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ABSTRACT 

The technique of supported liquid membranes was used to achieve the facilitated transport of Cr(III) ions, using tow 
amphiphilic carriers, the methyl cholate and resorcinarene. For prepared SLMs, toluene as organic phase and film of 
polyvinylidene difluoride, as hydrophobic polymer support with 100 μm in thickness and 0.45 μm as the diameter of the 
pores. The macroscopic parameters (P and J0) on the transport of these ions were determined for different medium 
temperatures. For these different environments, the prepared SLMs were highly permeable and a clear evolution of 
these parameters was observed. The parameter J0 depended on the temperature according to the Arrhenius equation. The 
activation parameters, Ea, ΔH≠ and ΔS≠, for the transition state on the reaction of complex formation , were de- 

termined. To explain these results for this phenomenon, and achieve a better extraction of the substrate, a model based 
on the substrate complexation by the carrier and the diffusion of the formed complex 

 ST

 ST  was developed. The ex- 

perimental results verify this model and determine the microscopic parameters (Kass and D*). These studies show that 
these parameters Kass and D* are specific to facilitated transport of Cr(III) ions by each of the carriers and they are 
changing significantly with temperature. 
 
Keywords: Supported Liquid Membrane; Facilitated Transport; Methyl Cholate; Resorcinarene Permeability; Flux; 

Association Constant; Diffusion Coefficient 

1. Introduction 

Currently, different membrane types are used for many 
industrial applications, to recover or separate the con- 
stituents of a mixture, or to selectively control the ex- 
change of material between different media. The use of 
membrane technology has in recent years a rapid growth, 
particularly because of the increasing application areas. 
This development should be increased because of the 
good performance offered by membrane processes and 
due to the emerging needs of environmental protection 
(effluent treatment, clean processes…). Meanwhile, these 
different applications, research increasingly pushed to 
better understand the functioning of these membrane 
processes, create more efficient or more specific, and 

develop new methods to access new applications [1-6].  
Today, it is necessary and certainly required to de- 

velop highly selective systems that are essential to con- 
sider the realization of separations and recoveries of 
metal ions very harmful to the environment from com-
plex aqueous mixtures. For this purpose, the liquid-liquid 
separation technique is first widely used, with more or 
less suitable agents, for the recovery of metal ions from 
complex and loaded aqueous media. This technique in- 
volves the use of complexing agents and large amounts 
of organic solvents which are often expensive and toxic. 
It includes an extracting step by phase transfer, followed 
by back extraction step, two steps are enough consumers 
of organic solvents, particularly when volatile solvents. 
A stylish alternative to liquid-liquid extraction is the de- 
velopment of artificial membrane systems that mimic the *Corresponding author. 
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process of facilitated transport across bio-membranes (by 
mobile carriers and more by ion channels).  

Liquid membranes incorporating specific complexing 
agents are artificial systems of choice for the treatment of 
liquid media charged with metal ions. Of these mem- 
branes, supported liquid membranes (SLM)s are the most 
frequently used systems for these applications; these 
systems are developed from an inert polymer support. 
Indeed, the organic solution containing a specific com-
plexing molecule is often incorporated by impregnation 
of this polymer support. Polypropylene is the most 
widely used polymer support due to its high porosity, 
which generates the best metal ions flux through the 
prepared SLMs. The supported liquid membrane process, 
have several advantages compared to liquid-liquid ex- 
traction. There are much less consumers of organic sol- 
vents, which is an important criterion in respect of the 
environmental protection constraints and containment of 
toxic releases. These processes enable continuous opera- 
tion in one step, since the two steps of extraction and 
stripping are so coupled to the two interfaces. Indeed, the 
membranes are thin films that separate two fluids; an 
essential property of membranes is their permeability 

, the ability to allow passage of only certain species 
from one medium to another, while acting as a barrier to 
other species. For this work, we try to develop a simple 
and effective technique for extracting Cr(III) ions from 
acidic media. This technique is based on a series of 
works performed on different membrane transport phe- 
nomena, such as facilitated transport of metal ions or 
organic molecules across membranes, using suitable 
agent carriers. 

 P

Our work will be limited to the supported liquid mem- 
brane (SLM)s, made of a polymer film, inert, micropor- 
ous polyvinylidene difluoride (PVDF), a thickness of 100 
µm and 69% porosity with pores of 0.45 µm in diameter, 
containing one of the following amphiphilic carriers: 
Methyl Cholate or Resorcinarene (Figure 1), soluble in 
toluene phase [7-10]. A kinetic model as well as a trans- 
port mechanism has been developed and tested for the 
facilitated transport of Cr(III) ions from different solu- 
tions. The macroscopic parameters, permeabilities P and 
initial fluxes J0 are determined and related to micro- 
scopic parameters, association constant Kass, and appar- 
ent diffusion coefficient D*, relating to the stability of the 
complex (Carrier-Substrate) formed at the membrane 
interface, and its diffusion through the (SLM)s organic 
phase. Detailed studies on the influence of temperature 
are performed; the results clearly show that these mac- 
roscopic and microscopic parameters vary depending on 
the medium temperature. An increase in temperature 
allows obtaining larger, permeabilities, initial fluxes and 
apparent diffusion coefficients, therefore, highly perme- 
able membranes with a more efficient extraction of trans-  

  
(a)                         (b) 

Figure 1. Structures of carriers: (a) Methyl cholate; (b) Re- 

sorcinarene   R 3 2 10
CH CH . 

 
ported substrate, and low stability complexes with small 
values for the association constants (Carrier-Substrate). 
These results are important and will determine the move- 
ment nature of Cr(III) ions through SLM organic phase 
and explain the high permeability of such membranes for 
facilitated transport of these metal ions.  

2. Description and Operating Principle of 
the (SLM)s 

The supported liquid membranes (SLM)s, is made of an 
organic solvent, immobilized by capillary forces in the 
pores of a micro porous support, separating the source 
phase to receiving phase. The support of these mem- 
branes is generally an hydrophobic microporous inert 
polymer, which is characterized by a low thickness of 
about 25 to 100 µm and pore diameter from 0.12 to 1 µm 
[11,12]. Since the chemical species passage through this 
membranes type is an interfacial phenomenon, the use of 
a support with high porosity is necessary to increase the 
contact area and the selectivity to the passage of species, 
and therefore able to ensure the best transport and sepa- 
ration conditions through these membranes (SLM)s [13]. 
To improve the separation process, the researchers added 
to the SLM organic phase, mobile carriers to accelerate 
and facilitate the transport of species, while increasing 
the selectivity of the membranes [5,14]. The SLM tech- 
nique is an approach widely used for the extraction and 
enrichment of metal ions and organic compounds [15-17]. 
Indeed, this technique has been used to study the trans- 
port and apply it to the selective extraction and enrich- 
ment of varied organic compounds, such as amino acids 
[18,19], the aromatic aminophosphates [20], sugars [21- 
23], herbicides [24,25] and some organic acids [26,27]. 
This method which is called facilitated transport through 
supported liquid membranes is based on the recognition 
of a substance  S  by a carrier molecule  T . This 
process involves mobility within the membrane of a 
complex  ST  produced by a reversible forming reac- 
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tion between the carrier  T  and transported species 
, at the membrane interfaces with the source and 

receiving phases. This phenomenon of facilitated trans- 
port through the (SLM)s is a cyclical process that in- 
volves five consecutive steps:   

 S

1) Diffusion of free substrate  in the source phase 
to the membrane interface.  

 S

2) Formation of the complex substrate-carrier  ST  
at the membrane interface with the source phase.   

3) Diffusion of the complex  through the mem- 
brane organic phase to the membrane interface with the 
receiving phase.   

 ST

4) Dissociation of the complex  at the mem- 
brane interface with the receiving phase.   

 ST

5) Diffusion of free substrate  in the receiving 
phase and the carrier  in the membrane organic 
phase to resume a new cycle (complexation-diffusion- 
dissociation).   

 S
 T

These five steps represent the mechanism of facilitated 
transport through a SLM, with the diffusion step of the 
substrate-carrier complex (3), as the rate-determining 
step.  

3. Experimental and Theoretical Models 

3.1. Transport Cell 

The transport experiments were performed in the cell 
represented by the diagram in Figure 2. This cell con- 
sists of two glass compartments, with a volume of 175 ml 
each, separated by the micro porous membrane  M . 
The cell is immersed in a thermostatic bath  TB . A 
multistirrer  MS  ensures the agitation of the two com- 
partment solutions.   

3.2. Determination of the Macroscopic  
Parameters: Permeability P and Flux J 

The membrane is placed between two compartments of 
the cell, a known volume of the substrate S solution with 
an initial concentration C0, is introduced into the source 
compartment and placing the same water volume in the 
receiving phase compartment. We made several samples 
in the receiving phase in known time intervals. Cr is the 
substrate concentration in the receiving phase at time t,  
 

F R

MS 

TB 

M

 

Figure 2. The cell for the facilitated transport through a 
SLM M: SLM. F: feed phase. R: receiving phase. TB: ther- 
mostatic bath. MS: multi-magnetic stirrer. 

the concentration of substrate in the source phase at this 
time is Cs = C0 − Cr. The equation that relates the flux J 
to Cr concentration of substrate S is given by the rela- 
tionship:  

d dCr t J S V             (1) 

S the membrane surface in contact with the source 
phase solution, V the receiving phase volume. For a 
quasi-static state, the flux is related to the difference in 
concentrations of the two compartments ∆C = Cs − Cr. 
by Fick’s first law:  

J P C l                  (2) 

P membrane permeability and l is the membrane 
thickness.   

Since Cs = C0 − Cr, so  

∆C = Cs − Cr = C0 − 2Cr           (3) 

The combination of Equations (1)-(3), can find the fol- 
lowing relationship:  

   0d d rP t l V S C C C   2 r         (4) 

After integration:  

     0 02 ln 2L rP t t l V S C C C          (5) 

This equation shows that after an induction period  Lt , 
which can reach several hours, the term  2 rC C0Ln –  
must be a linear function of time t. The slope  a  of the 
line    0Ln 2 rC C f t   , calculates the permeability 
P according to Equation (6).  

2P a V l S                  (6) 

The initial flux J0 can be calculated from the perme- 
ability P by the following equation:   

0 0J P C l                  (7) 

The final state of the manipulation is a dynamic equi- 
librium established between the two compartments with 

0 2s rC C C   and equal diffusion rates in two oppo- 
site directions. 

3.3. Modelling and Calculations of Microscopic  
Parameters Kass and D* 

 The facilitated transport of substrate S depends on the 
formation and dissociation of the substrate-carrier com- 
plex  TS  at the membrane-solution interfaces. The 
carrier T is insoluble in the aqueous phase while the sub- 
strate S is not soluble in the membrane organic phase. 
The complexation equilibrium in heterogeneous phases is 
written:   

aq org orgS T TS   

Org and aq represent respectively, the membrane organic 
phase and the aqueous solution of the feed phase. The 
complex concentration  iTS  at the interface of the 
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membrane is given by law of mass action according to 
the equation:  

     assi i
TS K T S  

i
          (8) 

Kass is the association constant on the formation of the 
complex , this heterogeneous equilibrium constant 
is related to the complexation reaction at the interface 
membrane-feed phase.   

 TS

 i : The carrier concentration at the interface of the 
membrane.  

T

 i : The substrate concentration in the source phase 
at the interface of the membrane.   

S

During the migration of complex  through the 
SLM organic phase (rate-determining step), the flux J is 
determined by Equation (9), derived from Fick’s first law, 
which assumes that the complex concentration is practi- 
cally zero at the membrane-receiving phase interface 
(dissociation of complex).   

TS 

   *J D l TS               (9) 

D* is the apparent diffusion coefficient and l is the 
membrane thickness. However, at the membrane-source 
phase interface,    i

TS S


i
 (excess of substrate rela- 

tive to the carrier) and the i  concentration is equal to 
the 

S
 tS  substrate concentration at time t and thus 

   i
S 

t
. The total S 0T  concentration carrier im- 

mobilized in the membrane is constant, and at any time is 
equal to the sum of the concentrations  iT  and  iTS .   

            0
1 ass assi i i i

T T TS TS K S K S        i 
 (10) 

        0
1ass assi i

TS T K S K S    
i

   (11) 

Since, in the initial conditions operating with an excess 
of substrate relative to the carrier, and at the interface 
    0S S C 

0i
 and    0i

TS T . So the expression of 
the initial flux    0 i

*J D l TS 


 may be written in 
terms of concentrations 0  and C0, from Equations (9) 
and (11) according to the following terms:   

T

        0 0
1*

ass assi
J D l T K S K S      i


  

or  

     0 00
1*

ass assJ D l T K C K C       0  (12) 

This expression is used to calculate the permeability P 
as a function  0T , C0 concentrations, and Kass associa- 
tion constant.  

     0 0 00
1*

ass assP J l C D T K K C        (13) 

We find that the macroscopic parameters P and J0 are 
proportional to the substrate initial concentration C0, and 
have a Michaelis-Menten evolution, since for high sub- 
strate concentrations both parameters tend to limit values. 

To determine the microscopic parameters D* and Kass, we 
use the method of Lineweaver-Burk to linearize the ex- 
pression of Equation (12) according to Equation (14) and  
draw the right  0 01 1J f C . 

        0 00 0
1 1 1 1*

assJ l D T K C T         (14) 

with:  

   intercept slopeassK OO P   

and  

    0
1*D l OO T           (15) 

3.4. Determination of Activation Parameters  

As the flux J of the substrate S through the SLM, is re- 
lated to the change in the source phase Cr concentration 
Equation (1), this parameter varies with temperature ac- 
cording to the Arrhenius relationship Equation (16) [28- 
30]: 

  = exp  i j J T A Ea RT-         (16) 

R is the gas constant (8.314 J·mol−1·K−1). Aj a constant 
(preexponential factor) whose value is proportional to the 
number of favourable interaction faces between the sub- 
strate and carrier, and Ea is the transition state activation 
energy on the formation-dissociation reaction of complex 
 ST  at the membrane interfaces and in the SLM or- 
ganic phase.   

After linearization we have: 

 ln 1 lni jJ Ea RT T A  -        (17) 

From the slope of the line   ln 1iJ f T , we de- 
termine the Ea value. On the other hand, it is known 
from the activated complex theory [31,32]), that Ea is 
related to the activation enthalpy  # H  by the rela- 
tion:   

 12500 J mol at 298 K#H Ea          (18) 

while the activation entropy , is related to Aj con- 
stant by the equation:   

 #S 

  1 1ln 30.46 J mol K at 298 K#
jS R A         (19) 

4. Experimental Section 

All chemicals reagents and solvents used were pure 
commercial products of analytical grade (Aldrich, Fluka, 
Redel-Dehaene). The Cr(III) ions solutions used are ob- 
tained by hydrolysis of Cr(NO3)3 salt. The support is a 
micro porous polymer film, polyvinylidene difluoride 
(PVDF), a thickness of 100 µm, 69% porosity and pore 
diameter is 0.45 microns. The membrane liquid solution 
consists of the organic phase toluene, containing 0.01 M 
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carrier concentration (Methyl Cholate or Resorcinarene). 
Cr(III) ions acidic solutions (0.20 - 0.025 M) were pre- 
pared from a stock solution in doubly distilled pure water. 
After conditioning the prepared SLM [2,4,24], it is 
placed between two compartments of the transport cell 
(Figure 2), in the feed phase, the Cr(III) ions solution 
with known C0 concentration, at pH = 1, 2 or 3 and in the 
receiving phase KNO3 solution at pH = 6. Both phases 
are subject to the same agitation and the kinetic monitor- 
ing of Cr(III) ions transport occurs through regular with- 
drawals from the receiving phase in known time intervals. 
These samples were analyzed by UV-Visible spectro- 
photometer (λmax = 215 nm). Cr concentrations of Cr(III) 
ions in the receiving phase are calculated, and the evolu-
tion of the term  versus time was stud-
ied. Table 1 represents an example of results on the 
Cr(III) ions transport from a source phase of pH = 2 (pH 
is adjusted with nitric acid).   

 0Ln 2 rC C  



5. Results and Discussion 

5.1. Influence of the Source Phase Acidity 

Under the same experimental conditions, using the same 
SLM with the same carrier (Methyl Cholate), Cr(III) ions 
transport was performed at different C0 concentrations of 
source phase, and for three different acidities, pH = 1, 2 
or 3 (HNO3). The experimental results verify the kinetic 
proposed model for this facilitated transport type, and 
line segments represented by the graph of Figure 3, 
which shows the linear evolution of  
terms versus time, provided by this model.  

 0Ln 2 rC C 

The slopes calculated from these lines, according to 
the SLM to the transported substrate (Cr(III) ions), for 
Equation (6), allow determining the permeabilities P of 
the different studied solutions, while the Cr(III) ions ini- 
tial flux J0 through this SLM are calculated using Equa- 
tion (7). Studies conducted for the facilitated transport of 
Cr(III) ions, to the three acidity pH = 1, 2 and 3, were 
used to determine the results grouped in Table 2.    
 

Table 1. Facilitated transport example of Cr(III) ions. 

Time (min) Absorbance Cr (M)  rC C0Ln 2   

30 0.020 0.0107 2.542 

60 0.025 0.0133 2.611 

90 0.030 0.0160 2.687 

120 0.035 0.0186 2.769 

150 0.040 0.0213 2.857 

3

0 0
Cr 0.10 MC     , pH = 2,   0.01 MMC   and T = 298˚ K. 

Table 2. Influence of the source phase acidity on the mac- 
roscopic parameters P and J0. 

pH    C 3+

0 0
Cr M 107 × P (cm2·s−1) 

105 × J0 
(mmol·cm−2·s−1)

1 
0.20 
0.10 
0.05 

14.875 
17.281 
20.854 

2.975 
1.728 
1.042 

2 
0.20 
0.10 
0.05 

16.916 
19.468 
22.166 

3.383 
1.946 
1.108 

3 
0.20 
0.10 
0.05 

19.760 
24.427 
25.958 

3.952 
2.442 
1.297 

  0.01 MMC  , toluene phase and T = 298˚ K. 

 
These results clearly show that the permeability pa- 

rameter P of the SLM varies inversely with the Cr(III) 
ions concentration, and an increase in substrate concen- 
tration causes a decrease in this parameter. However, the 
Cr(III) ions initial flux J0 through SLM increases with 
the C0 concentration of the substrate in feed phase [23, 
24]. To verify the proposed mechanism for the facilitated 
transport of Cr(III) ions, and to determine the parameters 
Kass and D*, according to the Lineweaver-Burk method 
we have drawn the lines 0 1 1 0J f C , provided by 
Equation (14). For the three studied acidity, the obtained 
straight segments are represented by the graph in Figure 
4. 

The linearity of the functions 0 1 01 J f C  (Fig- 
ure 4), clearly indicates that the proposed mechanism is 
verified, the interaction Substrate-Carrier allows the for- 
mation of a complex  ST  with the  1 1  composi- 
tion, in the SLM organic phase, and the migration of this 
complex through this phase is the rate-determining step 
of the mechanism for Cr(III) ions facilitated transport. 
From these line segments (Figure 4), slopes  p  and 
intercepts  OO  were calculated and using the expres- 
sions of Equation (15), the apparent coefficients D* and 
the association constants Kass were determined. The ob- 
tained results summarized in Table 3, show that these 
microscopic parameters D* and Kass vary with the me- 
dium acidity, the formed complex  is of low sta- 
bility, while its diffusion through the SLM organic phase 
is important, and the apparent coefficient D* varies in- 
versely with the association constant Kass.  

 ST

Various studies show that the characteristics nature 
and structure of the carrier are two important and deci- 
sive factors for the facilitated transport of metal ions and 
organic molecules through the (SLM)s [6,23,24,33,34)]. 
To complement our results, and examine the influence of 
the carrier nature, we conducted the same experiments 
under the same conditions with a new SLM containing 
Resorcinarene as carrier. The kinetic model and the  
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Figure 3.  functions evolution versus time 

for Cr(III) ions facilitated transport at different C0 concen- 
trations, 

 rC C0Ln 2 





 MC M0.01 , pH = 2 and T = 298˚ K.  

 

 

Figure 4. The Lineweaver-Burk plots for the facilitated trans- 
port of Cr3+ ions through the used SLM.   MC 0.01 M , 

toluene phase and T = 298˚ K.  
 
Table 3. The source phase acidity influence on the parame- 
ters D* and Kass. 

pH Kass (L·mol−1) 105 × D* (cm2·s−1) 

1 3.33 7.21 

2 2.28 10.72 

3 1.67 16.70 

  0.01 MMC  , toluene phase and T = 298 K. 

 
mechanism for the facilitated transport of Cr(III) ions 
have been verified. The permeabilities and initial fluxes 
on the facilitated transport of these ions by this new SLM 
have been determined and are summarized in Table 4. 

These results confirm that the macroscopic parameters 
J0 and P depend on the Cr(III) ions initial concentration 
and the Methyl Cholate is a better carrier than the Resor- 
cinarene for the facilitated transport of these species ions 
from concentrated acidic media. The histogram in Figure 
5 shows the evolution of permeability P depending on 
the carrier and the source phase acidity. 

From the data in Table 4, the plots  0 01 1J f C  
were drawn according to Equation (14), linear segments 
were obtained for the three studied acidities (Figure 6).  

Slopes  p  and intercepts  calculated from 
these linear segments, were used in the expressions of 
Equation (15), and the apparent diffusion coefficients D* 
and association constants Kass were determined at the 
three studied acidities. The obtained results, summarized 
in Table 5 confirm that the microscopic parameters D* 
and Kass are inversely correlated and that the association 
constant Kass increases with acid concentration in the 
source phase.  

OO

The obtained values for these parameters D* and Kass, 
show that for this new SLM, stability and diffusion of the 
complex (TS) formed in the organic phase, are lower 
than those of the obtained complex for the previous SLM. 
This result clearly indicates that carrier nature is essential 
for better facilitated transport. The results for both studied  
 

0

5
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15
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25

1 2 3

pH

[Res]=0.01M/Cr(III)=0.1M

[MC]=0.01M/Cr(III)=0.1M
P

×
1

0
7
(c

m
2
.s

-1
)

 

Figure 5. Evolution of the permeability parameter P de- 
pending on the carrier and the source phase acidity 

   MC =RES 0.01 M ,     Cr III 0.1 M  and T = 298˚ 

K.  
 
Table 4. Evolution of the parameters P and J0 with the 
source phase acidity.  

pH    C 3+
0 0

Cr M 107 × P (cm2·s−1) 
105 × J0 

(mmol·cm−2·s−1) 

1 
0.20 
0.10 
0.05 

12.542 
14.292 
16.042 

2.508 
1.430 
0.803 

2 
0.20 
0.10 
0.05 

15.475 
18.310 
20.579 

3.095 
1.831 
1.029 

3 
0.20 
0.10 
0.05 

14.657 
17.500 
19.761 

2.932 
1.750 
0.989 

 RES 0.01 M= , toluene phase and T = 298 K. 
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Figure 6. The Lineweaver-Burk plots for the transport of 
Cr(III) ions through the new SLM,  =RES 0.01 M , tolu- 

ene phase and T = 298 K. 
 
Table 5. Evolution of the microscopic parameters D* and 
Kass with the source phase acidity.  

pH Kass (L·mol−1) 105 × D* (cm2·s−1) 

1 4.41 4.74 

2 2.87 8.29 

3 2.09 10.18 

 RES 0.01 M=  , toluene phase and T = 298 K. 

 
SLMs. show that this membrane type is very effective for 
the facilitated transport of Cr(III) ions, the carrier nature 
and the medium acidity, greatly influence the evolution 
of microscopic parameters D* and Kass. The histogram in 
Figure 7, shows that there is a clear relationship between 
Kass and D*, the methyl cholate agent is the best carrier 
and that the medium acidity is a determining factor for 
the facilitated transport and therefore the extraction of 
Cr(III) ions by SLMs.  

On the other hand, high values of apparent diffusion 
coefficients D*, indicate that the migration of the com- 
plex (Substrate-Carrier) through the organic phase is not 
a pure diffusion movement, and further studies are 
needed to elucidate the real movement of this complex 
through the SLM. 

5.2. Influence of the Medium Temperature 

To study the temperature influence on all parameters 
related to facilitated transport of this substrate through 
the (SLM)s, we performed the same experiments us- 
ing the most efficient membrane in good conditions 
  0.01 MMC   and pH = 2, The graph in Figure 8, 
shows the evolution of a few lines on the representation 
of the function , for different 
studied temperatures, we find that the kinetic model es- 
tablished for the facilitated transport of Cr(III) ions, for 

which we consider the diffusion of substrate-carrier com- 
plex 

   0Ln 2 rC C f t  

 ST  is the rate determining step, is well verified 
for all tested temperatures.  

The Table 6 includes all values of macroscopic pa- 
rameters P and J0, determined for temperatures ranging 
from 288 to 303 K. Data in this table show that the tem- 
perature factor is essential for the facilitated transport of 
substrates across these membranes type (SLM)s, and an 
increase in temperature from 288 to 303 K, the perme- 
ability parameter has almost doubled.  

This important influence of temperature is related cer- 
tainly to increased reaction rates for formation and disso- 
ciation substrate-carrier complex , and therefore to 
decrease the stability of this complex in the SLM organic 
phase. To determine the influence of this factor on the 
evolution of parameters Kass and D*, we plotted the func- 
tions 

 ST

 0 01 1J f C  (Equation 14), for various studied 
temperatures. The lines in Figure 9, clearly show that the  
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Figure 7. Evolution of the parameters D* and Kass ac- 
cording to the medium acidity and the carrier nature, 

   MC =RES 0.01 M  and T = 298˚K.  

 

 

Figure 8. The temperature factor influence on the evolution 
of rights    rC C f t0Ln 2  , for the transport of Cr(III) 

ions,   CM 0.01 M , pH = 2 and .     
3+Cr 0.20 M
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experimental results verified the proposed mechanism, 
there is a clear influence of temperature factor on the 
evolution of these microscopic parameters Kass and D*, 
and an increase in temperature resulted in a decreased of 
the substrate-carrier complex stability , and con- 
sequently a large increase in the apparent diffusion coef- 
ficient 

 assK 

 *D , concerning the movement of this complex 
through the SLM organic phase. 

Slopes  p  and intercepts  calculated from 
these linear segments, were used in the expressions of 
Equation (15), coefficients D* and association constants 
Kass were determined for all studied temperatures. Data in 
Table 7, confirm that the microscopic parameters D* and 
Kass are inversely correlated and the association constant 
Kass decreases slightly when the temperature varies from 
288 to 303 K, whereas for the same variation of this fac- 
tor (temperature), the apparent diffusion coefficients D* 
has doubled.  

OO

This important evolution of the apparent diffusion co- 
efficient D* as a temperature function (Figure 10), and 
the activation parameters values determined in subse- 
quent experiments, allow to specify the movement nature 
of the substrate through the SLM organic phase, and to 
explain the high permeability of such membranes for 
facilitated transport of these ions. Indeed these activation 
parameters values are related to the formation-dissocia- 
tion equilibrium on the substrate-carrier complex  ST , 
at the interfaces and within the organic phase of the 
studied SLM.   
 

5.3. Experimental Determination of Activation 
Parameters 

The flux of ions transport in liquid membranes is de- 
pendent on numerous factors that are associated with the 
experimental conditions (temperature of membrane phase, 
carrier concentration, pH, and metal concentration in 
source phase…). Under the same experimental condi- 
tions of the source and receiving aqueous phases and the 
membrane (  CM  = 0.01 M. pH = 2 and [Cr(III)]0 = 
0.20 M), metal ion flux for the facilitated transport is de- 
pendent only on temperature. However, recent studies 
[35-37] have shown that the measurement of the initial 
transport flux at different temperatures enables calcula- 
tion of the activation energy from the Arrhenius equation 
according to the following expression (Equation 17): 

 ln 1 lni jJ Ea RT T A  -  

where, Ea is the activation energy (given in units of 
kJ·mol−1), R the gas constant (8.314 J·mol−1·K−1), and Aj 
a constant. The all results obtained for temperatures 288, 
293, 298 and 303 K are shown in Table 6 and are de- 
picted graphically in Figure 11.  

As the data given in Table 6 show, the parameters P 

and J0 on facilitated transport of Cr(III) ions are strongly 
dependent on temperature. Indeed, these results show 
that the variation of the temperature factor causes a large 
change in values of initial fluxes, the graph in Figure 11 
shows that this flux decreases linearly with the higher 
inverse of temperature; this fact is confirmed by the very 
high determination coefficient (r2 = 0.99). Therefore, in 
accordance with Equation (17), the activation energy 
may be determined if the slope of the straight line for the 
function  0ln 1J F T  is known. The activation energy 
determined in the temperature range 288˚ - 303˚ K is 
Ea = 30.74 kJ·mol−1 and the constant term Aj = 44.71 
mol·m−2·s−1. It is known that the membrane process for 
the facilitated transport through the SLM is controlled by 
diffusion of substrate-carrier complex   through 
the membrane, and does not depend on reactions that oc- 
cur at interfaces (aqueous phases/membrane). The flux 
on the transport of Cr(III) ions through this studied SLM, 
increased with a higher temperature, therefore, this proc-  

ST

 

 

Figure 9. The temperature influence on the evolution of Line- 
weaver-Burk plots for Cr(III) ions transport.   MC M0.01 , 

pH = 2 and .     
3+

0
Cr 0.20 M

 

 

Figure 10. Evolution of the microscopic parameters D* and 
Kass according to the medium temperature   CM 0.01 M , 

pH = 2 and     0
Cr III 0.20 M . 
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Table 6. Temperature effect on the macroscopic parameters 
for the facilitated transport of Cr(III) ions. 

T (˚K)    C0 0
Cr3+ M  P × 107  

(cm2·s−1) 
J0 ×105 

(mmol·cm−2·s−1)

288 0.20 11.67 2.34 

 0.10 12.98 1.30 

 0.05 13.86 0.70 

 0.025 16.32 0.41 

293 0.20 15.02 3.01 

 0.10 16.48 1.65 

 0.05 17.72 0.89 

 0.025 19.62 0.47 

298 0.20 16.92 3.39 

 0.10 19.47 1.95 

 0.05 22.17 1.11 

 0.025 23.05 0.58 

303 0.20 22.46 4.50 

 0.10 24.94 2.50 

 0.05 28.08 1.41 

 0.025 29.32 0.72 

  0.01 MMC  , toluene phase and pH = 2. 

 

 

Figure 11. Dependence of Cr(III) ions fluxes on temperature 
in facilitated transport across the SLM.   CM 0.01 M , pH 

= 2 and .    
3+

0
Cr 0.20 M

 
ess is controlled by the diffusion kinetics. To complete 
our results, we calculated the activation parameters ∆H# 
and ∆S#, related to the activation energy Ea and the con- 
stant Aj, by the relations of Equations (18) and (19).  
∆H# = Ea – 2500 = +28.26 kJ·mol−1 and  

  1 1ln 30.46 221.55 J mol K at 298 K#
jS R A           

These low values Ea and ∆H#, indicate that the transition  

Table 7. Temperature influence on the parameters D* and 
Kass for Cr(III) ions transport. 

T (˚K) D*·105 (cm2·s-1) Kass (L·mol-1) 

288 5.08 3.43 

293 8.51 2.43 

298 10.72 2.28 

303 14.96 2.06 

  0.01 MMC  , toluene phase and pH = 2. 

 
state on the reaction formation-dissociation of the com- 
plex  ST  requires little energy, while a negative value 
of ∆S# expresses a gain of order and therefore a real as- 
sociation between substrate and the carrier in this transi- 
tion state. All results for the facilitated transport of Cr(III) 
ions, by theses prepared SLMs, especially the very high 
values of apparent diffusion coefficients  *D  and the 
low value of the activation energy Ea, clearly indicate 
that the substrate movement within the membrane is not 
a simple diffusion phenomenon, controlled by a concen-
tration gradient at the SLM interfaces. Therefore, the 
movement associated with the passage of the substrate 
through the SLM, is in a series of reactions (formation/ 
dissociation), and by successive jumps of the substrate 
from one carrier to another. Various studies [34,38], 
show that the supported liquid membranes are very ef- 
fective for the facilitated transport of some organic com- 
pounds (sugars, organic acids) and can be fully opera- 
tional for the separation of these compound mixtures. 
Indeed, the parameters Kass and D*, evolve in reverse and 
we see that very low values of the constant Kass, corre- 
spond to high values of apparent coefficients D*, this 
important result shows that these high values of the coef- 
ficients D* do not certainly reflect a pure diffusion 
movement of the complex  through the SLM or- 
ganic phase. On the other hand, recent studies [39-41] for 
the facilitated transport of metal ions or organic mole- 
cules by this type of membranes, clearly confirm this 
high values of the coefficients D* and explain this result 
by the movement nature of the substrate S through SLM 
organic phase during its migration from source phase to 
receiving phase.  

 ST

6. Conclusion 

Two supported liquid membranes (SLM) are prepared 
with the same polymer support (PVDF), the same or- 
ganic phase (toluene) and two different carriers (Methyl 
Cholate and Resorcinarene), these two membranes are 
used to the facilitated transport of Cr(III) ions from con- 
centrated acidic environments. The experimental results 
verify the proposed kinetic model, which is used to de-
termine the macroscopic parameters, permeabilities P 
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and the initial fluxes J0 for both prepared membranes 
(SLM). The results show that the used SLM are very 
permeable, and can perform the facilitated transport of 
Cr(III) ions, with large fluxes. To understand this phe-
nomenon facilitated transport of substrates through these 
liquid membrane types, we develop a mechanism based 
on the formation by interaction of an entity substrate- 
carrier at the interface membrane source phase, and the 
migration of this formed entity through the SLM organic 
phase. This mechanism has been verified, it is used to 
determine the microscopic parameters, association con-
stant Kass and apparent diffusion coefficient D*, related to 
the formation of complex  ST , and its diffusion 
through the SLM. The low values of the constants Kass 
and large values of the coefficients D* determined, may 
explain the significant permeabilities and large fluxes, 
obtain for the facilitated transport of Cr(III) ions by this 
supported liquid membranes type. Changing values for 
the parameters Kass and D*, clearly indicate that the sta-
bility and the diffusion of the substrate carrier complex 

 are closely related to the movement nature of the 
substrate in the SLM organic phase. The study of the 
temperature factor influence, shows a clear evolution of 
these parameters, and an increase in the source phase 
temperature, leads to an increase of the coefficients D*, 
so the constants Kass lower, and therefore a membrane 
more permeable to large fluxes. This study has identified 
the activation parameters (Ea, ∆H# and ∆S#), that charac-
terize the formation and the dissociation reactions of the 
complex 

 ST

 ST  at interfaces. The obtained values con-
firm the high permeability of the studied membranes and 
allow the determination of the mechanism type of the 
substrate movement through the organic phase of the 
membrane. The overall results show that the agent 
Methyl Cholate is a suitable carrier for the preparation of 
highly permeable SLMs, for facilitated extraction of 
chromium ions. 
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Nomenclature 

a: slope of the plot .     0Ln 2 rC C f t  

C0: initial concentration of Cr(III) ions in the feed phase mol·L−1).  
Cr: concentration of transported Cr(III) ions in the receiving phase (mol·L−1).  
CF: concentration of Cr(III) ions in the feed phase (mol·L−1).  
P: the permeability of the SLM for Cr(III) ions (cm2·s−1).  

or i J0J : initial flux on the facilitated transport of substrate (mmol·cm−2·s−1).  

D*: apparent diffusion coefficient of the complex (TS) (cm2·s−1). 
Kass: association constant on the formation of the complex (TS) (L·mol−1).  
l: the membrane thickness (mm or µm).  
S: the membrane area (cm2).  

 T
0
: concentration of carrier in the membrane (mol·L−1). 

 TS : concentration of the complex in the organic phase (mol·L−1). 

T: temperature (K or ˚C).  
t: time (s).  
V: volume of the receiving compartment (cm3). 
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