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Membranes 
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ABSTRACT 

The mechanism of lanthanum transport through a supported liquid membrane 
is presented. The membrane consisted of a Teflon millipore membrane with a 
kerosene solution of di(2-ethylhexyl) phosphoric acid (HDEHP) as a mobile carrier 
held within the pores by capillary forces. Interposing the liquid membrane between 
two aqueous solutions with different pH values, lanthanum was transported and 
concentrated from the high pH solution to the low pH solution across the liquid 
membrane. The effects of HDEHP concentration in the membrane solution and 
of the lanthanum concentration and pH in the aqueous phases on the permeation 
rates of lanthanum were investigated. It was observed that the permeation rates 
decrease drastically by the addition of surfactant to the membrane phase. The 
permeation rates of lanthanum can be explained by a permeation model which 
includes the extraction and the stripping reaction at the membrane interfaces and 
the diffusion process of the complex formed between lanthanum and HDEHP 
through the membrane in addition to the diffusion process of lanthanum in the 
aqueous film adjacent to the membrane. 

Key Words. Extraction; Supported liquid membrane; Lan- 
thanum; HDEHP; Permeation mechanism; Active transport 
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622 KATAOKA ET AL. 

INTRODUCTION 

The liquid membrane separation technique has been found to be an 
attractive method for the separation and concentration of different solutes. 
Liquid membranes containing carriers which possess the potential for fast 
and selective permeation by the active transport mechanism have been 
widely applied to the recovery and concentration of metal ions. The first 
commercial liquid membrane permeation plant was built in  Austria in  1986 
for zinc separation from the wastewater of the artificial fiber industry ( I ) .  

Rare earth metals, which are essential elements in the electronic and 
magnetic industries. have been separated and enriched by solvent extrac- 
tion and ion exchange. The demand for them has drastically increased, 
so the development of more efficient separation methods is desirable. 
There have been many papers on the application of the liquid membrane 
technique to the separation and concentration of rare earth elements 
(2-13). However, the mass transfer mechanism for permeation through a 
liquid membrane. which is of practical importance in selective separation 
and concentration, has not been sufficiently clarified (14- 18). In particu- 
lar, there have been very few reports on the permeation mechanism of 
lanthanum (16). 

In  this work the separation and concentration of lanthanum using sup- 
ported liquid membranes impregnated with di(2-ethylhexyl) phosphoric 
acid (HDEHP) as a carrier has been studied to clarify the permeation 
mechanism. The experiments were carried out to investigate the effects 
of a number of operating conditions on the permeation rates of lanthanum. 
The experimental results are then compared with a permeation model for 
concentrating lanthanum across a liquid membrane. The effect of surfac- 
tants on the permeation rate is also discussed. 

PERMEATION MODEL 

It has been shown that a reaction between lanthanum ion and HDEHP 
(HR) occurs at the organic-aqueous interface. and the kinetics of this 
reaction is described as follows (19): 

La’’ + 3(HR)? ?=r LaR3.3HR + 3H ’ ( A  + 3B s C + 3 H )  (1) 
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PERMEATION OF LANTHANUM 623 

The schematic concentration profile for lanthanum permeation through 
a supported liquid membrane containing HDEHP is shown in Fig. 1. Lan- 
thanum ion, A ,  in the feed solution diffuses toward the feed-membrane 
interface (x = 0), where complex formation between A and HDEHP, B ,  
occurs. The lanthanum-HDEHP complex, C ,  diffuses in the membrane. 
On reaching the stripping-membrane interface (x = I ) ,  hydrogen ion, H ,  
in the stripping solution reacts with the complex to liberate lanthanum 
ion. This step regenerates the carrier, B ,  which then diffuses back to 
the feed side of the membrane and the entire process is repeated. Thus, 
lanthanum ion can be pumped from a lower concentration solution into 
a higher concentration solution through the HDEHP liquid membrane 
because its flow is coupled to a flow of hydrogen ions in the opposite 
direction. 

The permeation rate of lanthanum through the liquid membrane is there- 
fore influenced by the above elementary steps. The rates of these steps 
at steady state are as follows: 

Diffusions of lanthanum and hydrogen ions in the aqueous film of 
the feed solution: 

( 5 )  

(6) 

1. 

JAF = ~ A ( A F  - Ao) 

JHF = k H ( H o  - HF) 

Jf = kf(AoB$H; - (Co/Kcx)}  

J R  = ( D B / T ~ ) ( B /  - Bo) 

2 .  Forward reaction at  the feed-membrane interface: 

(7) 

Diffusions of the carrier and complex through the liquid membrane: 

(8) 

3.  

Feed S L M Stripping 
I 
I 

X 

FIG. I Permeation model for the supported liquid membrane 
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624 KATAOKA ET AL. 

JC = ( D c / T ~ ) ( C O  - CI)  

J ,  = k,{C/ - ( L A / B ? / W ) )  

(9) 
4. Stripping reaction at the stripping-membrane interface: 

(10) 
Diffusions of lanthanum and hydrogen ions in the aqueous film of 

J A S  = kA(Ai - A s )  (1 1) 

J H S  = ~ H ( H s  - HI) (12) 

where kA and kH are the mass-transfer coefficients of lanthanum and hy- 
drogen ions in the aqueous film and are assumed to  be the same for the 
feed and stripping sides. I is the thickness of the supporting membrane 
and 7 is a constant factor that allows for the diffusion of species through 
the tortuous pore within the membrane. 

The dissolution of the carrier and the complex in the aqueous phases 
is negligibly small, so the total amount of the carrier is conserved in the 
membrane phase: 

5 .  
the stripping solution: 

I 

BT = lo ( B  + 3C)dxIl = {Bo + BI + 3(C0 + C/)}/2 (13) 

At steady-state the following equality also holds: 

J A F  = J H F / ~  = J f  = J e / 3  = J c  = J ,  = J A s  = J H S / ~  (14) 
If the mass transfer and reaction parameters are known, the flux of 

lanthanum ion can be obtained from Eqs. (5)-(14), and the change of 
lanthanum concentration with time in the feed solution can be computed 
from the following equation: 

dAFIdt = - ( S / V ) J * p  (15) 

where S is the membrane area and V the volume of the feed solution. 
In the limiting case when the permeation rate is controlled by the diffu- 

sion of lanthanum ion in the aqueous film of the feed solution, the time- 
dependent concentration of lanthanum in the feed solution is expressed 
by 

AFIAOF = exp{ - ( S / V ) k A i }  (16) 
where AOF is the initial lanthanum concentration of the feed solution. 

The parameters used for computing the permeation rate are summarized 
in Table 1. The mass-transfer coefficient. k A .  was calculated from the 
following correlation (20): 

kAd/DA = 0. 158(CLlpDA)”3(Nd’p/CL)0.63 (17) 
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PERMEATION OF LANTHANUM 625 

TABLE 1 
Parameters Used for Computing the 

Permeation Rate of Lanthanum 

k~ = 7.1 x 10-6m/s ( 1 . 4 ~ ~ )  
k A  = 9.0 x m/s (2.0 rps )  
DB = 3.84 x 10-"-2.76 x lo-'' m2/sa 
Dc = 1.98 x 10-'o-1.41 x 10-'0m2/s" 

K,,  = 0.35 
kf = 1.5 x m/s 

T = 5.0 

a Variation with the carrier concentration. 

where d is the diameter of the impeller, N is the rotational speed of the 
impeller, and p and pare the density and viscosity of the aqueous solution, 
respectively. The diffusivity, DA, in the aqueous phase was estimated by 
the Nernst equation (21), and those of the carrier and complex, DB and 
Dc, in the membrane phase were estimated from the Wilke-Chang equa- 
tion (22). The forward reaction rate constant, k f ,  is a value reported by 
Imai and Furusaki (19), and the equilibrium constant, K , , ,  was measured 
in this study as is described later. The membrane constant, T, is a value 
obtained in a previous paper (20). 

EXPE R I M E NTAL 

Membrane and Reagents 

A Teflon millipore membrane filter which has a thickness of 125 pm,  
a porosity of about 68%, and a pore size of 10 pm was used as the solid 
support membrane in this study. The pores within the solid support mem- 
brane were filled with the HDEHP carrier by immersion in kerosene for 
about 2 hours and then in the membrane solution for about 15 hours. The 
membrane solution was prepared by diluting HDEHP with kerosene and 
washing the resultant solution two times with hydrochloric acid solution 
and then two times with distilled water. When the effect of surfactant on 
the permeation rate was investigated, Span 80 or ECA4360J (polyamine) 
was added to the membrane solution. 

The feed solution was aqueous lanthanum chloride solution which was 
adjusted to an ionic strength of 0.3 kmol/m3 and the desired pH with 
sodium chloride-hydrochloric acid buffer. Sulfuric acid solutions of 0.5 
to 2 kmol/m' were used as a stripping solution. All aqueous solutions were 
prepared using distilled water saturated with HDEHP-kerosene solution. 
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626 KATAOKA ET AL. 

Extraction Equilibria 

A known volume of aqueous lanthanum solution with 0.3 krnol/m3 ionic 
strength was equilibrated with an equal volume of kerosene solution con- 
taining HDEHP in a separatory funnel by shaking the two phases at 298 
K .  The distribution ratio of lanthanum was measured as  a function of the 
aqueous pH and the concentration of HDEHP. The lanthanum concentra- 
tion in the aqueous phase was determined by chelate titration with 10 mol/ 
m3 EDTA standard solution, and that in the organic phase was obtained 
from the mass balance. The concentration of HDEHP was determined 
by titration with sodium hydroxide solution. The experiments were also 
carried out for the organic phase containing Span 80. 

Permeation Rates 

The experimental apparatus for a supported liquid membrane, which is 
shown in Fig. 2, and the experimental procedures were the same as de- 
scribed in previous papers (15, 2 3 ) .  The membrane was clamped between 
two glass half-cells of 8 cm i.d. The turbine impellers of 4 cm diameter 
with six flat-blades were driven with variable-speed motors in both cells. 
The volume of the solution in each cell was 370 cm3. and the membrane 
area was 33.2 cm'. 

FIG. 2 Permeation apparatus 
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PERMEATION OF LANTHANUM 627 

The feed solution was carefully transferred into the left cell and the 
stripping solution into the right cell without causing a difference in the 
liquid level across the membrane. The motors were started as soon as 
each cell was filled with its respective aqueous solution. Unless otherwise 
specified, the experiments were carried out at a stirring speed of 1.4 sec- I .  

To determine the lanthanum concentration in the feed solution as a func- 
tion of time, about 5 cm3 of samples were taken with a syringe at intervals 
as the original aqueous solution was added in order to maintain the original 
volume of the cell solution. 

RESULTS AND DISCUSSION 

Extraction Equilibria 

Figure 3 shows the distribution ratio of lanthanum, CIA, obtained for 
different concentrations of lanthanum (Ao) and HDEHP (B , )  at different 
pH values. The values of CIA were plotted logarithmically as a function 
of B/H value. A linear relationship with a slope of 3 between CIA and BI 
H holds. The equilibrium relation can therefore be expressed by Eq. ( 2 ) ,  
and an equilibrium constant K , ,  value of 0.35 was obtained. This value 
is a little smaller than a value of 0.66 obtained by using Shellsol-K as a 
diluent (24). 

The effect of the surfactant, Span 80, which was added to the organic 
phase, on the extraction equilibrium is shown in Fig. 4. The solid line is 
the same line as in Fig. 3 ,  and the experimental data nearly lie on it. The 
equilibrium relation is not affected by the addition of Span 80 up to 4 
vol%. 

Permeation Rates 

Effects of Carrier Concentration and Stirring Speed 

The permeation rates of lanthanum were measured by varying the 
HDEHP carrier concentration, B T ,  at an initial La concentration of A;!, 
= I mol/m' and pH 2.1 in the feed solution and an initial sulfuric acid 
concentration of WS = 1 kmol/m3 in the stripping solution. The variation 
of La concentration with time in the feed solution is shown in Fig. 5. In 
all experiments the pH of the feed solution after 6 hours was about 2, 
almost unchanged from the initial value. The solid lines represent the 
values computed for each BT value at 1.4 rps by using the parameters 
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628 KATAOKA ET AL. 

FIG. 3 Equilibrium relation of lanthanum extraction with HDEHP in kerosene. 

shown in Table 1.  The agreement between computed and experimental 
values for different carrier concentrations is very good. 

In order to check the validity of the evaluation of the mass-transfer 
coefficient, k A .  by Eq. (17). a similar experiment was carried out for a 
stirring speed of N = 2.0 rps  at a BT of 392 mol/m3. The time-dependent 
concentration of La in the feed solution is also shown in Fig. 5. The 
computed values from Eq. (16) with a k A  value estimated by Eq. (17) are 
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FIG. 4 Effect of Span 80 on the extraction equilibrium of lanthanum. 

represented by the broken line in the figure and are in close agreement 
with the observed values. Therefore, the mass-transfer coefficient, k A ,  is 
satisfactorily evaluated by Eq. (17). 

Effect of Sulfuric Acid Concentration 

Figure 6 shows the La concentration of the feed phase as a function of 
time when the initial concentration of sulfuric acid in the stripping phase, 
Has, was changed. It is seen that the permeation rates of La are not affected 
by sulfuric acid concentrations above 0.5 kmol/m3. 

Effect of pH of the Feed Solution 

It is valuable to examine the validity of the kf value used in this study. 
The experiment was therefore carried out with the pH value changed from 
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N W S I  kA Cm/sl 

t ~ 1 0 - 4  C S I  

t I G .  5 Effect of H D E H P  concentration and stirring bpeed on the permeation rate. 

FIG. 6 Effect of tulfuric acid concentratlon o n  the permeation rate. 
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PERMEATION OF LANTHANUM 631 

- HZ = 1 krnol/rn3 Dc = 1.5 9 x 1 O-'' m2/s 

I I I I - 

2.1 to 1.1 because the pH in the feed phase influences the reaction rate 
at the feed-membrane interface, i.e., the permeation rate of La is strongly 
influenced. The result is shown in Fig. 7. The permeation rate at pH I .  1 
is very slow compared to that at 2.1, which is well expressed by model 
computations using the kf value in Table I ,  

Effect of lnitial La Concentration in the Feed Solution 

Figure 8 shows the variation of La concentration with time for different 
initial La concentrations in the feed phase. For each La concentration the 
computed values nearly agree with the observed values. 

Effect of lnitial La Concentration in the Stripping Solution 

Next. permeation experiments were carried out under conditions where 
the stripping solution initially contained lanthanum 10, 97, and 760 times 
the initial feed concentration of A: = 1 mol/m3. The results are shown 
in Fig. 9. The time-dependent concentrations of La in the feed phase are 
not influenced by the La concentration of the stripping solution, A:,  and 
lie on the computed line for the case of A! = 0. It is seen that even under 
conditions in which lanthanum exists in high concentration in the stripping 
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FIG. 8 Effect of initial lanthanum concentration in the feed solution on the permeation 
rate. 
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FIG. 9 Effect of initial lanthanum concentration in the stnpping solution on the permeation 
rate. 
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PERMEATION OF LANTHANUM 633 

solution, it permeates from the feed to the stripping phase at the same 
speed as in the case of A: = 0. 

For A8 of 760 m01/m3, the ratio of La concentration in the stripping 
phase to that in the feed phase is also plotted as a function of time in Fig. 
9. Its value starts from 760 and after 6 hours reaches to about 3200. Thus, 
lanthanum can be successfully pumped from the lower to the higher con- 
centration phase. 

Effect of Surfactant 

The effect of addition of surfactant to the membrane phase on the per- 
meation rate of La was investigated. Figure 10 shows the time-dependent 
concentrations of La measured by adding either Span 80 or ECA4360J. 
The addition of surfactant decreases the permeation rate remarkably, and 
ECA4360J produces a larger effect than Span 80. For both surfactants, 
however, there is no difference as the amount of addition goes from 1 to 
4 ~01%. On the assumption that such a decrease of the permeation rate 
is due to the effect of surfactant on the extraction reaction rate, the reac- 
tion rate constants, k f ,  were obtained by fitting the model computation 
with the observed values. As is shown in the figure, the kf values for Span 
80 and ECA4360J decrease to about a thirtieth and a hundred-fortieth, 
respectively, of that without surfactant. 

FIG. 10 Effect of surfactants in the membrane solution on the permeation rate 
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634 KATAOKA ET AL. 

The effect of Span 80 on the extraction rate of La has been investigated 
using a stirred cell with a flat liquid-liquid interface by Imai and Furusaki 
(19). From their results. a kf  value of 5.3 x l o p 7  m/s was obtained for 
Shellsol-K diluent above a 1 wt% Span '80 concentration. The kf value 
evaluated in this study is therefore less than a tenth of their value. The 
reason is not clear, but the difference may be due to the form of contact 
between the aqueous feed and the organic membrane solution. Attention 
should be paid to this phenomenon in La permeation by liquid surfactant 
membranes. 

CONCLUSION 

The permeation rates of lanthanum using a supported liquid membrane 
containing HDEHP were investigated to clarify the mechanism of lan- 
thanum transport through the liquid membrane. Lanthanum permeates 
through the membrane from the feed solution to the stripping solution by 
means of extraction at the interface .Y = 0 and stripping at the interface 
.Y = 1. 

Lanthanum can be transported against its concentration gradient from 
the high pH solution to the low pH solution across the liquid membrane. 
The permeation rates of lanthanum can be explained by the permeation 
model which includes the extraction and the stripping reaction at the mem- 
brane interfaces, the diffusion process of the complex formed between 
lanthanum and HDEHP through the membrane. and the diffusion of lan- 
thanum in the aqueous film adjacent to the membrane. The permeation 
rates decrease remarkably by the addition of surfactant to the membrane 
phase, and there is a difference in the effect of the surfactants Span 80 
and ECA4360J. The results presented here provide fundamental and sig- 
nificant information on the practical application of liquid membranes to 
lanthanum separation and concentration. 

NOTATIONS 

A 
B 
Br 
C 
cs 
D 
d 
H 
J 

concentration of lanthanum 
concentration of dimer of HDEHP 
initial concentration of dimer of HDEHP 
concentration of complex 
concentration of surfactant 
diffusivity 
diameter of impeller 
concentration of hydrogen ion 
flux 
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PERMEATION OF LANTHANUM 635 

forward reaction rate at the feed-membrane interface 
stripping reaction rate at the stripping-membrane interface 
extraction equilibrium constant 
mass transfer coefficient 
forward reaction rate constant 
stripping reaction rate constant 
thickness of supporting membrane 
rotational speed of impeller 
forward reaction rate 
stripping reaction rate 
membrane area 
time 
volume of the feed solution 
distance from the feed-membrane interface 
viscosity of the aqueous solution 
density of the aqueous solution 
membrane constant 

Subscripts 

A 
B 
C 
F 
H 
1 
S 
0 

lanthanum 
dimer of HDEHP 
complex 
feed phase 
hydrogen ion 
interface at x = 1 
stripping phase 
interface at x = 0 

Superscript 

0 initial 
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