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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

* To whom correspondence should be addressed.

621

Copyright © 1995 by Marcel Dekker, Inc.



12: 07 25 January 2011

Downl oaded At:

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 (1).

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)>» 2 LaR:-3HR + 3H (A + 3B=C + 3H) (1)
Kex = (CHYAB?).q (2)

re = kfABVHY — (C/K.0)} 3)

re = k{C — (KexABYH?)} 4)
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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—membranc
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 = /), 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:

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

Jar = kalAr — Ao) (5)
Jur = ku(Ho — Hp) (6)

2. Forward reaction at the feed—membrane interface:
Jr = kelAoBY/HG — (Co/Kex)} (7

3. Diffusions of the carrier and complex through the liquid membrane:
Js = (Dp/1l)(B; — Bo) (3

Feed S LM Stripping
L} I
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] 1
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] ]
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FIG. I Permeation model for the supported liquid membrane.
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Jc = (Dc/l)(Co — C)) ©)
4. Stripping reaction at the stripping-membrane interface:
Jr = kr{Cl - (KexAlB?/H?)} (10

5. Diffusions of lanthanum and hydrogen ions in the aqueous film of
the stripping solution:

Jas = ka(A; — As) an
Jus = kH(HS - H) (12)

where k4 and ky 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. / 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:

/
By = f (B + 3C)dx/l = {Bo + B, + 3(Co + C)}/2 (13)
0

At steady-state the following equality also holds:
Jar = Juel3 = Js = Jsl3 = Jc = J; = Jas = Jus/3 (14)

If the mass transfer and reaction parameters are known, the flux of
lanthanum ion can be obtained from Egs. (5)-(14), and the change of
lanthanum concentration with time in the feed solution can be computed
from the following equation:

dAgldt = —(85/V)JaE (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
Ap/AY = exp{—(8/V)kat} (16)

where A% 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, k5, was calculated from the
following correlation (20):

kad/Da = 0.158(n/pDa)"*(Nd?p/p)°-%3 (17
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TABLE 1
Parameters Used for Computing the
Permeation Rate of Lanthanum

ka = 7.1 x 107®m/s (1.4 rps)
ka = 9.0 x 107¢ m/s (2.0 rps)
Dp = 3.84 x 10710-2,76 x 1070 m?/s°
Dec = 1.98 x 10719-1.41 x 10710 m¥/s
ke = 1.5 x 1074 m/s
Kex = 0.35
T =50

4 Variation with the carrier concentration.

where d is the diameter of the impeller, N is the rotational speed of the
impeller, and p and . are the density and viscosity of the aqueous solution,
respectively. The diffusivity, D4, in the aqueous phase was estimated by
the Nernst equation (21), and those of the carrier and complex, Dy and
D¢, in the membrane phase were estimated from the Wilke—~Chang equa-
tion (22). The forward reaction rate constant, k¢, 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, 7, is a value
obtained in a previous paper (20).

EXPERIMENTAL
Membrane and Reagents

A Teflon millipore membrane filter which has a thickness of 125 wm,
a porosity of about 68%, and a pore size of 10 um 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/m?* 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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Extraction Equilibria

A known volume of aqueous lanthanum solution with 0.3 kmol/m? 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/
m? 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, 23). 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 cm?®, and the membrane
area was 33.2 cm?.

d] [
—1 —q
ji L i
o = | wo
. w
{ 11:; B o 8 )
&
T ﬁMj T—
& L

FIG. 2 Permeation apparatus.
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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 ™.
To determine the lanthanum concentration in the feed solution as a func-
tion of time, about 5 cm? 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, C/A, obtained for
different concentrations of lanthanum (A°) and HDEHP (B+) at different
pH values. The values of C/A were plotted logarithmically as a function
of B/H value. A linear relationship with a slope of 3 between C/A and B/
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, By, at an initial La concentration of AY:
= | mol/m* and pH 2.1 in the feed solution and an initial sulfuric acid
concentration of H% = 1 kmol/m? 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 By value at 1.4 rps by using the parameters
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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, ka. by Eq. (17), a similar experiment was carried out for a
stirring speed of N = 2.0 rps at a Bt of 392 mol/m*. The time-dependent
concentration of La in the feed solution is also shown in Fig. 5. The
computed values from Eq. (16) with a k4 value estimated by Eq. (17) are



12: 07 25 January 2011

Downl oaded At:

PERMEATION OF LANTHANUM 629

] ! |
5+ |
K ex
10' - -
Slope 3
~ 5 B 7]
L
- ¢
~
0100_ A° =10 mol/m’~
Cs B
Sr [vel%] [mol/m®] ]
A2 100
O 4 100
O 4 200
10“ l 1 |
0.5 1 5 10
B/H [—]

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, &4, 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,
HY, was changed. It is seen that the permeation rates of La are not affected
by sulfuric acid concentrations above 0.5 kmol/m?.

Effect of pH of the Feed Solution

It is valuable to examine the validity of the k¢ value used in this study.
The experiment was therefore carried out with the pH value changed from
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FIG. 5 Effect of HDEHP concentration and stirring speed on the permeation rate.
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FIG. 6 Effect of sulfuric acid concentration on the permeation rate.
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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 1.1
is very slow compared to that at 2.1, which is well expressed by model
computations using the k¢ value in Table 1.

Effect of Initial 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 Initial 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/m?®. 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

1.0 .

AR = 1 mol/m3

- 3
By =198 mol/m kA=7.1X10—6 m/s 2.1

HS =1 kmol/m3 Dc=1.59%1070 m2/s .
0 | i | 1
0 0.5 1 1.5 2
tx10% (s]

FIG. 7 Effect of pH in the feed solution on the permeation rate.
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FIG. 8 Effect of initial lanthanum concentration in the feed solution on the permeation
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FIG.9 Effect of initial lanthanum concentration in the stripping solution on the permeation
rate.
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solution, it permeates from the feed to the stripping phase at the same
speed as in the case of AR = 0.

For A2 of 760 mol/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 LLa measured by adding either Span 80 or ECA4360).
The addition of surfactant decreases the permeation rate remarkably, and
ECA4360] 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 vol%. 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, kr, were obtained by fitting the model computation
with the observed values. As is shown in the figure, the k¢ values for Span
80 and ECA4360] decrease to about a thirtieth and a hundred-fortieth,
respectively, of that without surfactant.

1.0 1 l 1 ! ]
r\ —®-— g . _, ECA4360J

I § Mt o

- ke=1.1x10"8m/s

T A--Span 80 -

-
A
-
B 3
nd -

| A2=1mol/m3 - _
F 4.6x108 m/s Q-

| (pH)p=2.1
[ By=100 mol/m3

Ar /AR [—-1
o
(8]

D —
u Cslvol]
O 3 0 o 1.5x10"6 m/s~ ]
- A i Hg = 1 kmol/m3 A
L A 2 ka=7.1x10"% m/s
o 4
0 | { ] 1
0 0.5 1 1.5 2

tx10™% [s1]

FIG. 10 Effect of surfactants in the membrane solution on the permeation rate.
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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 k¢ value of 5.3 x 107 m/s was obtained for
Shellsol-K diluent above a | wt% Span 80 concentration. The k¢ 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 x = 0 and stripping at the interface
x =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 ECA4360]. The results presented here provide fundamental and sig-
nificant information on the practical application of liquid membranes to
lanthanum separation and concentration.

NOTATIONS

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

~

&Q&Dpﬁwm>
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Jr forward reaction rate at the feed—-membrane interface
Jr stripping reaction rate at the stripping—membrane interface
Kex extraction equilibrium constant

k mass transfer coefficient

ke forward reaction rate constant

ke stripping reaction rate constant

[ thickness of supporting membrane

N rotational speed of impeller

re forward reaction rate

Iy stripping reaction rate

S membrane area

t time

1% volume of the feed solution

x distance from the feed—membrane interface
m viscosity of the aqueous solution

p density of the aqueous solution

T membrane constant

Subscripts

A lanthanum

B dimer of HDEHP

C complex

F feed phase

H hydrogen ion

) interface at x = /

S stripping phase

0 interface at x = 0

Superscript

0 initial

ACKNOWLEDGMENT

The authors are grateful to Daihachi Chemical Industry Co., Ltd., for
the supply of extractant HDEHP.

REFERENCES

1. M. Ruppert, J. Draxler, and R. Marr, Sep. Sci. Technol., 23, 1659 (1988).
2. P. R. Danesi and C. Cianetti, J. Membr. Sci.. 20, 201 (1984).
3. Idem., ibid., 20, 215 (1984).



12: 07 25 January 2011

Downl oaded At:

636

4
S.
6.
7
8

9.
10.
11.
12.

13.
14.
15.
16.

17.
i8.
19.
20.
21
22.
23.
24,

KATAOKA ET AL.

S. Nakamura and K. Akiba, Sep. Sci. Technol., 24, 673 (1989).

M. Sugiura, M. Kikkawa, S. Urita, and A. Ueyama, /bid.. 24, 685 (1989).

S. Nakamura and K. Akiba, Ibid., 24, 1317 (1989/90).

J. Tang and C. M. Wai, J. Membr. Sci.. 46, 349 (1989).

H. Matsuyama, K. Komori, and M. Teramoto. Ibid., 47, 217 (1989).

R. H. Zhang and L. Xiao, Ibid., 51. 249 (1990).

S. Nakamura. S. Ohashi, and K. Akiba, Sep. Sci. Technol., 27, 863 (1992).

M. Milanova, T. Horozov, A. Nikolov. and D. Todorovski, Ibid., 28, 1641 (1993).
M. Goto. T. Kakoi, N. Yoshii, K. Kondo, and F. Nakashio, Ind. Eng. Chem. Res.,
32, 1681 (1993).

T. Kojima, C. Nakayama, and S. Uemiya, Can. J. Chem. Eng., 72, 72 (1994).

P. R. Danesi. E. P. Horwitz, and P. Rickert, Sep. Sci. Technol., 17, 1183 (1982).

T. Nishiki and R. G. Bautista, Merall. Trans., B, 14B. 25 (1983).

M. Teramoto, T. Sakuramoto. T. Koyama. H. Matsuyama, and Y. Miyake, Sep. Sci.
Technol., 21, 229 (1986).

P. R. Danesi and L. Reichley-Yinger. J. Membr. Sci.. 29, 195 (1986).

S. Nakamura, S. Ohashi. and K. Akiba, Sep. Sci. Technol.. 27, 741 (1992).

M. Imai and S. Furusaki, Kagaku Kogaku Ronbunshu, 13, 355 (1987).

T. Kataoka, T. Nishiki, Y. Tamura, and K. Ueyama. J. Chem. Eng. Jpn., 13, 35 (1980).
K. S. Spiegler and C. D. Coryell, J. Phys. Chem., 57. 687 (1953).

C. R. Wilke and P. Chang, AIChE J., 1, 264 (1955).

T. Kataoka, T. Nishiki, and K. Ueyama, Bull. Chem. Soc. Jpn., 55, 1306 (1982).

M. Imai and S. Furusaki, Kagaku Kogaku Ronbunshu, 11, 515 (1985).

Received by editor June 14, 1994



