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Abstract

A general permeation model for the extraction of copper by liquid surfactant
membranes using a chelating agent as a carrier is presented in which the internal mass
transfer in the W/O emulsion drop, the external mass transfer around the drop, the
rates of the formation and decomposition of the complex at the aqueous—organic
interface, and the leakage of the internal aqueous phase to the external phase due to
the membrane breakup are taken into account. The batch extraction of copper using
SMES529 as a carrier was carried out under various experimental conditions. It is
shown that the extraction rates can be satisfactorily simulated by the present
model.

INTRODUCTION

A separation technique using liquid surfactant membranes, first developed
by Li (1) for the selective permeation of hydrocarbons in 1968, has been
noted as a novel method for an increasingly wide variety of separations
including the separation of hydrocarbons (2-9) and the removal and/or
recovery of phenol (10-13) and amines (14, 15). Since Cussler (I6)
demonstrated that sodium ion could be pumped against its concentration
gradient by introducing a carrier which reacts with the solute reversibly into
supported liquid membranes, special attention has been paid to the
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concentrations of various metal ions by use of the active transport
mechanism (/4, 17-25). While a number of papers have shown experi-
mentally the possibility of applying the liquid surfactant membrane process
to the separation of metal ions, very few papers have dealt with the
permeation rate through membranes quantitatively because of their very
complicated geometrical configuration, Hochhauser et al. (17), Martin et al.
(19), and Volkel et al. (22) presented a model in which mass transfer
resistance is localized in the peripheral oil layer of the W/O emulsion drop,
and the mass transfer resistance in the W/Q emulsion drop is neglected to
simplify the mathematical treatment. However, this model cannot account
for the effect of the concentration of the internal reagent on the extraction
rate, as described later. On the other hand, Marr et al. (25) proposed a
shrinking core model for the extraction of copper using LIX 64N as a carrier.
They considered that the internal droplets are immobile and there exists a
sharp boundary between the outer region saturated with copper and the inner
unsaturated region, and this boundary moves toward the center of the W/O
emulsion drop as the extraction proceeds. In their analysis, however, the
change of the copper-carrier complex concentration at the external surface of
the emulsion drop during the extraction was not considered. Furthermore,
the external aqueous phase mass transfer resistance, which might be more
important than the internal mass transfer resistance in the early stage of the
extraction or in the extraction of copper of low concentration, was not taken
into account.

The present author proposed a general mass transfer model for the
extraction of weak bases such as ammonia and amines (/3), and weak acids
such as phenol and cresol (15) by liquid surfactant membranes in which the
diffusion in the W/O emulsion drops, the external mass transfer, and both the
chemical and phase equilibria were taken into account. In this paper, this
model is extended to the extraction of copper by liquid surfactant membranes
containing a chelating agent as a carrier. It is shown that the effects of various
experimental conditions on the permeation rate of copper through mem-
branes containing SMES529 as a carrier can be quantitatively explained by
the proposed model.

THEORY

Here, it is assumed that the mass transfer resistance in the internal
aqueous phase is neglected because of the very small size of the internal
droplet, and also that a monobasic acid such as hydrochloric acid and nitric
acid is used as the internal stripping agent.



13: 33 25 January 2011

Downl oaded At:

PERMEATION OF COPPER THROUGH MEMBRANES 737

FiG. 1. Schematic diagram of W/O/W multiphase emulsion system: (1) External aqueous
phase (Phase I), (2) stagnant film of Phase I around emulsion drop, (3) peripheral oil layer, (4)
oil membrane phase (Phase II), (5) internal aqueous phase (Phase III).

As shown in Fig. 1, the elementary steps of copper permeation through the
liquid membrane are as follows.

(1) Diffusions of copper and hydrogen ions through the stagnant film of
the external aqueous phase.

{2) Complex formation between Cu?* and HR, the chelating agent, at the
external interface of the W/O emulsion drop.

(3) Diffusions of the complex and the chelating agent in the peripheral oil
layer of the emulsion drop.

(4) Diffusions of the complex and the chelating agent through the
interstitial oil membrane phase.

(5) Stripping of copper at the interface between the oil membrane phase
and the internal aqueous phase droplets containing hydrochloric
acid.

It has been already found that the reaction between Cu** and anti-2-

hydroxy-5-tert-nonylacetophenone oxime, the active species of SME529,

occurs at the organic—aqueous interface, and also that the forward and the

reverse reaction rates are represented as follows (26, 27):

Cu?* + 2HR = CuR, + 2H" (1)
(A+2B=C+2H)
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K., = ([CuR,J[H"]*/[Cu’"|[HR]’),, = (CH?/AB*),, (2)
r;=k(AB/H — CH/K,.B) (3)
r,=k.(CH — K,.AB*/H) (4)

The mass balance equation of copper in the external aqueous phase is
represented by

(1 — @")oA /0t = —kan(A; — A1) + (2/ V) (Am)r=r (3)

where k, is the mass transfer coefficient of Cu’* through the aqueous film
and g, the specific surface area of W/O emulsion phase (= S/V7), and ¢’ the
volume fraction of drops [= (V1 + Vi)/ V7). Vi, Vi, and Vi are the
volumes of the external aqueous phase (Phase I), the membrane phase
(Phase II), and the internal aqueous phase (Phase III), respectively, and Vr
is the total volume (= V} + Vi + Viy). S is the interfacial area between the
external aqueous phase and the W/O emulsion drops, and v, is the
volumetric rate of the leakage of Phase III to Phase I due to the breakage of
the membrane. The last term in Eq. (5) represents the transfer rate of copper
from the internal phase to the external feed solution due to the membrane
breakup. Here, it is assumed that the internal droplets at the peripheral region
of the W/O emulsion drop leak. The validity of this assumption will be
discussed later.

The mass balance equations of the chelating agent B and the complex C in
the region of 0 < r < R’ in the emulsion drop are expressed by

oB 0'B 2 0B 6Pk,
(1= ¢)-- =Des “= )+

v e I<exAIIIB2 >
or r or

( CHy — — 5
111

n

(6)

’Cc 20C ) 3ok, < KexAmBz)
- - C m -
r Hm

(7

Here, ¢ is the volume fraction of the internal aqueous phase in the emulsion
drop [= Vi/(Vii — Vin)]. The mass balance equation of copper in the
internal aqueous phase is
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¢0An/0t = (3¢k,/R,)(CHyy — KA B/ Hyy) (8)

Here, R, denotes the Sauter mean diameter of the internal aqueous phase
droplets, and 3¢/R, corresponds to the interfacial area between the
membrane and the internal droplets per unit volume of the W/O emulsion.
Hereafter, the “drop” refers to the W/O emulsion drop dispersed in Phase I,
and the “droplet” the internal droplet. The initial and the boundary

conditions are as follows.

IC, AI=A1’0 fort=0 (9)
B = B,, C= Cy, A1 = A0, (Hu1 = Hiyyp) for0<r<R',t=0
(10)

B.C.1; 0B/dr=0C/dr=0 forr=0,t=0 (1D
BC2, kA(AI—AI,i)=kH(HI,i_HI)/Z

= kf(AI,iBi/HI,i ~ C:H;,;/K,.B;)

= kp{(B),—p — Bi}/2

=kclCi — (C)r=r}

= —D, p(dB/3r),-p/2

=De,C(aC/ar)r=R' (12)

Here, kg and k¢ are the mass transfer coefficients of B and C through the
peripheral oil layer, respectively. In the internal aqueous phase, the following
relation holds:

2Am,o + Hiyo = 24 + Hn (13)

The above equations are transformed to dimensionless forms by the use of
the variables and parameters given by Eq. (14):

3 Bim
2~ _(3¢'Bi/(1 — ¢y — y;) + L

(5
26 2marl — @) B

ob ?p 2 ab>
=) — = |— + = — 3 ’
( ¢)ae <8x2 PR + 3¢Bigz (6")
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. dc o%c + 2 de 3GBi

— —_— = — - -

( ) af “\ox?  x ox Phigz
ow/080 = 3Bigz/my i1

where

K, bp*w

(7)

(8"

z=c(l + myw/mym —w) —

mu (1 + my /My — w)

1.C.; y=1 ford=0
b=1,c=cy,w=w, for0Zx=1,620
B.C.1; 0b/dx = dc/dx =10 forx=0,6020

B.C.2; y—y;=(kp/ks)(Hy; — H})/(24;,)

_ [ Yibi _ mH,I(HI,i/HI,O)Ci]
/ my, (Hy ./ Hio) 2K, bim gy

= (np/2my ){(b)r—1 — by}

= (nc/2myanle; = (C)x=1}

= —(0b/0x)y=1/(2Bim4,)

= (0¢/0x)x=1(rcp/2Bimyy)

(mam/mpm) + 1 =w+ Hy/Hup

(9"
(10"

(11')

(12

(13

y=A/A10, b=B/By, ¢ = 2C/By, w = 2Am/Hyno, Bi = k4R/D, ,

my = Apo/By, My = 241m1,0/Bo, myy = Hyo/Bo,
My = Huyo/Bo, ng = kg/ky, nc=ke/ky, ny= ki/ky,
q= erHm,o/R,LkA’ rce =D, /D, a=Ruv,/ksVr

(14)

Here, it is assumed that R’ is approximately equal to R. Another equation
describing the change of Hj is necessary to complete the basic equations. In
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this study, however, this was not considered because buffer solutions were
used in most of the experiments. Therefore, mass transfer resistance of H in
the external stagnant film was not considered.

If 14 parameters (@, ¢, ¢', Bi, myy, My, My, My, M, Ne, Ny 4, Ky,
and r¢p) are given, the basic equations can be numerically solved. Here, the
finite difference method was used. Although this analysis assumes uniform
drop size distribution of W/O emulsion, it can be extended to the case where
drop size distribution exists (13), as will be described later.

EXPERIMENTAL

The experimental apparatus used was the same as reported in previous
papers (13, 15). The W/O emulsion was prepared as follows. A mixture of
50 cm® of Dispersol, a sort of kerosene offered by Shell Chemical Co. Ltd.,
containing Span 80 (sorbitan monooleate) and SME529 (Shell Chemical
Co. Ltd.), and the same volume of aqueous solution of hydrochloric acid and
lithium chloride, and the tracer to measure the degree of leakage of the
internal phase to the external phase due to the breakage of the membrane
were agitated for 15 min by a vibromixer, Then the mixture was sonicated by
an ultrasonic homogenizer, A portion of the W/O emulsion thus prepared
was dispersed in the agitation vessel containing 600 cm® of buffer solution, a
mixture of the solutions 0.5 M CH;COOH and 0.5 M CH;COONa. The
vessel was 9 cm in diameter and equipped with a six-bladed turbine agitator.
In about 3 min, an aqueous solution of cupric sulfate was introduced into the
vessel to start the extraction. The total volume of the external aqueous phase
was 650 cm®, and the volume of the W/O emulsion ranged from 18 to 100
c’. Samples were drawn from the external phase, and the copper
concentration was analyzed by an atomic absorption spectrophotometer.
Lithium concentration was determined by a flame emission spectrophoto-
meter. The fraction of leakage, f, which is defined as the ratio of the volume
of the internal phase which leaks to the external phase to the initial volume of
the internal phase, was calculated by

=1 = ¢")Li"li/(¢¢'[Li* o) (15)

The drop size distributions of the W/O emulsion and the internal aqueous
phase were measured by the photographic and the microscopic methods,
respectively. Unless otherwise stated, the concentration of Span 80 was 5
vol%, the stirring speed was 300 rpm, the temperature was 298 K, and the
initial concentration of the copper in Phase III was O.
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RESULTS

Estimation of Parameters

Of many parameters included in the present model, m4, myyy, my;,
My, @, and @ can be easily calculated from the experimental conditions. It
is desirable to determine other parameters independently. For this purpose a
series of experiments was carried out,

The values of k4 and k; were obtained as follows. The rate-determining
step of copper extraction changes depending on the experimental condition.
It was found that under the condition that 4;, is low compared with By, the
rate is limited by the diffusion of copper through the external aqueous
stagnant film if H is sufficiently low, and by the reaction at the interface of
the emulsion drop if Hi is high. When the reverse reaction is ignored, the
extraction rate is expressed as follows.

—VidA4,/dt = k,S(4, — Ay;) = kySA; Bi/Hy
Integration of Eq. (16) gives

In(4;/A1p) =Iny = —{Kyay/(1 — ")}t = ~[3K,0'/{(1 — ¢ )R}]¢
(17)
where
I/KA=1/k“,+Hl/ka0 (18)

Experiments were carried out at various hydrogen ion concentrations with
other conditions kept constant, As shown in Fig. 2, the plot of In y vs ¢ gives
straight lines, and K,’s are calculated from their slopes. Figure 3 indicates
that the plot of 1/K, against Hj also gives a straight line in accordance with
Eq. (18). The values of k£, and k; can be calculated from its intercept and
slope, respectively (see Table 1). The value of £, approximately agrees with
the value of k,, 0.0023, estimated using the equation by Calderbank and
Moo-Young (28). The value of k; was 1.6 X 107 cm/s when the pH of the
external phase was considerably high. However, it was 1.0 X 107> at low pH
where pH was adjusted by adding hydrochloric acid without using the buffer
solution. This is probably because, depending on the species of coexisting
anion in the external phase, copper exists in a different form of the copper
complex, having a different reactivity toward the carrier.
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TABLE 1
Values of Parameters

D, p: 229X 1075/ em?/s, wecP K,iw 0.6

k4 0.0034 cm/s kg: 0.0004 cm/s
ke 0.00264 cm/s kp: 10X 1073-1.6 X 1075 em/s
k,:  0.044 cm%/mol - s reg: 0.66

It was impossible to determine kp or k¢ in the W/O/W multiphase system.
However, a rough estimate was made by the extraction experiment using an
agitation vessel, 7 cm in diameter and 14 c¢cm in height, equipped with a 6-
bladed turbine agitator. 200 cm® of the aqueous copper solution was first
introduced into the vessel. Then 100 cm® of the W/O emulsion phase was
carefully poured over the aqueous phase so as not to disturb the interface.
Stirring in the emulsion phase was started at 100 rpm, and samples were
taken from the aqueous phase for analysis. Under the condition that 4;, was
sufficiently high and Hj, was considerably low, the resistances of the
‘aqueous stagnant film diffusion and the interfacial reaction could be
neglected. It was also anticipated that the diffusion rate of the complex in the
emulsion phase would be fast due to the convection caused by agitation.
Thus, the rate-determining step was the diffusion of the complex and the
carrier through the oil layer adjacent to the interface. The experimental result
is shown in Fig. 4. The copper concentration in the aqueous phase decreased
linearly with time, suggesting that the rate of extraction was independent of
copper concentration, This means that on the aqueous side of the oil layer,
almost all of the carrier was consumed by complexation with copper. Thus,
the extraction rate is expressed by

From Eq. (19) and the data shown in Fig. 4, the value of kz was calculated.
The value of k- was estimated using the relation k¢ = kg(D¢/Dg). As shown
in Table 1, these values are relatively small. The diffusivity of B, estimated
by the Wilke-Chang equation (29), was 2.48 X 10® cm?/s. Then the oil
layer thickness calculated from 6 = Dy/ky was 62 um, This large value of
may be explained as follows. In the kinetic study on the extraction of copper
by SMES529 using a Lewis cell, the present authors found that the organic
phase mass transfer coefficient of SMES529 was as low as 8.9 X 107 cm/s
and about one-third of that of phenol. This discrepancy could not be
explained by the difference in their diffusivities (26). Although a clear
conclusion could not be drawn, it was deduced that the slow adsorption rate
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FIG. 4. Determination of kp.

of SME529 at the aqueous—organic interface might be the cause of the low
value of kg and, in turn, the high value of 8. The actual value of § may be
much smaller.

K, was determined from the distribution ratio of copper between the
aqueous and organic phase measured by the usual method. The value of &,
was determined using a Lewis cell under the conditions of interfacial reaction
rate controlling (27).

The value of v, was obtained as follows. The plot of f against  is shown in
Fig. 5. Considerable leakage was observed when the emulsion was dispersed
at the start of the extraction, and f increased linearly with time. v, was
calculated as the product of the slope and V.

The effective diffusivities D,p and D, were determined so that the
computed results might agree with the experimental results. It was assumed
that the ratio D, /D, p is equal to the bulk diffusivity ratio, D¢/Dp.

Effect of Experimental Conditions on the Extraction Rate

Effect of Copper Concentration in the Feed Solution

Figure 6 shows the effect of the initial concentration of copper in the feed
solution on the time course of extraction when the interfacial reaction rate is
fast, i.e., the hydrogen ion concentration is very low. It is seen that the higher
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the initial concentration of copper, the lower the degree of removal,
indicating that the process is nonlinear with respect to the copper concen-
tration. This may be explained as follows. When Ay is higher, the internal
droplets in the peripheral region of the drop are more rapidly saturated with
copper, and the complex must diffuse through Phase II to the more inner
region of the drop to release copper in Phase III, suggesting that the internal
mass transfer resistance is important. On the other hand, when A4y, is low, the
external mass transfer is rate controlling, and —dy/dt is much higher than
when A is high.

Effect of Hydrogen lon Concentration in the Feed Solution

The pH of the external phase is closely connected with the forward
reaction rate and the distribution ratio of copper. In the extraction of copper
from leach liquors, the pH of the feed solutions is below 3. In this study,
however, pH was varied in the range from 1.6 to 5.5 to investigate the effect
of the reaction rate on the extraction rate and how the rate-determining step
changes with pH. The effect of the initial hydrogen ion concentration is
shown in Fig. 7. As anticipated from Eq. (3), the higher Hy, the lower the
extraction rate. Under the condition of high Higy, the rate of complex
formation at the interface of the drop is slow, and this step is rate
determining. On the other hand, when Hi, is low, the reaction rate is fast,
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Fi1G. 8, Effect of the carrier concentration on the extraction rate.

and H; , has little influence on the rate. The difference in the rate observed at
high pH is mainly due to the difference in drop size. In this range of pH,
diffusion through the peripheral oil layer and the internal diffusion limit the
extraction rate.

Effect of Carrier Concentration

Figure 8 shows the effect of the carrier concentration By. The rate when B,
is 0.2 M is slightly higher than that when B, is G.1 M. However, a further
increase in B, does not result in an increase in the rate. This is because the
viscosity of the membrane phase increases with increasing B,. The
viscosities are 3.0, 3.4, and 4.2 cP when By’s are 0.1, 0.2, and 0.3 mol/dm’,
respectively. The increase in viscosity makes the drop diameter large, the
diffusivity of the complex low, and the internal resistance more important.

Effect of Hydrochloric Acid Concentration in the
Internal Aqueous Phase

Figure 9 shows how the extraction rate varies with the concentration of
hydrochloric acid in the internal phase. The rate increases with increasing
Hy;o because the capacity of the internal phase as a sink for copper



13: 33 25 January 2011

Downl oaded At:

PERMEATION OF COPPER THROUGH MEMBRANES 749

1.0

I’ITIT—H] LI llll[ll L
Hpp=10" mol/dm3
A1 9=3.2x102 mol/dm3
By = 0.2 mol/dm3 —
~ 0=05 —
>0.5— 9’ =0.133 -
- Hm.O _
2 mol/dm3 = 1 mol/dm3 _‘
4 mol/dm3
ol 11111 ( L1
1 . 10
t , min

FiG. 9. Effect of the initial concentration of hydrochloric acid in the internal phase on the
extraction rate.

increases. However, the degree of the increase becomes small when Hyyp is
higher than 2 mol/dm’. This is because the emulsion becomes very viscous,
resulting in a large dispersed emulsion drop when Hjp is as high as 4
mol/dm’,

Effect of Volume Fraction of the Internal Aqueous Phase

Figure 10 shows the effect of ¢, the volume fraction of the internal
aqueous phase on the Sauter mean diameter of the W/O emulsion drop. With
increasing ¢, the viscosity of the emulsion phase and also the drop diameter
increase. As shown in Fig, 11, the increase in the drop diameter lowers the
extraction rate in spite of the increase in the capacity for trapping copper with
increasing ¢.

Effect of Stirring Speed

The effect of stirring speed on the drop diameter is shown in Fig. 12. The
diameter is proportional to 7! in accordance with the previous work (30).
Thus, as shown in Fig. 13, the extraction rate increases with increasing
stirring speed.
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Fi1G. 11. Effect of the volume fraction ¢ on the extraction rate.
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FiGg. 12. Effect of stirring speed on the Sauter mean diameter of W/O emulsion drop.
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FiG. 13. Effect of stirring speed on the extraction rate.
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FI1G. 14, Effect of the preloading on the extraction rate.

Effect of Preloading of Copper in the Internal Aqueous Phase

In liquid surfactant membrane processes, most of the emulsion leaving the
settler which separates the emulsion phase from the external phase is
recycled to the extraction vessel without demulsifying it, and only a small
portion of the emulsion is demulsified. Therefore, the drop, already
containing a considerable amount of copper both in the membrane and the
internal phase, is brought into contact with the feed solution. A series of
experiments was conducted using the “‘preloaded emulsion” to examine the
effect of the copper concentration in the internal phase. To prepare the
emulsion phase, a mixed solution of CuCl, and HCI1 was emulsified with the
total concentration of C1~ kept constant at 1 mol/dm?®. As seen in Fig. 14, the
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FiG. 15. Effect of temperature on the extraction rate.

extraction rate decreased with an increase in Ay o. However, about 99.5% of
the copper was rapidly removed even when Ay o was 0.32 mol/ dm’, and the
concentration ratio Ay;/A; was as high as 25,000.

Effect of Temperature

As shown in Fig. 15, the rate increased with increasing temperature. The
apparent activation energy was calculated as 6.5 kcal/mol from the rates at
509% extraction. This value suggests that the diffusion rate rather than the
reaction rate is rate determining,

Effect of Internal Drop Diameter

The effect of R,, the Sauter mean diameter of the internal droplets, is
shown in Fig. 16. As described in a previous paper (13), R, was controlled
by adjusting the intensity of the sonication. R, is related to the interfacial
area between Phase II and Phase III where the stripping reaction (4) occurs.
As shown in Fig. 16, the rate was not influenced by R, , indicating that the
stripping reaction was sufficiently fast. This means that as long as the
emulsion is stable, large internal droplets are favorable in view of process
economics because demulsification is extremely difficult when R, is small.
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FiG. 16. Effect of the droplet diameter of the internal phase on the extraction rate.

DISCUSSION

Comparison of the Experimental Results with the
Computed Results

The computed time courses of extraction were obtained on the basis of the
present permeation model, and are shown by the solid lines in the above
figures. The effective diffusivity D, was determined so that the best
agreement between the experimental and the calculated results might be
obtained. The effect of viscosity on D, z was also considered by assuming
that D, is inversely proportional to the membrane viscosity as shown in
Table 1. When H;o was considerably high and the buffer solution was not
used, Hp increased considerably during the experiment. For example, H;
increased from an initial value of 0.0019 to 0.035 in 20 min. In this case the
change in M| monitored by a pH meter was taken into account in the
calculation. It can be seen in these figures that agreement between the
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experimental and the computed results is fairly good if we consider that most
of the parameters were determined by independent experiments. However,
the data obtained under the condition that the concentration of the complex
in the membrane was high, i.e., when A4;4 or Ao was high, could not be
satisfactorily simulated by the present model. For example, the model gave a
considerably higher rate than the observed result in the later stage of the
extraction when A; was 0.032 mol/dm® as shown in Fig. 6. This tendency is
also seen in Fig. 14. This point needs to be examined further.

The bulk diffusivity of B, Dg, was estimated as 8.48 X 107/ cm?/s by
the Wilke-Chang equation. Here u is the viscosity of the membrane phase
expressed in cP. It was confirmed that p did not change appreciably by the
formation of the complex in the organic phase if the total concentration of the
carrier was kept constant. The ratio D, /Dy is about 0.24. This value is
considerably smaller than 0.44, the lowest value predicted by the Russel
equation (I3, IS5, 31) on the assumption that there is no diffusion
contribution in the internal aqueous phase to transport in the emulsion drop.
Although the reason of this discrepancy is not clear, it may be due to the
errors in estimating Dp in the solution of high concentration and D, p.

Effect of the Membrane Breakup on the Degree of Extraction

The leakage of the internal phase containing a high concentration of
copper to the external phase lowers the degree of the removal of copper. As
shown in Fig. 6, y becomes much lower as the initial copper concentration
decreases. The equilibrium concentration of copper, which is the lowest
concentration attained when the extraction proceeds ideally without breakup
and the swelling of the drop caused by water permeation due to osmotic
pressure, can be calculated from the material balance and the equilibrium
equations:

AI,O VI + CO VII + AIII,O VIII = AI,e VI + Ce VII + AIII,e VIII (20)

B, +2Cy =B, +2C, (21)
2AIII,O + HIII,O = 2AIII,e + HIII,e (22)
Kex = CeH %,e/A I,eB g = CeH%II,e/AIII,eBg (23)

The values of y, (= A;./4;p) calculated by Egs. (20)—(23) were as low as
4.9 X1071°,8.5 X107, and 1.2 X 107° when 4;, were 0.008, 0.016, and
0.032 mol/dn?’, respectively. Here, Hj at ¢ = 10 min was used as H ,. These
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FiG. 17. Computed concentration profiles in W/O/W multiphase system.

values of y, are much smaller than the experimentally observed lowest
values, This is partly due to leakage of the internal phase. The dotted lines in
Fig. 14 represent the computed results when leakage is not considered. On
the other hand, the solid lines are the results when leakage is taken into
account, It was also found that if 4y ,,, the average concentration of copper
in the internal aqueous phase, is used instead of (4yy;),—z in Eq. (5), the effect
of the leakage predicted by the present model is much smaller because Ay,
is also much smaller than (Ay;)=z as can be seen from Fig. 17 which shows
the computed concentration profiles in the drop. It is also noted that the value
of (Ai)—r is always kept large during extraction. Thus it may be deduced
that the internal phase in the peripheral region of the W/O emulsion drop
leaks.

It can be seen in Fig. 16 that the lowest value of y for R, = 2.76 um is
higher than that of R, = 1.75 or 1.56 um. This is because the W/O emulsion
drop is more stable when R, is smaller. The values of v, were 4.9 X 1074,
3.3X 107, and 2.5 X 10™* cm’/s when the R,’s were 2.76, 1,75, and 1.56
um, respectively.
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F1G. 18. Comparison of the uniform drop size distribution model with the model in which the
drop size distribution is considered.

Effect of the Drop Size Distribution on the Extraction Rate

The present model was extended to the case where the drop size
distribution of the emulsion phase exists by a method similar to that
described in a previous paper (13). Comparison of the results computed by
the present model (Model 1) with those by the model where the drop size
distribution is considered (Model 2) is shown in Fig. 18. Here, the
experimentally measured drop size distribution was used in the calculation.
The solid line represents the result by Model 1 where the Sauter mean
diameter was used as the average diameter. It is seen that the results from
these models roughly agree with each other, indicating that the present model
can be used to predict the extraction rate if d, is used as a characteristic drop
diameter.

Simulation of the Experimental Data by a Complete Mixing Model

One of the characteristics of the present model is that the degree of
convection in the W/O emulsion drop can be varied by assigning the
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Fi1G. 19. Simulation of the experimental data by the complete mixing model.

appropriate value to D,. If considerable convection exists in the drop, the
mass transfer resistance can be ignored. This situation corresponds to a very
large value of D, and, in turn, a very small value of Bi. Then, the basic
equations for the complete mixing model (Model 3) are represented as

follows:

—VidAi/dt = kuS(Ay — Ayp)

VudB/dt = kyS(B; — B) + 2k, S,(CHyy — K. A B*/Hyyy)

VudC/dt = kcS(C; — C) — k.S (CHyy — K, AwiB*/ Hyy)

VidAm/dt = k,8,(CHyy — K, AnB*/Hyy)

L.C.; Ay= Ay A = Ao, B= By, C= Cy, (Hyy = Hunip)

Additional conditions are as follows:

kgA;— A41;) = kf(AI,iBi/HI,:' - C:H,/K.B;)
= kp(B — B;)/2
=kc(C; = C)

24,0 + Hm,o =24y + Hn

(24)
(25)
(26)
(27)

(28)

(29)

(30)
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The dimensionless parameters to be specified are

myy = Ayo/Bo, mgm = 2/11110/30, my1 = H; o/Bo, mym = H, o/ B,
g = kglky, nc=kclky, ny= kf/kA: Y= ka oR/(3k,4R ws K.,
T=k(S/Vp)t =3k d't/R, ¢, ¢’ (31)

Figure 19 shows the comparison between the experimental results and the
computed results by the complete mixing model. The data are the same as
those shown in Fig. 9. It is seen that the effect of Hyyo cannot be explained
by Model 3, suggesting that the internal diffusion must be considered in
analyzing the permeation rate.

Permeation Model When Phase Il Is in Chemical Equilibrium
with Phase lll (g = «)

When the parameter ¢ is sufficiently large, the internal aqueous phase is
considered to be in chemical equilibrium with the oil membrane phase. In
this case the diffusion equations in the W/O emulsion drop are represented
as follows:

04 o*C  20C

(1= )—+¢ ”‘—De,c<ar2+——> (32)
(1-— )a_z_e+2(1_ )Q—C- <62B+ 3@)
¢ ot ¢ ot or rd
+2D (ﬁg+ 3§§) 33)
“\ o r or (

CH}  C(2Ayyo + Hypo — 241)°

Kex — 111 — ( 11,0 11],0 III) (34)

Ay B? Ay B’

The numerical solutions of Egs. (5) and (32)-(34) under the conditions of
Egs. (9)—(13) were obtained and compared with those for the finite values of
q. It was found that under the experimental condition indicated in Fig. 16,
the solutions for g greater than 0.5 agree with those for g = «. However, if g
is smaller than 0.01, the stripping step becomes rate determining.
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FiG. 20. Effect of addition of anionic surfactant on the extraction rate.

Effect of Addition of Anionic Surfactant to the External Phase

As described above, it was deduced that the reaction at the interface
between the external aqueous phase and the W/O emulsion drops are rate
determining when Hig is considerably high. Therefore, under this condition
the rate of the extraction may be increased by increasing the rate of the
interfacial reaction. It was anticipated that an anionic surfactant added to the
external aqueous phase is adsorbed at the aqueous—organic interface, and the
interface has a negative charge. Then the interface attracts cupric ions by the
electric force, resulting in a much higher copper concentration at the interface
than in the bulk liquid. Hydrogen ion may also be concentrated at the
interface. However, the divalent cupric ion is more concentrated at the
interface than the univalent hydrogen ion. Thus, the concentration ratio
[Cu?*]/[HY] at the interface is higher than in the bulk liquid. Because the
interfacial reaction is proportional to [Cuw?"}/[H"] as indicated by Eq. (3),
the extraction rate increases by adding anionic surfactants to the feed
solution. As shown in Fig. 20, the rate was remarkably enhanced by the
addition of a very small amount of sodium dodecyl sulfate.
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CONCLUSION

Comprehensive experimental data on the batch extraction of copper by
liquid surfactant membranes using a chelating agent, SMES529, as a carrier
were analyzed on the basis of a general permeation model in which the
diffusion in the W/O emulsion drop, the external mass transfer around the
drop, the rates of the formation, as well as the decomposition of the complex
at the aqueous-organic interface and the leakage of the internal phase to the
external phase due to the membrane breakup were taken into account. It was
found that the effects of various experimental conditions such as concentra-
tions of copper and hydrogen ion in the internal and the external phases, the
carrier concentration, the drop diameter, and the temperature on the
extraction rate could be simulated by the present model. It was also found
from a comparison of the present model and the complete mixing model that
the mass transfer resistance in the W/O emulsion drop must be taken into
account to explain the behavior of the permeation quantitatively. The present
model may be easily extended to cases where different types of carriers and
interfacial reactions are involved.

SYMBOLS
A concentration of copper (mol/dm® or mol/cm?)
a specific interfacial area between external aqueous phase and

W/O emulsion drops (cm™!)

B concentration of chelating agent (mol/dm’ or mol/cm’)

b B/B,

Bi Biot number (= k4R/D, 3)

C concentration of complex (mol/cm® or mol/cm®)

C 2 C/ Bo

D molecular diffusivity (cm?/s)

D, effective diffusivity in W/O emulsion drop (cm?/s)

ds; Sauter mean diameter of W/O emulsion drop (¢cm)

f fraction of volume of internal aqueous phase which leaks to
external aqueous phase due to membrane breakup

H concentration of hydrogen ion (mol/dm’)

K, overall mass transfer coefficient defined by Eq. (16) {(¢cm/s)

K., extraction constant

ki, kg mass transfer coefficients of Cu?™ and H' through external
aqueous stagnant film, respectively (cm/s)
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kp, k¢ mass transfer coefficients of carrier and complex through the oil
layer around W/O emulsion drop, respectively (cm/s)
ks k, forward and reverse reaction rate constants, respectively (cm/s),
(ecm*/mol -s)

m initial concentration ratio defined by Eq. (14) or Eq. (31)

N stirring speed (rpm)

ny kJ/kA (JzB, C, andj)

q Rk, Hyiof/Ryky

R radius of W/O emulsion drop (cm)

R R—68(cm)

R, radius of internal droplet (cm)

4 radial distance (cm)

rep D, /D,y or D¢/Dpg

Ty, ¥, rates of extraction and stripping, respectively, (mol/cm? -s)

S total interfacial area between external aqueous phase and W/O
emulsion drops (cm?)

Sy total interfacial area between organic membrane phase and
internal aqueous droplet (cm?)

t time (s)

vV volume (cm’® or dm?)

v, volumetric rate of leakage of internal phase to external phase due
to membrane breakup (cm’/s)

w 2Aum/Hno

X r/R

Yy A/ Ay

Subscripts

0 initial value

A copper

B chelating agent

C complex '

H hydrogen ion

i interface between external aqueous phase and W/O emulsion drop

1 Phase I (external aqueous phase)

1 Phase II (organic membrane phase)

111 Phase III (internal aqueous phase)

e value at equilibrium

T total value



13: 33 25 January 2011

Downl oaded At:

PERMEATION OF COPPER THROUGH MEMBRANES 763

Greeks

Rv/k Vy

k. Hyyo R/(3k4R,)

thickness of oil layer around W/O emulsion drop (cm)

viscosity of Phase II, (cP)

kA(S/VT)t

volume fraction of Phase III in W/O emulsion drop (= Viy/
(Vu + Vi)

volume fraction of W/O emulsion in W/O/W multiphase emulsion
(=(Vu+ Vu)/Vr)

D, gt/R

D o D AE R
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