. CeR2(HR2)2 represents the
organometallic compound, H+ is the hydrogen ion and Ce4+, the
uncomplexed Ce(IV) ( A and B are the boundaries of the
membrane phase )
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3 Transport velocity model

Figures 2 and 3 are the principle of DFCLM process, in
which concentration change and transport processes are
depicted. The co-transport involves various equilibrium
reactions, which are described as follows:
(a) Ce(IV) diffuses from the feed phase to the interface

A.
(b) On the feed side interface of the DFCLM, the

extraction of Ce(IV) from feed solution with carrier P507
(can be as (HR)2) in kerosene can be expressed as [20,21]:

Ce4þ þ 3 HRð Þ2,org⇄
K1

K – 1

CeR2 HR2ð Þ2,org þ 4Hþ
f , (3)

where f and org stand for feed phase and organic phase
respectively; (HR)2 indicates that the P507 in kerosene
mainly exists as a dimer; K1, and K – 1 stand for forward
and backward reaction rate constant at the interface bwteen
the feed phase and membrane phase.
(c) The metal-complex (CeR2(HR2)2) diffuses through

the membrane A-B.
(d) At the stripping side interface of the DFCLM, the

CeR2(HR2)2 dissolved in membrane solution and the metal
ion Ce(IV) are stripped by stripping agent.
The stripping reaction on the other side of the SLM is

written as follows:

CeR2 HR2ð Þ2,org þ 4Hþ
s ⇄

K2

K – 2

Ce4þ þ 3 HRð Þ2,org, (4)

where s represents the dispersion phase; K2 and K – 2 stand
for forward and backward reaction rate constant at the
interface bwteen the membrane phase and dispersion
phase.
(e) Carrier P507 returns from B to A.
In this mechanism the transport of Ce(IV) across

DFCLM will be described by considering only diffusion
coefficient of Ce(IV), because the complex reaction
between the Ce(IV) and P507 at the interfaces is much
faster compared to the diffusion in the feed phase and
membrane phase [22–24].

To formulate the model, the following assumptions were
made:
1)The Ce(IV) diffuses in the organic medium only as the

CeR2(HR2)2 complex.
2)There is no net flow due to convection within the

liquid membrane.
3)The metal ions react only with P507 at the membrane

interfaces.
4)The P507 monomer and dimer are in equilibrium at all

times throughout theorganic phase.
5)The solubility of P507 in the aqueous acid solution has

been found to be negligible and, therefore, its concentra-
tion in the DFCLM is assumed to remain constant [25].
Metal-complex(CeR2(HR2)2) diffusion through the

membrane may be described by Fick’s second law:

∂CCeR

∂t
¼ DCeR

∂2CCeR

∂x2
, (5)

where CCeR stands for concentration of the Ce(IV)-(P507)
complex in the organic solution; DCeR stands for
diffusivity of the Ce(IV)-(P507) complex; x stands for
distance in the liquid membrane. The boundary conditions
at each of the DFCLM–aqueous solution interfaces
represent the equality of the free Ce(IV) mass transfer to
or from the interfaces in the aqueous phase with the
diffusion of the organometallic Ce(IV) complex into or out
of the organic phase at each boundary:

DCeR
∂CCeR

∂x

����
A
¼ k C0

CeR –C
A
CeR

� �
, (6)

DCeR
∂CCeR

∂x

����
A
¼ k CB

CeR –C
0
CeR

� �
, (7)

where k stands for mass transfer coefficient in the aqueous
phase at boundary A or B; C0

CeR stands for equivalent Ce
(IV)-(P507) concentration corresponding to the bulk
aqueous phase Ce(IV) concentration; CA

CeR stands for
interfacial Ce(IV)-(P507) concentration at interface A;
CB
CeR stands for interfacial Ce(IV)-(P507) concentration at

interface B; A, B stands for extraction and stripping
boundaries, respectively. Given that the Ce(IV)-(P507)
complex does not exist in the aqueous phase, the mass
transfer driving force of Ce(IV), as Ce4+, must be
estimated by transforming the aqueous phase concentra-
tions to equivalent organic phase concentrations C0

CeR,
using the extraction equilibrium constant. Therefore, it is
possible to calculate the equivalent Ce(IV)-(P507) con-
centration for the bulk aqueous free Ce4+ in the following
manner:
Extraction equilibrium constant [26]:

KEQ ¼ Hþ½ �4 CeR2 HR2ð Þ2½ �
Ce4þ½ � HRð Þ2½ �3 , (8)

Fig. 3 Principle of DFCLM process
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C0
CeR ¼ CeR2 HR2ð Þ2½ �bulk

¼ KEQ
Ce4þ
� �

bulk HRð Þ2½ �3
Hþ½ �4 , (9)

where [Ce4+]bulk stands for uncomplexed Ce(IV) in the
bulk aqueous solution; [CeR2(HR2)2]bulk stands for Ce
(IV)-(P507) concentration in the organic phase in equili-
brium with the bulk aqueous phase Ce(IV) concentration;
[(HR)2] stands for P507 dimer concentration in the organic
phase. On the other hand, in order to describe the P507
diffusion through the DFCLM, the different compounds
which contain the extractant are in equilibrium and must be
grouped together. Since the P507 dimer and the Ce(IV)
complex contain 2 and 6 P507 molecules, respectively, the
total P507 flux may be expressed as:

∂C HR,DR,CeRð Þ
∂t

¼ DHR
∂2CHR

∂x2
þ 2DDR

∂2CDR

∂x2
þ 6DCeR

∂2CCeR

∂x2
, (10)

where C(HR, DR, CeR) stands for P507 total = CHR + CDR +
6CCeR; CHR stands for concentration of the P507
monomer; CDR stands for concentration of the P507
dimer. Since no P507 enters the aqueous phases, in any
form, its diffusion at both interfaces is considered to be
negligible and the boundary conditions at A and B may be
expressed as follows:

DHR
∂CHR

∂x
þ 2DDR

∂CDR

∂x
þ 6DCeR

∂CCeR

∂x

����
A,B

¼ 0, (11)

The initial conditions reflect the uniformity of the P507
monomer and dimmer concentrations, as well as the
absence of Ce(IV), throughout the DFCLM:
Then for all x,

CCeR ¼ 0, (12)

CHR,DR ¼ PC – 88A½ �0, (13)

where [P507]0 stands for initial concentration of P507.
To solve the model, aqueous solution mass balances and

species distributions must be determined before solution of
the diffusion equations is carried out. Since the extraction
and stripping solutions contain an appreciable amount of
sulfate, hydrogen and hydroxide ions, much of the Ce(IV)
is present as complexes with these ions. At each time, the
free (uncomplexed) Ce(IV) concentration must be calcu-
lated in order to evaluate the boundary conditions with Eq.
(9). After this, the diffusion equations for Ce(IV) and total
P507 are discretized using the finite difference technique as
proposed by Hoffman et al. [27]. The set of nonlinear
algebraic equations formed by the diffusion equations and

the boundary conditions are solved by a Newton–Raphson
type method. Finally, Ce(IV) removal from the extraction
phase and addition to the stripping phase are calculated
using differential mass balances.

DCeR
∂CCeR

∂x

����
A,B

¼ V

S

dCCe

dt
, (14)

where S stands for area of the aqueous-organic interface; V
stands for volume of the aqueous phase; CCe stands for
total Ce(IV) concentration in the aqueous phase.
The flow of the hydrogen ion from the unreacted P507

takes place in the opposite direction and balances the
charge of the Ce(IV) lost or gained in each aqueous phase.

dCH

dt

����
A,B

¼ – 2
dCCe

dt

����
A,B

, (15)

where CH stands for total hydrogen ion transferred into or
out of the aqueous phase. The entire procedure is repeated
subsequently.
The model presented may easily be applied for a

continuous process by eliminating the time dependency of
Eqs. (5) and (10), and converting the aqueous phase mass
balances, Eq. (14), to a flow scenario.

DCeR
∂CCeR

∂x

����
A,B

¼ VA

SA

dCCe

dz
, (16)

where VA stands for volumetric flow of aqueous solution,
A or B; SA stands for area of the aqueous–organic interface
per distance of tangential flow; z stands for distance in the
direction of flow. Despite these changes, the extraction
velocity will still be controlled by the diffusion through the
DFCLM and therefore subject to the same limitations as
found in the nonsteady-state case.
The equation for permeability coefficient can be defined

as [25]

Qjt ¼
εADeKex HRð Þ2½ �3Cf

τL Hþ½ �3 t –
L2

6De

� �
, (17)

So we can get permeability coefficient Eq. (18) as:

1

Pc
¼ Δmτ H

þ½ �4
εKex c

0½ �3 þ Δf : (18)

In Eq. (18), Pc ispermeability coefficien. ε, τ, and Kex are
all constants. As a result of extrantion experiments, Kex of
0.26 is abtained. The relationship between 1/PC and [H+]4

are examined to be linear at the same concentration of
P507. So the Diffusion coefficient of Ce(IV) in the
membrane and the thickness of diffusion layer between
the feed phase and membrane phase by the linear slope
method can be obtained. In the same way, the relationship
between 1/PC and [c0]3 are examined to be linear at the
same H+ concentration in the feed phase.
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4 Results and discussion

Based on mechanism of mass transfer process, the
concentration difference between feed phase and dispersion
phase is the driving power of mass transfer process. So in the
feed phase the lower the H+ concentration is, the stronger
the driving power of mass transfer process will be. Stronger
power will promote the transport rate of Ce(IV). Equally, the
lower the acidity in the feed phase is, the higher the transport
rate of Ce(IV) is. The effect of acidity in the feed phase on
transport of Ce(IV) was studied in the acidity range of 0.01
to 0.50 mol·L–1, which was adjusted with an HCl solution.
Initial concentration of Ce(IV) in the feed phase was 1.0 �
10–4 mol·L–1. Concentration of HCl solution was 4.0
mol·L–1, volume ratio of membrane solution and stripping
solution was 2:1, concentration of P507 was 0.16mol·L–1 in
the dispersion phase. The results are shown in the Figure 4,
The transport rate of Ce(IV) decreases when the acidity in
the feed phase increased from 0.01 to 0.50mol·L–1, and a
maximum transport rate observed at acidity of 0.1 mol·L–1 is
93.1% during 75min. Above the acidity of 0.1 mol·L–1 in
the feed phase, the transport rate of Ce(IV) decreases to
61.2%. When acidity is less than 0.01 mol·L–1, the feed
phase emulsifies, so the transport rate of Ce(IV) decreases.
Against all previous cases, announcement of associated
documents [28] put forward that the influence of acidity on
distribution coefficient of extraction process. It is large
because the transport process is mainly governed by the
driving power of mass transfer caused by the distribution
equilibrium, when the renewal effect of the liquid membrane
and the diffusion mobility of Ce(IV) ions are determined
under specific experimental conditions [29,30]. Considering
saving chemical agents as well as increasing transport rate,
we choose acidity of 0.1 mol·L–1 as the optimum acidity
condition in the feed phase during the following experi-
ments.

Effect of initial concentration of Ce(IV) on transport rate
of Ce(IV) was studied in the Ce(IV) concentration range
from 0.3 � 10–4 to 1.8 � 10–4 mol·L–1. The acidity in the
feed phase was adjusted to 0.1 mol·L–1, volume ratio of
membrane solution and stripping solution is adjusted to
2:1, concentration of HCl solution was also adjusted to 4.0
mol·L–1 in the dispersion phase, and concentration of P507
was 0.16 mol·L–1. The results are shown in the Figure 5,
with the increasing of initial concentration of Ce(IV) in the
feed phase from 0.3 � 10–4 to 1.8 � 10–4 mol·L–1, the
transport rate of Ce(IV) decreased during the same time.
This is because the P507 is definite through the membrane
when the interface between the feed phase and the
membrane phase is definite. That is to say, the Ce(IV)
transported is definite in this transport process. When the
Ce(IV) concentration were 0.8 � 10–4 mol·L–1, 1.0 � 10–4

mol·L–1, 1.3 � 10–4 mol·L–1 and 2.0 � 10–4 mol·L–1, the
transport rate was up to 97.2%, 93.5%, 86.1% and 70.9%
in 75 min, respectively. Experiment result shows the rate of
Ce(IV) remaining in the feed phase for the certain acidity
case at different initial Ce(IV) concentrations. As may be
noted, at the lower concentrations, extractions are faster
and more efficient. The transport rate was up to 97.7% in
55 min, when initial concentration of Ce(IV) was adjusted
to 0.3 � 10–4 mol·L–1, and after 55 min Ce(IV) was hardly
determined.
Figures 6 and 7, Ce(IV) extraction curves, both

experimental and those predicted by the model, are
presented as a function of time for a acidity run. In this
case, the acidity of the feed phase was previously adjusted
to 0.1mol/L, converting the P507 to its sodium salt. The
acidity is accounted for in the program by eliminating the
hydrogen ion balance. Constructing based on the data of
effect of acidity in the feed phase, and the relationship
developed between 1/PC and [H

+]3, When concentration of
carrier is definite, the station of the following conditions

Fig. 5 Effect of initial concentrations of Ce(IV) on transport of
Ce(IV). When the Ce(IV) concentration were 0.8 � 10–4 mol·L–1,
1.0 � 10–4 mol·L–1, 1.3 � 10–4 mol·L–1 and 2.0 � 10–4 mol·L–1,
the transport rate was up to 97.2%, 93.5%, 86.1% and 70.9% in 75
min. The transport rate was up to 97.7% in 55 min, when initial
concentration of Ce(IV) was adjusted to 0.3 � 10–4 mol·L–1, and
after 55 min Ce(IV) was hardly determined

Fig. 4 Effect of acidity in the feed phase on transport of Ce(IV)
in the feed phase.The transport rate of Ce(IV) decreases when the
acidity in the feed phase increased from 0.01 to 0.50 mol·L–1, and
a maximum transport rate observed at acidity of 0.1 mol·L–1 is
93.1% during 75 min. Above the acidity of 0.1 mol·L–1 in the feed
phase, the transport rate of Ce(IV) decreases to 61.2%
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can be obtained. It indicates that the relationship between
1/PC and [H

+]3 are examined to be linear. The value of R2 is
0.9601, which is in good agreement with the theory from
Eq. (17). The slope and intercept of the line are 2.03� 106

s$L4$ (m$mol4) –1 and 3.20 � 104 s$m–1. The thickness of
diffusion layer df, which is obtained by diffusion
coefficient of Ce(IV) in the aqueous solution (5.99 �
10–10 m2·s–1) determined using certain methods. is that
31.2 μm. Then the diffusion coefficient in the membrane,
obtained 6.31 � 10–8 m2·s–1.
The new kinetic equation is determined by using df and

D0
m in the DSLM system. It can be written as

Pc ¼
1

3:2� 104 þ 3:01� 106 Hþ½ �4 : (19)

As may be noted, the agreement between the experiment
and the program results is quite good. The adjusted value
of the Ce(IV)-(P507) complex diffusivity was found to be

3.2 � 10–8 m2·s–1, very close to the experimental value of
6.31 � 10–8 m2·s–1 reported by Pei L [31] for this system.

5 Conclusions

Ce(IV) transport through a dispersion flat combined liquid
membrane,containing P507 as the carrier, was studied with
the following results: The liquid membrane with P507 in
kerosene employed in the experimentation permitted an
adequate Ce(IV) extraction as long as the acidity of the
feed solution was regulated below 0.1 mol·L–1. A transient
model was developed which considers the reaction
between the Ce(IV) and the extractant P507 only at the
aqueous–DFCLM interfaces.
Optimum transport condition of Ce(IV) in the DFCLM

system is that the concentration of P507 is 0.10 mol·L–1 in
the dispersion phase, acidity is 0.10 mol$L–1 in the feed
phase. When initial concentration of Ce(IV) is 0.8 � 10–4

mol·L–1, the transport effect of Ce(IV) is very obvious in
the optimum condition and the transport rate of Ce(IV) is
up to 97.2% during the transport time of 75 min.
The results of Ce(IV) extraction with respect to time

produced by the model mulation coincide well with those
obtained by experimentation.The application of this model
to the extraction of other rare earth species is possible as
long as the equilibrium and transport characteristics, such
as the nature and diffusivities of the complexes(monomer,
dimer, organometallic complex, etc.) formed in the organic
phase, are known. In the future, the same methodology will
be applied to systems which contain different rare earth
species.
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