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Separation of Cupric and Ferric Ions with a 
Cation-Exchange Membrane in the Presence of 
Complexing Agents 

TING-CHIA HUANG* and JAU-KAI WANG 
DEPARTMENT OF CHEMICAL ENGINEERING 
NATIONAL CHENG KUNG UNIVERSITY 
TAINAN. TAIWAN 70101. REPUBLIC OF CHINA 

Abstract 
The separation of cupric and ferric ions in chloride solution has been studied 

with a cation-exchange membrane in a batch dialyzer. Citric acid, oxalic acid, 
malonic acid, succinic acid, ethylenedinitrilotetraacetic acid, and glycine have been 
employed as complexing agents used in the feed phase in order to increase the 
separation effect. The experimental results show that citric acid, compared to the 
others, is an effective complexing agent to increase the separation coefficient, c.:, from 0.5 to 50. The separation behavior depends on the pH of the complex 
solution, the stoichiometric ratios of complexing agents to metal ions, and the kinds 
of complexing agents, but is independent of counterion concentration in the strip- 
ping phase. The integral interdiffusion coefficients of cupJic and ferric ions in 
Selemion CMV have also been evaluated and found to be D,.,, > Dc, Na at con- 
centrations ranging from 0.0015 to 0.E85 M,In the absence of complexing agents, 
7$: falls in the neighborhood of the DCU.NI/DFc.Nr value when the pH is less than 
2.0. 

INTRODUCTION 
Donnan dialysis using cation ion-exchange membranes is a potentially 

attractive process for the concentration of valuable metal ions or the re- 
moval of undesirable ions from aqueous solutions (1-4).  Based upon Don- 
nan membrane equilibrium (3, the metal ion can be continuously pumped 
into the stripping solution for the high concentration gradient of driving 
ion across the membrane. The interdiffusion of counterion in the ion- 
exchange membrane has been studied by many investigators (6-10). Nu- 
merous experimental results (1-4 ,6)  support Donnan dialysis as a valuable 
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1138 HUANG AND WANG 

process for the recovery of metal ions in water treatment and hydrome- 
tallurgical waste with low energy and operating cost. 

The possibility of the application of Donnan dialysis of metal ions not 
only for preconcentration but also for separation has recently received 
much attention (2,3,11-13). Because of additional use of metal-complex 
agents, a cation-exchange membrane has the same function as a supported 
liquid membrane, which is characterized by its high selectivity to metal 
ions. Moreover, the higher exchange capacity and hydrophilic property of 
cation-exchange membranes make Donnan dialysis more effective in prac- 
tice (ZO-12). 

In this work, the application of cation-exchange membrane Donnan 
dialysis with complexing agents for the selective stripping of metal ions has 
been studied. Cupric and ferric ions were chosen for experimental inves- 
tigation owing to the practical importance of separating these ions from 
hydrometallurgical waste effluents of copper mines (3). Organic complex 
agents such as citric acid, oxalic acid, malonic acid, succinic acid, glycine, 
and EDTA have been tested in a batch dialyzer in order to increase the 
separation effect of cupric ion and ferric ion. The effects of the concen- 
trations and the kinds of complexing agents, the pH value of the feed 
solution, and the concentration of counterions on the flux of metal ions 
and separation coefficient have been investigated. The integral interdif- 
fusion coefficients of cupric and ferric ions in chloride solution have been 
obtained from the experimental data. 

THEORETICAL CONSIDERATIONS 
In the interdiffusion of counterions A and B, concentration gradients 

exit across the membrane and the adhering Nernst diffusion films. Based 
on the assumption that the diffusion fluxes of co-ion and water are neg- 
ligible, the integral interdiffusion coefficients of A and B ions in the mem- 
brane and Nernst film are (10) 

where JA and CA are the flux and concentration of ion A,  8 and 1 represent 
the thickness of the Nernst film and the membrane, respectively, and the 
superscripts I ,  11, -, f, and r refer to in Compartment I, in Compartment 
11, in the membrane phase, at the interface between Compartment I and 
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SEPARATION OF CUPRIC AND FERRIC IONS 1139 

the membrane, and at the interface between the membrane and Com- 
partment 11, respectively. 

At steady state, the flux J A  is constant throughout the membrane and 
diffusion films, i.e., 

- 
A (4) J k  = J A  = J! = J 

Taking the overall mass balance across the membrane gives 

where KA.1) is the overall mass transfer coefficient. 
The combination of Eqs. (1)-(5) yields 

1IKA.I) = 6'/DaB + IIAADAB + 6"/D:B (6) 
- 

where A A  is the distribution coefficient defined by A A  = C A / C A ,  and can 
be obtained directly from exchange equilibrium data. 

cm?/s) is much greater than that in the membrane phase D (10-7-10-x 
cm?/s) ( 9 ) .  The interdiffusion resistance within the membrane can be eval- 
uated while neglecting the first and third terms on the right-hand side of 
Eq. (6) at vigorous stirring conditions. Thus, its value can be readily ob- 
tained experimentally from the following equation: 

The interdiffusion coefficient of metal ion in the liquid film D 

- 
DAB = KAIIAA (7) 

From the above kinetic description, the various kinds of metal ions with 
different integral interdiffusion coefficients should cause the difference in 
fluxes of metal ions owing to membrane selectivity. For the separation of 
metal ions with a cation-exchange membrane, the difference in fluxes of 
metal ions across the membrane must be enlarged since the flux of the 
metal ion is related to the integral interdiffusion coefficient and the con- 
centration gradient across the membrane. There are two methods for the 
separation of metal ions, as follows. 

(1) Separation of Ions Based on Difference in Charge 

opposite sides of the membrane ( I ) .  It is described as 
The Donnan equilibrium relationship holds between two solutions of 

(af ' laf)"" = constant (8) 

where ai is the activity of ith cation of charge 2. 
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1140 HUANG AND WANG 

Inspection of Eq. (8) shows that cations of higher charge tend to con- 
centrate preferentially over a lower charge owing to membrane selectivity 
( I ,  2, 12). This will result in a difference of the integral interdiffusion 
coefficient so that metal ions with a different charge can be selectively 
stripped with a cation-exchange membrane. 

(2) Separation of Ions with Different Complexing Agents 
If the complexing agent is added in the feed, cations will compete with 

each other to react with complexing ligands to form complexes, which are 
hardly permeated through the membrane ( I  0 4  4 ) .  The difference in the 
concentration gradients of free metal ions across the membrane can be 
obtained because of the difference in stability and quantity of the complex. 
Therefore, metal ions can be separated because of the discrepancy of fluxes 
resulting from the difference of their concentration gradients. 

EXPERIMENTAL 

Material 
The homogeneous cation-exchange membrane used in this work was 

Selemion CMV, produced by Asahi Glass Co., Japan. The properties of 
the membrane were described in an earlier paper (9). Its thickness is 
1.33 x m. All electrolyte solutions were prepared from deionized 
water and extra pure chemicals without further purifications. 

Apparatus 
The stirred batch dialyzer used in this experiment consisted of two sep- 

arable acrylic compartments. The membrane was sandwiched between 
compartments by two pieces of rubber gaskets to prevent leakage. The 
effective transfer area of the membrane was 4.3 x m2. The volume 
of one compartment was 5.5 x m3, another was half of that. Each 
compartment was equipped with a two-bladed stirrer. All runs were ther- 
mostatically controlled at 298 K. 

Procedure 
The membrane had to be changed to the same form before all experi- 

ments. This was done by a dialyzer cell filled with NaCl solution for at 
least 8 h until the original counterions in the membrane were completely 
replaced by sodium ions. 

A pseudo-steady-state concentration distribution of counterions in the 
membrane was attained by feeding complex and stripping solutions for half 
an hour and renewing them with fresh solutions at the beginning of dialysis. 
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SEPARATION OF CUPRIC AND FERRIC IONS 1141 

The complex solution contained ferric chloride, cupric chloride, complex- 
ing agent, and 0.1 M sodium chloride. The stripping solution usually con- 
tained 1 .O M sodium chloride except for other specifications. The volume 
of stripping solution was half that of complexing solution. During dialysis, 
a small amount of solution was taken from the stripping part at each pre- 
set time interval. The interdiffusion fluxes of metal ions were calculated 
from the linear slopes of concentration versus time curves with the least- 
square method. 

The derivation of theory is based on the assumption that the volume of 
electrolyte solution is unchanged during all experiments. Therefore, the 
measured concentration of metal ions must be corrected by the following 
equation (9): 

I -  I 

c, = {[V - u ( i  - l)]C: + c uc;}Iv (9) 
/ = I  

where C, is the corrected concentration of the ith sample, C: and C: are 
the measured concentrations of the jth and ith samples, respectively, and 
u is the volume of solution withdrawn at each time interval. 

The distribution coefficients of counterions in the ion-exchange mem- 
brane were measured by the method suggested by Wallace and Ampaya 
(8, Z5). An atomic absorption spectrophotometer (Model 551, Instrumen- 
tation Laboratory Inc., USA) was used for the analysis of metal ions. 

RESULT AND DISCUSSION 

(1) Estimation of Integral lnterdiffusion Coefficient in 
Membrane Phase 

The integral interdiffusion coefficients for cupric ion and ferric ion in 
the ion-exchange membrane, Selemion CMV, were investigated in 0.0015, 
0.0025, and 0.0085 M feed solutions, separately. The stripping solution 
was 1.0 M NaCl solution. The stirring rate in both compartments was kept 
at the same speed, and the effect of stirring rate was studied from 1200 to 
1800 rpm at a constant temperature of 298 K. At each stirring rate the 
interdiffusion fluxes of cupric and ferric ions were determined from the 
slopes of linear relationships between concentration and time. By means 
of Eq. ( 5 ) ,  the overall mass transfer coefficient can be calculated at 
each stirring rate. The experimental plots of the reciprocal of the overall 
mass transfer coefficients corresponding to cupric and ferric ions versus 
the reciprocal of the stirring rates are shown in Figs. 1 and 2, respectively. 
The linear relationship between them confirms that the behavior of mass 
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FIG. 1 .  The relation between the reciprocal of the stirring rate and the overall mass transfer 
coefficient under various concentrations of cupric ion at 298 K. 
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FIG. 2. The relation between the reciprocal of the stirring rate and the overall mass transfer 
coefficient under various concentrations of ferric ion at 298 K.  
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SEPARATION OF CUPRIC AND FERRIC IONS 1143 

transfer is controlled by the membrane resistance as well as by the film 
resistance. 

By extrapolating the data in Figs. 1 and 2 to infinite stirring condition, 
K,, and KFc were respectively obtained. Combining with distribution coef- 
ficients hA,  which was obtained from the experiment of membrane equi- 
librium and thickness of membrane I ,  the integral interdiffusion coefficients 
of cupric ion DCu.Na and ferric ion BFc.Na in the membrane were estimated 
from Eq. (7) for each concentration. These results are given in Table 1. 

As can be seen from Table 1, the integral interdiffusion - coefficient of 
ferric ion is larger than that of cupric ion, and the DCu.Na/DFe.Na value for 
each concentration is 0.8 (0.0085 M ) ,  0.74 (0.0025 M ) ,  and 0.73 (0.0015 
M ) .  This can be explained by the Donnan membrane equilibrium rela- 
tionship, Eq. (S), from the fact that the charge of ferric ion (3 +) is larger 
than that of cupric ion (2+) ,  the more highly charged cation is preferen- 
tially transferred across the membrane (2-3, 24) .  

(2) Separation of Ions Based on Difference in Charge 
The separation coefficient Tg: is defined by 

where C,, is the initial concentration of metal ion in the feed solution. 
In order to study the separation of cupric and ferric ions based on their 

charge difference, mixed solutions of 0.0015 M FeCI3 and 0.0015 M CuClz 
were introduced into the feed comparment that contained 0.1 M NaCl 
solution. The 1.0 M NaCl solution was fed into the strippping part. Both 
solutions were stirred at 1600 rpm, and a further increase in stirring did 
not increase the flux. The permeation fluxes of cupric ion and ferric ion 

TABLE 1 
The integral lnterdiffusion Coefficients of Metal Ions in Selemion CMV Membrane 

for Various Concentrations at pH 1.8 and 298 K 
- 

Concentration K ,  x 10’ D x 107 
Ion species (M) (cm/s) A, (cm?/s) 

Fe” 0.0085 1.57 84 2.57 
0.0025 2.30 158 2.06 
0.0015 2.61 196 1.89 

CU? + 0.0085 1.10 63 2.06 
0.0025 1.37 129 1.51 
0.0015 1.68 172 1.38 
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1144 HUANG AND WANG 

TABLE 2 
The Effect of pH in the Feed on Separation Coefficient 
and Permeation Flux at 298 K and [CuCI2] = [FeCI,] = 

0.0015 M 

JFe X 10"' Jcu X 10"' 
PH (mol lcmz.s) ( mol/cmz.s) q.2 

1.8 12.0 4.7 0.5 
2.2 11.0 5.5  0.6 
2.4 6.5 7.8 1.6 
2.6 5.5 14.3 3.2 

were calculated, respectively, from the linear slopes of concentration versus 
time curves with the least-squares method, and the separation coefficients, 
7$:, were obtained from Eq. (10). These results are given in Table 2. It 
is indicated that the value of G: is in the range of 0.5 to 1.0 and approaches 
the value of D C u . N a l D F e . N a  (0.7 - 0.8) at a pH below 2.4. This is in agreement 
with the foregoing discussion that membranes prefer the permeated trans- 
port of cations with higher charges. 

It can be seen from Table 2 that the ferric ion flux decreases with an 
increase of cupric ion flux as the pH value of the feed solution increases. 
Consequently, the 7$: value can be increased from 0.5 to 3.2 as the pH 
of the feed solution ranges from 1.8 to 2.6. This is due to the fact that the 
extent of hydration of ferric ion is over 90%, but that of the cupric ion is 
less than 10% at pH 3 (17) .  In Donnan dialysis, the permeation flux 
depends on the ion diffusivity as well as on the concentration gradient. 
Owing to the hydration of ferric ions, the concentration gradient of the 
ferric ion across the membrane is reduced with a decrease in the flux of 
the ferric ion. The precipitation of ferric hydration, resulting in membrane 
fouling, occurred at pH > 3.0 in the absence of a complexing agent (16, 
17) .  

(3) Separation of Ions with Different Complexing Agents 
For the investigation of the complexing agent effect on the separation 

coefficient, 7$:, the organic complexing agents including citric acid, oxalic 
acid, malonic acid, succinic acid, glycine, and EDTA were introduced, 
respectively, into the feed solution of 0.0015 M FeCI, and 0.0015 M CuC12 
in each run. The fluxes of metal ions and the separation coefficient were 
measured under the same operating conditions as in the foregoing descrip- 
tion and tabulated in Table 3. It is found that the permeation flux of ferric 
ion is always smaller than that of cupric ion, and the different values of 
7$: are obtained under the condition of various kinds of complexing agents. 
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SEPARATION OF CUPRIC AND FERRIC IONS 1145 

TABLE 3 
The Effect of Complexing Agent on Separation Coef- 
ficient and Permeation Flux at 298 K ,  pH 2.4, @ = 0.6, 

and [CuCI2] = [FeC13] = 0.0015 M 

J x 10"' 
(mol/cm%) 

Complex agent Fe c u  q.; 

Citric acid 1 .0 16.9 19.3 
Oxalic acid 2.2 12.6 6.5 
Malonic acid 1.9 10.3 6.0 
Succinic acid 6.7 7.2 1.3 

EDTA 3.4 9.8 3.0 
Without using 6.5 7.8 1.6 

Glycine 3.3 11.7 4.0 

This is due to the fact that the stability constant of the ferric ion complex 
is larger than that of the cupric ion complex in all the complexing agents 
used (26, 27). Thus, the ferric ion is easily captured by complex ligands 
to form complexes in competition with the cupric ion. The preferred per- 
meation flux of the cupric ion is found to be due to the high concentration 
of free cupric ion in the feed, and the ferric flux is suppressed owing to its 
complexes which are hardly permeated through the membrane (12-24). 
The effect of various complexing agents on the separation of ferric and 
cupric ions is found to be in the order citric acid > oxalic acid, malonic 
acid > glycine, EDTA > succinic acid. Therefore, we focus attention on 
citric acid as the complexing agent in the following research. 

Owing to complex formation, the pH value of the complexing solution 
and the stoichiometric ratio of the complexing agent, @ = [complexing 
agent]/[FeC13] + [CuCI2], are primary parameters on permeation flux and 
separating coefficient (22). In the experiment with mixed solution FeCl,, 
CuCI2, and citric acid in the feed compartment, the permeation flux, and 
separation coefficient were measured as the @ ranged from 0 to 1 .O under 
various concentrations of metal ions at pH 2.4. These results are shown 
in Figs. 3-6 for metal ion concentrations of 0.0015, 0.0025, 0.005, and 
0.0085 M, respectively. It is indicated that the value of n: and the flux 
of cupric ion increase, but the flux of ferric ion decreases as @ ranges from 
0 to 0.6, and they approach a constant value when @ increases from 0.6 
to 1.0. 

This can be explained from the fact that the stability constant of ferric 
ion with citric acid (1013.5) is larger than that of cupric ion ( 1 6 ) ,  so 
that the ferric ions compete with the cupric ions for citric ligands in an 
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FIG. 3. The effect of the stoichiometric ratio of the complexing agent on the permeation flux 
of the metal ions and the separation coefficient for citric acid as the complexing agent in the 

feed solution at 298 K, pH 2.4, and [CuCI,] = [FeCI,] = 0.0015 M. 
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FIG. 4. The effect of the stoichiometric ratio of the complexing agent on the permeation flux 
of the metal ions and the separation coefficient for citric acid as the complexing agent in the 

feed solution at 298 K, pH 2.4, and [CUCI~] = [FeCI,] = 0.0025 M .  
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FIG. 5 .  The effect of the stoichiometric ratio of the complexing agent on the permeation flux 
of the metal ions and the separation coefficient for citric acid as the complexing agent in the 

feed solution at 298 K,  pH 2.4, and [CuCI,] = [FeCI,] = 0.005 M. 
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FIG. 6. The effect of the stoichiometric ratio of the complexing agent on the permeation flux 
of the mctal ions and the separation coefficient for citric acid as the complexing agent in the 

feed solution at 298 K,  pH 2.4, and [CuCI,] = [FeCl,] = 0.0085 M. 
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1148 HUANG AND WANG 

advantageous position to form complexes which hardly permeate through 
the membrane. Thus, the increase of CP value leads to an increase in the 
formation of ferric ion complex as well as a decrease in ferric flux. Con- 
sequently, there is a steep increase of cupric ion flux and the separation 
coefficient, 7$:. When @ > 0.6, i.e., the concentration of citric acid is 
larger than that of ferric ion, the ferric ions are almost captured by citric 
ligands to form complexes, so that ferric ion flux approaches a minimum 
value. However, cupric ions cannot overcome hydrogen ions for the re- 
sidual amount of citric ligands to form complexes at low pH value because 
the stability constant of the cupric ion complex is slightly greater 
than the dissociation constant of citric acid (16). Thus, the dif- 
ference of the concentration gradient between free cupric and ferric ions 
approaches the maximum, resulting in the optimal 7$: value as 0 increases 
from 0.6 to 1.0. The optimal separation coefficient, 7$:, is obtained as 14.0, 
27.0, 42.0, and 45.0, respectively, for metal ion concentrations of 0.0015, 
0.0025, 0.005, and 0.0085 M. 

When EDTA is substituted for citric acid as the complexing agent, the 
effect of the stoichiometric ratio of permeation fluxes and separation coef- 
ficient is shown in Fig. 7 at a metal ion concentration of 0.0015 M and pH 
2.4. As compared with Figs. 3 and 7, the result for EDTA used as a 
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FIG. 7. The effect of the stoichiometric ratio of the complexing agent on the permeation flux 
of the metal ions and the separation coefficient for EDTA as the complexing agent in the 

feed solution at 298 K,  pH 2.4, and [CuCI,] = [FeCI,] = 0.0015 M. 
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SEPARATION OF CUPRIC AND FERRIC IONS 1149 

complexing agent is similar to citric acid at @ ranging from 0 to 0.6. The 
separation coefficient, G:, and the cupric ion flux increase, but the ferric 
ion flux decreases with @ increasing because the stability constant of ferric 
ion with EDTA is still larger than that of cupric ion (16, 17). But when 
@ > 0.6, the cupric ion flux and E: value may not maintain a constant as 
for the citric acid system, and decreases with the @ value increasing because 
complexation of the cupric ion is occurring. This is due to the fact that the 
stability of the cupric ion complex is smaller than that of the ferric 
ion complex (-lo*'.'), but it is much larger than the dissociation constant 
of EDTA (-1013.5) (17). Thus, cupric ions can overcome hydrogen ions to 
react with the residual quantity of complex ligands in the formation of a 
ferric ion complex at low pH values that may not occur in the case of citric 
acid. 

Figure 8 shows that the separation coefficients, G:, were obtained under 
various stoichiometric ratios of citric acid as the pH of the complexing 
solution ranged from 1.8 to 2.6 at metal ion concentrations of 0.0015 M .  
The result indicates that the effect of the stoichiometric ratio on the sep- 
aration coefficient is in agreement with the foregoing discussion. It is noted 
that there is an increase in the separation coefficient as the pH of the 
complexing solution increases, and the optimal separation coefficient 

22 

0 0.2 0.4 0.6 0.8 1 

Q, 

FIG. 8. The effect of the stoichiometric ratio of the complexing agent on the permeation flux 
of the metal ions and the separation coefficient under various pH values for citric acid as the 

complexing agent in the feed solution at 298 K, and [CuCI,] = [FeCl,] = 0.0015 M. 
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1150 HUANG AND WANG 

is obtained to be 1.8, 10.0, 12.0, and 22.0, respectively, for the pH of 
complexing solutions 1.8, 2.2, 2.4, and 2.6. 

In order to study the pH effect on the separation coefficient, the mixed 
solutions of metal ions and citric acid were introduced into the feed so- 
lutions at constant @ (1.0) under various pH values. The fluxes of metal 
ions and the separation coefficient were measured under the same oper- 
ation conditions as in the foregoing description. These results are shown 
in Figs. 9, 10, and 11 for the metal ion concentrations of 0.0015, 0.0025, 
and 0.005 M ,  respectively. It is indicated that the relationship between the 
separation coefficient, c:, and the pH of the complexing solution can be 
divided into three parts. First, E: is increased sharply as the pH ranges 
from 1.8 to 2.5 because the permeation flux of the ferric ion decreases 
steeply while that of the cupric ion increases. Next, TF; is maintained at  
a constant pH value ranging from 2.5 to 4.5 due to the larger and constant 
difference of permeation flux between ferric and cupric ions. Last, the 
T;: is decreased steeply as the pH ranges from 4.5 to 6.5 owing to the 
steep decrease of cupric flux. 

The reasonable explanation is that the dissociation extent of complexing 
ligands increases with increasing pH until the dissociation reaction of the 
complexing agent is completed. The pH value of complete dissociation of 
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FIG. 9. The effect of pH on the permeation flux of the metal ions and the separation coefficient 
for citric acid as the complexing agent in the feed solution at 298 K ,  pH 2.4, Q, = 1.0, and 

[CuCI,] = [FeCI,] = 0.0015 M. 
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Fic;. 10. The effect of pH on the permeation flux of the metal ions and the separation 
coefficient for citric acid as the complexing agent in the feed solution at 298 K ,  

@ = 1.0, and [CuCI,] = [FeCI,] = 0.0025 M. 
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FIG. 1 1 .  The effect of pH on the permeation flux of metal ions and the separation coefficient 
for citric acid as the complexing agent in the feed solution at 298 K, Q, = 1.0, and 

[CuCIJ = [FeCl,] = 0.005 M. 
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citric acid is about 2.5 dependent on the concentration. Thus, if the pH is 
below 2.5 in the first stage, a higher pH is used and more ferric ion complex 
can be found, because the citric acid has been dissociated into more citric 
ligands. This leads to E: increasing rapidly with a steep decrease of ferric 
ion flux. In the second stage, where the pH ranges from 2.5 to 4.5, the 
ferric ion complex has been completed but the complexation of the cupric 
ion has not occurred owing to the high concentration of the hydrogen ion. 
Therefore, there is a large and constant difference between ferric ion flux 
and cupric ion flux, resulting in an optimal G: being obtained. In the third 
stage, where the pH is greater than 4.5, i.e., the concentration of hydrogen 
ion is less than 10-4.5 M, the cupric ions can compete with hydrogen ions 
for the citric ligands to form complexes in an advantageous position. The 
increase of the cupric complex leads to a decrease of the cupric ion flux, 
and the separation coefficient E: increases steeply as the pH increases 
from 4.5 to 5.5. The different optimal E: are 22.0, 38.0, and 50.0, re- 
spectively, for metal ion concentrations of 0.0015, 0.0025, and 0.005 M, 
and the optimum pH value ranges from 3.0 to 4.0 depending on the metal 
ion concentration. 

As can be seen from Figs. 9 to 11, when a higher concentration of a 
metal ion is used, a higher separation coefficient E: can be obtained at a 
constant stoichiometric ratio under various pH values. Similar results can 
also be observed in Figs. 3 to 6 under various stoichiometric ratios at pH 
2.4. This can be explained from the fact that the extent of ferric ion com- 
plexing is always greater than that of the cupric ion for citric acid as a 
complexing agent under various conditions. It tends to increase the amount 
of ferric complexing and, conversely, to increase the quantity of free cupric 
ion in the feed when the concentration of metal ion increases. This leads 
to enlarging the discrepancy of the concentration gradient across the mem- 
brane between ferric and cupric ions, so that a higher separation effect 
can be obtained due to the larger difference of permeation flux between 
them. 

(4) The Influence of Sodium Ion in the Stripping Solution 
Sodium ions were chosen as the driving ion in the permeation measure- 

ment. In the experiment with 0.0035 M FeCI, and 0.0035 M CuCI2 in a 
feed solution of 0.1 M NaCI, the fluxes of ions and the separation coefficient 
were measured under various concentration of NaCl ranging from 0.1 to 
1.5 M in the stripping solution. These results are shown in Fig. 12. It is 
found that there is a increase in the fluxes of both ferric and cupric ions 
with NaCl concentration of the stripping solution increasing, because a 
higher co-ion concentration of the stripping solution results in a larger 
driving force which enhances the increasing ionic flux. When the concen- 
tration of NaCl is larger than 1.0 M, the flux appears to approach a limiting 
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FIG. 12. The effect of concentration of the sodium ion in the stripping solution on the 
permeation flux of metal ions and separation coefficient at 298 K, pH 1.8, and [CuCI,] = 

[FeCl,] = 0.0035 M. 

value because the resistant of mass transport is dominated by the char- 
acteristics of the membrane. It is noted that the separation coefficient, 
E:, is almost not affected by the NaCl concentration because the sodium 
ion cannot permselective transport for metal ions. The result is in accord- 
ance with the derivation of Helfferich and Schlogl (18) that the flux ratio 
of ions across the membrane is independent of the condition in the stripping 
solution which does not contain any complexing agents. 

CONCLUSION 
The integral interdiffusion coefficients of ferric and cupric ions in 

- Selemion - CMV is found to be in the order E F e . N a  > &u.Na and 
D F e . N a / D C u . N a  in the range of 0.7 to 0.8. By using suitable complexing agents 
in the feed, especially in the case of citric acid, it is found to be effective 
for the separation of ferric and cupric ions. The pH of a complexing solution 
and the stoichiometric ratio of the complexing agent to metal ions are the 
primary parameters of the separation effect. The higher concentration of 
a metal ion used, the better the separation effect that can be obtained. 
However, the separation coefficient is almost independent of the condition 
of the stripping solution when complexing ligands do not exit. 
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NOMENCLATURE 
counterions A and B (-) 
activity of ion in solution (-) 
concentration of A in solution (mol/dm3) 
concentration of A in membrane (mol/dm3) 
integral interdiffusion coefficient in Nernst diffusion film (cm2/s) 
integral interdiffusion coefficient in membrane phase (cm2/s) 
ionic flux of counterion A (mol/cm2.s) 
overall mass transfer coefficient (cm/s) 
apparent mass transfer coefficient at infinite stirring condition 
(cmls) 
thickness of membrane (cm) 
effective transfer area (cm’) 
separation coefficient JCuCFe.o/JFeCCu.(, (-) 
time (s) 
volume of electrolyte solution in Compartment 2 (cm3) 
thickness of Nernst diffusion film (cm) 
distribution coefficient, CA/CA (-) 
stoichiometric ratio (-) 
stirring rate (rpm) 

Superscripts 
I in Compartment 1 
I1 in Compartment 2 
f 
r 
- in the membrane phase 

at interface between Compartment 1 and membrane 
at interface between Compartment 2 and membrane 

Acknowledgment 
The authors sincerely appreciate the financial support of the Nation 

Science Council of the Republic of China for this work (NSC 78-0402- 
E006-09). 

REFERENCES 
I. R. M. Wallace, “Concentration and Separation of Ions by Donnan Membrane Equilib- 

rium,” Ind. Eng. Chem., Process Des. Dev., 6(4), 423 (1967). 
2. B. M. Kim, “Donnan Dialysis for Removal of Chromates and Cyanides,” AIChE Symp. 

Ser., 76, 184 (1979). 
3. T. Kojima, S.  Furusaki. K .  Takao, and T. Miyauchi, “A Fundamental Study on Recovery 

of Copper with a Cation Exchange Membrane,” Can. 1. Chem. Eng., 60, 642 (1982). 
4. H.  K.  Lonsdale, “The Growth of Membrane Technology,”J. Membr. Sci., 10, 81 (1982). 
5. F. G .  Donnan, “Theory of Membrane Equilibria,” Chem. Rev., I ,  73 (1924). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
3
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



SEPARATION OF CUPRIC AND FERRIC IONS 1155 

6. K. N. Patrick and D.  S. Dexter, “Effect of Concentration on Ion Transport in Donnan 
Dialysis,” J. Electrochem., SOC.,  139( 12). 2363 (1983). 

7. R.  Neihof and K.  Sollner, “The Physical Chemistry of the Different Rates of Permeation 
of Ions across the Membrane,” Discuss. Faraduy SOC., 21, 94 (1956). 

8. T. C. Huang, “The Effect of Temperature and Concentration on Counterion Interdif- 
fusion in Anion Exchange Membrane.” J. Chem. Eng. Jpn . ,  13, 149 (1980). 

9. T. C. Huang and P.-H. Lian, “The Interdiffusion of Counterion in a Cation Exchange 
Membrane,” Ind. Eng. Chem., Fundam., 17(3). 221 (1979). 

10. T. C.  Huang and Y. K. Lin, “The Interdiffusion of Counterions in a Cation Exchange 
Membrane with Metal Chelation in Solution Phase,” J. Chem. Eng. Jpn . ,  20, 51 1 (1987). 

I I .  T. C. Huang and Y. K.  Lin, “Ion-Exchange Equilibria Involving Complex Formation in 
Aqueous Solution.” J. Membr. Sci., 34, 127 (1987). 

12. T. C.  Huang, Y. K.  Lin. and L. Y. Chen, “Selective Separation of Nickel and Copper 
from Complex Solution by a Cation Exchange Membrane,” Ibid., 37, 131 (1988). 

13. T. C. Huang and J.-W. Shih, “A Study on the Competitive Permeability of Anions in 
Anion Exchange Membrane,” J. Chin. Chem. SOC., 23, 89 (1976). 

14. K. Barjter and K.  Slonawska, “Separation of Noble Metals by Donnan Dialysis,” Sep. 
Sci. Technol.. 23(4&5), 321 (1988). 

15. R. A. Wallace and J .  P. Ampaya, “Transport within Ion Exchange Membrane,” Desal- 
ination, 14, 12 (1974). 

16. A. E .  Martell and R.  M. Smith, Critical Stability Constant, Vol. 1. Amino Acid; Vol. 3, 
Other Organic Ligands, Plenum, New York, 1974. 

17. F. M.  M. Morel, Principles of Aquaric Chemistry, Wiley-Interscience, New York, 1983. 
18. F. Helfferich and R. Schlogl. “Bi-Ionic Potentials.” Discuss. Faraday SOC.,  21, 133 (1956). 

Received by editor August 19, 1991 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
3
4
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


