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The permeation mechanism of copper with a liquid membrane process was studied by measuring the per-
meation rate of copper, which was allowed to permeate through a diaphragm-type liquid membrane with LIX64N
as a mobile carrier at various concentrations of carrier and acid. The permeation rate is explained approximately
by the diffusional process in the membrane for a chelating complex between copper and carrier and by the
succeeding stripping reaction at the interface between the membrane and stripping phase.

A novel technique which can separate and concentrate
dissolved solutes and ions in aqueous solution with
liquid membranes has attracted special interest recent-
ly.1» Especially, the liquid membrane process contain-
ing a mobile carrier can be expected to give high
selectivity and concentrating effect, so researches have
been actively advanced to apply the process to hydro-
metallurgy and waste water treatment.

The liquid-liquid extraction of copper with LIX
reagents has been one of important commercial solvent
extractions for practical applications in hydrometal-
lurgical processes. Therefore, a number of studies on
equilibria and kinetics of extraction reactions have been
reported. However, concentration and separation of
copper with liquid membrane containing LIX reagents
as a mobile carrier has not sufficiently been studied,3-9
and the mechanism of permeation through such a
membrane has not been elucidated.

The purpose of the present investigation is to clarify
the permeation mechanism of copper ion with a liquid
membrane. The permeation rate of copper ion through
a diaphragm-type liquid membrane was measured by
adopting LIX64N as a mobile carrier. The effect of
the concentration of carrier and acid on the permeation
rate was examined, and the permeation mechanism was

discussed.

Theoretical

Model for Permeation of Copper. The permeation
mechanism of copper ion through a liquid membrane
containing LIX64N as a mobile carrier is shown
schematically in Fig. 1. Copper ion M2+ in the left
cell diffuses to the interface x=0, where it undergoes
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Fig. 1. Permeation mechanism.

chelating complex formation with the carrier RH. The
complex R,M formed diffuses across the membrane
toward the interface x=L, reacts with hydrogen ion
H+ and liberates copper ion in the right cell. The
regenerated carrier RH diffuses back to the left side of
membrane and reacts again with M2+ in the left cell.
As a result of repetition of such a mechanism, copper
ions are permeated and concentrated from the left
into the right cell.

Permeation  Rate. If the permeation rate is
controlled both by the diffusion process in the membrane
and by the stripping process at the interface between
the membrane and the right cell, the quasi-steady state
may be assumed, and the fluxes J in the membrane and
J in the right cell are respectively given by

Ju = Eu{gé'r/z)—éun}, (1)
Jrn = —kpuCray, (2)
Juz = Fua(Crur, — Cypo), (3)

where £ is the mass-transfer coefficient and Cy the total
concentration of mobile carrier. The bar superscript
and the subscripts L and 2 denote the membrane phase,
the interface x=L, and the right cell, respectively.

The following interfacial reaction model? may be
applied to the stripping reaction at x=L:

(M), + (M) == RM),, + ®E), K, ()
(RMY) + (HY), == (M*), + RE)yy K, (5)

(RH), == (RH), K (6)

where K is the equilibrium constant, the subscript “ad”
denotes the interfacially adsorbed species, and i
denotes the species adjacent to the interface, either on
the membrane side or on the right cell side. If the
reaction shown in Eq. 4 is a rate-controlling step, the

stripping reaction rate is expressed as

k_[M?*],[RH],,[RH],
K,[H*),

r = kuy[RM][H*]; —
aCy, C

lg;HLRHL’ (7)
where a=k_,,[RH],4/K,.

From Egs. 1, 2, 3, and 7, the concentration Cy,, of the
complex at the interface x=L is given by

Cur = (1/4afy)[2apyCr+ knCir+ EMCHL +2afCy,
—{kCL(4aPyCr+knCir+2(RyCry +2aBClyy))
+ (kyCry+2afCy,) 2} /%], (8)

= krlélll‘cﬂL -
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where B=Fku/krn and y=FKu/kxs.

Consequently, with Cy, obtained from Eq. 8, the
concentration Cy, of copper in the left cell can be
calculated successively as a function of time by using
Eq. 1 and the following equation:

—V(dCu/dt) = STw, 9
where V and S represent the volume of cell and the area
of diaphragm, respectively.

In the initial contact time, the second term on the
right-hand side of Eq. 7 may be neglected and the
copper concentration with time is expressed as

G _ _l(ﬁ){ FnCry }( Cr )t (10)
Curo 2 \V/ |1+ (ku/kx)Car) \ Cur o/
where Cy,,o is the initial concentration of copper in the
left cell.

The mass-transfer coefficient ky, was evaluated from
the following equation:
K _. 158<-”—) 1/3<“’_‘pﬁ>°'°8, 1)
D oD u
where D is the diffusivity, d the diameter of impeller, p
the density, # the viscosity, and o the rotational speed of
impeller. This equation is correlated with the mass-
transfer coefficients obtained from the following experi-
ment. Namely, benzoic acid was cast in a circular
depression corresponding to the membrane in the same
apparatus as used in this study. Rates of dissolution of
benzoic acid from the flat surface into several liquids
were measured for various speeds.

Experimental

Apparatus. The permeation apparatus used is illus-
trated in Fig. 2. The membrane was clampled between two
glass half-cells with inner diameter of 8 cm. A Teflon mil-
lipore membrane filter, which has a thickness of 125 pm,
a porosity of about 68%, and a pore size of 10 pm, was used
as a diaphragm throughout this study. The volume of each
cell is 370 cm® and the contact area between the membrane
and aqueous solution is 33.2 cm?®. The turbine impellers of
4 cm diameter with six flat-blades filtted at the center of cell
length were driven in the same direction at a constant speed
of 82 min-! with variable-speed motors in both cells. The

Fig. 2. Permeability cell.
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apparatus was placed in an air bath which was maintained

at 25°C. In addition, all metal surfaces were coated with
Teflon.
Method. The pores in the membrane were filled up by

immersing the membrane filter in the membrane solution.
The membrane solution was prepared by dissolving LIX64N
as a mobile carrier in kerosene. The concentration of active
ingredient of LIX64N in kerosene was determined by measure-
ment of the ultimate copper loading of LIX64N. The aqueous
solutions were prepared by saturating degassed deionized
water with kerosene.

The aqueous copper sulfate solution containing acetic
acid-sodium acetate buffer was carefully poured into the left
cell and the aqueous hydrochloric acid or sulfuric acid solution
into the right cell so that the liquid levels in both cells might
become equal. The time when the aqueous solution had
come into contact with whole surface of membrane was taken
as the beginning of experiment. After each cell was filled
with the solution, both cells were stirred immediately.

Samples were taken from the left cell at regular time intervals
by replacing them with fresh solution. The amount of sample
was about 5 cm? and the number of samples was 5 or 6 in each
run. The copper concentration was determined by titration
with a standardized EDTA solution.

Results and Discussion

Effects of pH and Initial Concentration of Copper.
The effect of pH on the partition equilibrium of copper
between LIX64N in kerosene and aqueous solution
was investigated by the batchwise method. The result
obtained shows that the percent extraction of copper
becomes constant around 1009, above pH=3.

| 1 1 1 |
0 100 200 300 400 500
t/min
Fig. 3. Effect of pH on permeation rate of copper.
System: 0.01 mol dm—% CuSO,-L.M. (Cy=0.490 mol
dm—%)-2 moldm~3 HCl. A: pH=3.5, O: pH=4.5.

To examine the effect of pH on the permeation rate
of copper, the copper concentration in the left cell
with time was followed with time by keeping the pH
in the left cell at 3.5 and 4.5. These results are shown
in Fig. 3. No appreciable difference in permeation
rate is detected for the above two pH values. Therefore,
all the runs described below were performed for pH=
4.5.

Figure 4 shows a result where differences in concen-
tration, i.e., the decreased amounts of copper in the
left cell, were plotted against time for the initial copper
concentrations of 0.01, 0.02, and 0.05 mol dm~3. There
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Fig. 4. Effect of initial coper concentration on perme-
ation rate of copper.
System: CuSO,(pH=4.5)-L.M. (C;=0.490 mol dm~*)
-2mol dm=3 HCL. (O Cy,0=0.01, A: Cy,0=0.02,
[O: Cy1,0=0.05 mol dm~3.

is no change in concentration difference with the
variation of initial concentration and the effect of the
initial copper concentration on the permeation rate may
be neglected.

From the above results, the foregoing assumption
that the permeation rate is controlled both by the
diffusion process in the membrane and by the stripping
process seems to be reasonable.
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Fig. 5. Copper concentration in left cell vs. time (deter-
mination of k).
System: 0.01 mol dm—3 CuSO,(pH=4.5)-L.M.(Cr=
0.490 mol dm=3)-2 mol dm=2 acid. (: H,S80,, A:
HCIL.

Determination of Reaction Rate Constant k.. Figure 5
shows results of runs in which time-dependent concen-
trations of copper in the left cell were measured by using
2 mol dm—2 hydrochloric acid or sulfuric acid as an
acid in the right cell at the carrier concentration of
0.49 mol dm3. The solid lines are the slopes for each
straight region near contact time zero. The values of
k., obtained from each slope and Eq. 10 are 2.5 for
HCI and 0.95 cm* mol-! min-! for H,SO,. The value
of kx in the membrane adopted in this calculation was
evaluated by the same method as in the case of the
concentration of chloride ion® and by using the
diffusivity estimated from the Wilke-Chang equation.
The estimated value of ky is shown in Table 1. In the
figure, the experimental values tend to deviate upward
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TABLE 1. ESTIMATED VALUES OF MASS-TRANSFER
COEFFICIENTS
5’1‘ El( EBH
mol dm-3 cm min-1 cm min-1!
0.490 8.3x 104 1.3x10-3
0.193 2.1x10-3 3.2x10-3
0.100 2.7x10-3 4.2x10-3
. CHL kIZ
Acid mol dm-3 cm min-!
HCI 2.0 4.6x10-2
1.0 4.8x10-2
H,SO, 4.0 2.9x10-2
2.0 3.8x10-2
1.0 T T T T T
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Fig. 6. Copper concentration in left cell ss. time (effect
of carrier concentration).
System: 0.01 mol dm—2 CuSO, (pH=4.5)-L. M.-2 mol
dm-% HCL «=0.16 cmmin-1. [J: €;=0.100, -O:
Cr=0.193, A:Cy=0.490 mol dm-3.

from each straight line. This is caused by neglecting
the second term on the right hand side of Eq. 7.
Effect of Carrier Concentration. Figure 6 shows
the effect of the carrier concentration on the permeation
rate at 2 mol dm~3 of hydrochloric acid. The solid lines
are the concentrations as a function of time for each
carrier concentration which were calculated from Egs. 1,
8, and 9 by using the above value of k;; and those of ky
and kgg in Table 1. In this case, the mass-transfer
coefficient ky, in the right cell was obtained from Eq. 11
by using the diffusivity of copper ion estimated from the
Nernst-Einstein equation, and is shown in Table 1. In
addition, the value of a, which is constant because the
value of [RH],q4 becomes the saturated value at the
high concentrations of LIX64N used, was determined
by the trial and error method. The calculated values
agree with the experimental results over the wide
range of contact time for each carrier concentration.
The effect of carrier concentration on the permeation
rate at 2 mol dm~2 of sulfuric acid is shown in Fig. 7.
The solid line represents the calculated values for a=
0.20 cm min-! obtained in the same way as in the case
of hydrochloric acid by using the k,, obtained above
and the mass-transfer coefficients presented in Table 1.
The calculated values agree with the observed over the
whole range of contact time for all the carrier concen-
trations. The value of « for HySO, is a little different
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Fig. 7. Copper concentration in left cell vs. time (effect

of carrier concentration).

System: 0.01 mol dm~3 CuSO, (pH=4.5)-L.M.-2 mol

dm-* H,SO,. «=0.20 cm min-!. [J: C;=0.100, O:
Cr=0.193, A: C;=0.490 mol dm-3.
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Fig. 8. Copper concentration in left cell zs. time (effect
of hydrochloric acid concentration).
System: 0.01 mol dm~2 CuSO, (pH=4.5)-L. M. (Cy=

0.490 mol dm—2%)-HCl. «=0.16 cm min-t. (: HCI
concn=1.0, A: HCI concn=2.0 mol dm~3.
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Fig. 9. Copper concentration in left cell vs. time (effect
of sulfuric acid concentration).
System: 0.01 mol dm-? CuSO, (pH=4.5)-L. M. (Cp=
0.490 mol dm—3)-H,SO,. 2=0.20 cm min~%.  A:
H,SO, concn=2.0, O: H,SO, concn=4.0 mol dm~3.

from «=0.16 cm min-! for HCl. This may be caused
by a difference in k_;, value between the two acids.

Copper Permeation through Liquid Membrane

1309

Effect of Acid Concentration. To clarify the effect
of acid concentration in the right cell on the permeation
rate, the copper concentration with time was measured
by varying the concentration of hydrochloric acid at a
constant carrier concentration of 0.49 mol dm-2. These
results are shown in Fig. 8. The solid lines are the
calculated values obtained by using the same values
of k,;, and « as in the case of the variation of carrier
concentration. The calculated values agree approxi-
mately with the experimental ones, althought there
are slight deviations between the calculated and experi-
mental values in the region of long contact time.

Figure 9 shows results of the time-dependent concen-
tration for sulfuric acid of 2 and 4 moldm-3. The
agreement between the calculation and experiment is
approximately good to the same extent as in the case
of hydrochloric acid.

Conclusion

To clarify the permeation mechanism of copper ion
with a liquid membrane, the time-dependent concentra-
tion of copper was measured for a diaphragm-type
liquid membrane impregnated with LIX64N as a
mobile carrier.

The permeation rate of copper ion is affected by the
concentration of carrier and of the acid in the stripping
phase. It has become apparent that the mechanism
for the present permeation can be expressed by the
diffusional process in the membrane for a chelating
complex between copper and carrier and by the succeed-
ing reaction at the interface between the membrane
and stripping phase.
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publication of this article.

References

1) N. N. Li and A. L. Shrier, “Recent Developments in
Separation Science,” ed by N. N. Li, CRC Press, Cleveland
(1972), Vol. 1, p. 163.

2) J. W. Frankenfeld and N. N. Li, “Recent Develop-
ments in Separation Science,” ed by N. N. Li, CRC Press,
Cleveland (1977), Vol. 3, p. 285.

3) R. W. Baker, M. E. Tuttle, D. J. Kelly, and H. K.
Lonsdale, J. Membr. Sci., 2,213 (1977).

4) A.Kopp, R. Marr, and F. Moser, presented at CHISA
>78 Conference, 12.6 (1978).

5) K. H. Lee, D. F. Evans, and E. L. Cussler, AICRE J.,
24, 860 (1978).

6) W. Volkel, W. Halwachs, and K. Schiigerl, J. Membr.
Sei., 6, 19 (1980).

7) I. Komasawa, T. Otake, and T. Muraoka, J. Chem.
Eng. Jpn, 13, 204 (1980).

8) T. Kataoka, T. Nishiki, Y. Tamura, and K. Ueyama,
J. Chem. Eng. jpn., 13, 35 (1980).






