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In a membraneextractor using a hollow fiber, the effects of inter facial reaction on the rates of extraction and
stripping were studied, using the extraction system of copper and A^-8-quinolyl-p-dodecylbenzenesulfonamide.
It was found that the experimental results could be explained by a diffusion model for metal extraction with an

inter facial reaction, taking account of the velocity distributions of the aqueous and organic solutions through the
inner and outer sides of a hollow fiber.

It is suggested that the membraneextractor using a hollow fiber can be used as an experimental apparatus for
studying the kinetics and mechanismof metal extraction or stripping.

Introduction

Since the mid-1960's, hollow fiber modules have
been extensively utilized in many fields, such as
desalination of saline water by reverse osmosis, arti-
ficial kidney, gas separation and so on.9) Recently,

attractive applications of hollow fiber modules have
been attempted in hydrometallurgical processes, i.e.,
the recovery of uranium with supported liquid mem-
branes1'2) and the recovery of copper by the mem-
brane extraction process.7) In the latter process, or-
ganic solution containing extractant is circulated be-
tween two hollow fiber modules to pick up metal from
feed aqueous solution in the extraction moduleand to
release metal into product aqueous solution in the
stripping module. To develop and design supported
liquid membraneand membraneextraction processes,
it is very important to elucidate the mechanismsof
both the extraction of metal with extractant and the
stripping of metal with stripping agent at both sides of
the porous hollow fiber.

Usually, commercial extractants are used in the
liquid membraneand membraneextraction processes.
In a number of papers concerning the kinetics of
metal extraction with commercial extractants, the
important role of inter facial reaction on the extrac-
tion mechanism has been emphasized.3'6'8'10'13~15)

However, in most papers concerning the coupled
transport of metal through the supported liquid mem-
brane of a hollow fiber, it has been shown that the
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effect of inter facial reaction on the permeation rate
was negligibly small.4'5'11'12*

In the present paper, the effects of inter facial
reaction on the rates of extraction and stripping
through the porous membraneof a hollow fiber were
theoretically and experimentally studied, by using the
extraction system of copper and 7V-8-quinolyl-/?-
dodecylbenzenesulfonamide (henceforth C12phSAQ,

abbreviated as HR), whose mechanism in a stirred
transfer cell was elucidated previously.14'15)
1. Theory

The extraction of copper with C12phSAQ and
the stripping of the complex of copper-C12phSAQ
(henceforth CuR2) with sulfuric acid are represented
by a reversible reaction:

C<+2HRorg^CuR2org+2Ha+q Kex (1)

As shown in the previous paper,14) the reaction of Eq.
(1) expresses the following inter facial reactions:
HRorg^^HR^ Kad (2)
Cu2q+ + HRad^±CuRa+d+Ha+q K, (3)

CuRa+d+HRad-CuR2org+Ha+q K2(=k2/k£ (4)
Amongthe inter facial reaction steps, the reaction of
Eq. (4) is the rate-determining step. By assuming

Langmuiradsorption isotherm to express the adsor-
ption of HRand CuR+ at the interface, the interfacial
extraction rate of Eq. (1), R, is obtained as follows:
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(l + KadCHR + KadKxCCuCHK/aH)2

In the previous paper,14) the value of each constant in
Eq. (5) was obtained as shown in Table 1.

It is considered that aqueous solution containing
copper or sulfuric acid is flowing through the lumen

of a hollow fiber, whereas organic solution containing
HR or CuR2 is cocurrently flowing through the

annulus in the membraneextractor shown in Fig. 1. In
laminar flow, the flow patterns of the aqueous and
organic solutions are represented by:

«aqW=^f {l -(^l)2} (6)iir-i

,
, 22or,

Morg(r> =--27lf\

2_lv I* \2

X (r/rr_(r/r)4_M)M^
IVi) (r2/rx) ^^

(7)
The interface between the aqueous and organic

solutions is the inner surface of the hollow fiber,
because the fiber is hydrophobic. Furthermore, it can
be assumed that the activity of hydrogen ion in the
aqueous solution is kept constant along the lumen of

the hollow fiber, and that in Eq. (5), K^K^^C^/
dm< l -\rKadCHR under the extraction and stripping

conditions discussed in this paper. Therefore, the
interfacial extraction rate of copper and the inter-

facial stripping rate of CuR2 are simplified to the fol-
lowing equations:

R _ fe2^l(^ad/^HR)2(Qu^HR/ QH0 ~ QuR2 QHo/^ex)
(1 + ^ad^HR)2

(5a)

D, ^2(^CuR2aHO ~^ex^Cu^HR/aHo) ,cl v

From the mass balances of copper, HR and CuR2
in the membraneextractor, the basic equations and
the boundary conditions are as follows:
in the lumen of hollow fiber (0<r<r1),

MdCc» n P2ccu, 1.dCcu\ m

v'dl CuVdr2Tr dr,

in the annulus (r2<r<r3),
u (r)8C«*-D ^2CHR, 1.^HR) (9)

»org(r)^=DCuR2(^+± - °-^) (10)

Q̂^ (s2cCuR ldcc
81 -Uá">{dr2 +r dr

in the porous membrane of the hollow fiber
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Table 1. Values ofconstants in Eq. (5)

k2 = (1.7±Q.5)xlO8 [m2/(mol-s)]

K, = (1.7±0.3)xl(T2 [-]

K&A = (2.0±0.3)xl0"2 [m3/mol]
SHR = (3.2±0.2)xl05 [m2/mol]

Kex = 3.3±0.3 [-]

Fig. l(a). Schematic diagram of membrane extractor using
a hollow fiber.

Fig. l(b). Flow pattern of each solution in membrane
extractor.

(r^rK^),
D,

eHR
<92CHR 1 dC

^HR
dr2

+-
HR

dr =0

D (d2CC»R2 1.gCCuR2, n

for the foundary conditions,
/=0, 0<r<ri; CCu=CCuO
1=0, r2<r<r^\ CUR=CHR0, ^cuR2~^cu

uR20

/>0, r=0

/>0, r=rj
2)^=0

'Cu"

-A
5rac, Cu=-D.

dC
HR

(1.1)

(12)

(13)
(14)

(15)

Gu dr -2-eHR dr
--D dCCuR2_p

(16)

/>0, r=r2 ; D}
dC,

HR
HR"

D,
CuR2"

dQuR2
=D 5Chr

-'eHR"
5r

r2+0

5r r2-0

-n gCcuR2
r2+0^HRlf2-0-^HR\r2+0? QUR2lr2-0

=Q CuR2 Ir2+O
(17)
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»0, r=r3 ; DJ-^=DCJ-^=O (18)

The basic equations can be solved from Eqs. (5a),
(5b) (6) and (7) by the numerical method under the
boundary conditions to obtain the concentration
distributions of copper, HR and CuR2, i.e., CCu(r, /),
CW/* 0 and CCuR2(r, I). The average extraction rate
of copper, 7M, and the average stripping rate of
CuR2, /m', through the membrane extractor are ob-
tained as follows:

Ju = Q,qCCuoEI(2nriL)

JM = QorSCc»R20E'l(2nriL)

E and E' are calculated by:

E=1-12tt 'CCu(r,L)ujr)rà"dr/QaqCCu01 (21)

E!= 1 - J2tt r CCuR2(r, L)tiorg(r)r ' dr/gorgCCuR20j (22)
To discuss the effect of the inter facial reaction on

the rate of copper extraction or stripping in the
membraneextractor, it is rather convenient to rewrite
the basic equations and the boundary conditions in
dimensionless forms. The basic equations for extrac-
tion and stripping are completely the same, but the
boundary conditions for the two cases are not all the
same. In particular, the feed concentration of each
species for extraction is usually different from that for
stripping. Therefore, it is necessary to distinguish the
definitions of the dimensionless concentration for the
two cases, as shownlater.
1.1 Extraction of copper
The following dimensionless terms are defined:

^M~^Cu/^CuO> ^R~^HR/^CuO9

^C= ^CuR2/^Cu0 9

^ Vl/^CuQuO ^

(t> = r1k2K1(KJSUR)2 C2UK0/DCuam

%=^Cu^/2aq? ^R=^HR^/2org?

y=r/r1 , z=I/L , L=u^(r)r\IQ^ ,

m=^ex(CHRo/aHo) j G=^ad^HRO j
7aR=AWA:u >

yaC=^eCuR2/£)Cu ' 7oR=^eHR/^HR?

7oC = ^eCuR2/^CuR2

(24)

Amongthe above terms, c/> is the dimensionless term
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of inter facial reaction rate, tm(tr, tc) is the dimension-
less contact time of each solution and o is the
dimensionless term of adsorption equilibrium con-
stant of extractant at interface, respectively.

Substituting the above dimensionless terms into
Eqs. (5a), (6)-(18), the following equations are ob-
tained: in the lumen of the hollow fiber (0<y< 1)

dXM_TMfd2XM+ l dXu^

dz /a\dy2 y dy

in the annulus (y2 <y<y3)
dX
R_^R

/o
dz
dXc xc

'd*X 1dXR
H å 

y

Jy2'd2xc
+dyj

l dxcs

dy2 y dy

(8a)

(9a)

(10a)

in the porous membrane of the hollow fiber
(yi <y <y2)

d2XR 1 dXR

dy y vy

g2XC| 1 ,8XC=O
dy2 y dy

for the boundary conditions
z=0,0<y<l; XM=l

Z>0, y=0

z>0, y=y1

z>0, y=y2

z>0, y=y.

SXM= yAdXK

dy Idy =-y,aC

-I-I.

yi-o
dy

^rL-o-X\
Rly2+09

?2-0

dy

V2+0.

dXR _dXc
=0

Where fa and/0 are as follows:
/a =(2/7T)(l - V2)

(Ha)

(12a)

(6a)
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yl-y2+ (yi -yl)

/0 = (2/«)
yi - yt - {(yl - yinn(yi/y2)}

Combining Eqs. (19) and (21) gives the following
equation:

B = EI(2nzu)

E=l-2n

Jo

where

(19a)

xMLydy-(21a)

From the above equations, it is suggested that the
dimensionless average extraction rate of copper
through the membraneextractor, jS, will depend on
the values of the operating parameters, i.e., tm, tr,
ZR0, Xco, <\> and a, as well as the size of the mem-

brane extractor (y2 and y3), the diffusivity ratio (yaR,
yaC and yoR or yoC), the equilibrium constants and
the inter facial reaction rate constant. The effect
of the inter facial reaction on the average extraction
rate of copper is expressed by the relationship be-

tween jS and cj), in terms of o as a parameter.
1.2 Stripping of copper
The respective dimensionless concentrations of the

species in Eq. (23) are modified as follows:
^M~^Cu/^CuR20? XR~^HR/^CuR20j

Xc = ^CuR2/^CuR20?

^/=/M(^ -^l)/^eCuR2QuR2O » 0/=^1^2%o/^Cu
                       (25)

where </>' is the dimensionless term of inter facial
reaction rate of stripping as mentioned above. By
substituting X} in Eqs. (8a) to (18a) by X] (j=M, R
and Q, the basic equations and boundary conditions
for stripping of copper are obtained, except for Eqs.
(13a), (14a) and (16a).

     z=0, 0<j><1; Xlt=X'm   (13b)
   z=0,y2<y<y3; X^=X^0, X^=l (14b)

 A      dXM 7aR 8XR   dXC
2>0' y=y^ ' -^=2 "w=-y^-df

= - y»c<t>'
Xc - mXM(XK/X'K0)

{l + a(X'R/X'R0)}2

(16b)

Equations (19) and (21) become
p,_y2-i.E'

where

E'=l-2n
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(19b)

X'cfoy dy (21b)

 From the above equations, it is suggested that the
dimensionless average stripping rate of copper, /?',
will also depend on the values of the operating
parameters, i.e., tm, tc, X'uo, Ir0, </>' and a, in the
same manner as in extraction. The effect of the
interfacial reaction on the average stripping rate of
copper will be also expressed by the relationship

between fi' and </>', in terms of a as a parameter.

2. Experimental

 An extractant and its copper complex were synthe-
sized and purified by the same method described in
the previous papers.14>15) Organic solutions for the

extraction and stripping experiments were prepared
by dissolving HR and CuR2 respectively in toluene.
Aqueous solution for the extraction experiment was
prepared by dissolving copper nitrate in deionized

water and adjusting pH and ionic strength by adding
1 00 mol/m3 acetic acid-sodium acetate buffer solution
and /or 100 mol/m3 nitric acid. In the stripping experi-
ment, sulfuric acid was used as the stripping agent.
 The membrane extractor shown in Fig. 1 consists of
a glass tube and a hollow fiber made of polytetra-
fluoroethylene (Japan Goretex Co., Ltd.). The inner
and outer diameters, porosity and tortuosity fac-

tor of the hollow fiber were measured and are shown
in Table 2. The aqueous and organic solutions were
fed cocurrently into the inner and outer sides of

the hollow fiber by a microtube pump (Tokyo Rika
MP-1001), and the volumetric flow rates were
lxl0"9-3xl0"9rn3/s for gaq and 2xlO~9-6x
10~9m3/s for Qorg. At steady state, the concentra-

tions of copper and the copper complex in both the
effluent solutions were measured by atomic absorp-
tion spectrophotometer (Shimadzu AA-646), and

the average extraction rate of copper and stripping
rate of copper, JM and J^, were then determined

from Eqs..(19) and (20), respectively.

3. Comparison of Experimental Results with Theo-
retical Results

 To obtain the theoretical values of JM and J^, the
values given in Tables 1 and 2 were used, together
with the diffusivities of copper, HR and CuR2:

Z)Cu=7.20x l(T10m2/s, DHR=9.28 x KTlom2/s and
/)CuR2=5.67 x l(rlom2/s.

3.1 Extraction of copper
 Figure 2 shows the relationship between fi and tm
for various values of (j> and XR0. It is found that the
calculated curves for cj> > 1.0 approach an asymptote
with increasing tm, which is /?=0.159t^1. Since this

asymptote indicates that E approaches the equilib-
rium value at the outlet of the membrane extractor, in
this case E approaches 1.0 with increasing contact
time of each solution as can be found from Eq. (19a).
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Table 2. Characteristic values of membraneextractor

2r2=(1.83±0.02)xl(T3 [m]

2r3=2.40 x l(T3 [m]2rx=(0.94±0.02)xl(T3 [m]
r2--

L=0.125, 0.250, 0.500 [m]

Porosity = 0.45
Tortuosity= 1.60±0.ll

Fig. 2. Relationship between p and tm

The experimental results shownin Fig. 2 were ob-
tained for various volumetric flow rates, keeping the
ratio of Qaq to Qorg, i.e., the ratio tm to tr constant. It
is found that the effect of the inter facial reaction on
the average extraction rate of copper was negligibly
small when 0=71.7, i.e., pH=5.0, CHR0=

10.0 mol/m3. ,

Figure 3 shows the relationship between /? and <j> for
various values of a. /? tends to become constant with
increasing <fi, which means that the extraction rate is
controlled by diffusion of extractant in the organic
solution. In the region of small (/> where the rate is
controlled by reaction, the decrease in ft tends to be
large with increasing o due to the influence of adsorp-
tion of extractant at the interface. A broken line in
Fig. 3 was obtained by assuming that /a=l/7c and
fo= l/n(y% -yl), i.e., the velocity distributions of the
aqueous and organic solutions are not expressed by

Eqs. (6) and (7), but are those of plug flow. The result
suggests that in the calculation of/M, it is necessary to
take account of the velocity distributions of both
solutions.
Figure 4 shows the effect of XR0 on j8 for various
values of 0. In the calculated line for 4> = go, there are
two regions: the region of XR0> 5.3, where the extrac-
tion rate is determined by the diffusion rate of copper
in the aqueous solution, and the region of XR0<53,
where the extraction rate is determined by the dif-
fusion rate of the extractant in the organic solution.
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Fig. 3. Relationship between /? and <

Fig. 4.

It was confirmed that the calculated curves shown
in Figs. 2-4 are not influenced by the ratio of the
aqueous to organic volumetric flow rates,

q{=QJQor^ in the range of#=0.5 to 2.0.
From the above figures, agreement between the

experimental and respective theoretical curve is very
good.

3.2 Stripping of copper
Figure 5 shows the effect of 0' on /?' for various

values of o. It is found that /?' becomes constant with
increasing </>', which means that the stripping rate is

controlled by diffusion of copper complex. In the
region of small </>' where the rate is controlled by

reaction, the decrease in /}' with increasing a is caused
by the shielding effect due to adsorption of extractant

at the interface.
Figure 6 shows the effect of X^o on /?' for various
values of <£'. Agreement of the experimental results

with respective calculated lines is very good.
To confirm the validity of the present model, the

extents of copper extracted and stripped through the
JOURNAL OF CHEMICAL ENGINEERING OF JAPAN



Fig. 5. Effect of0' onpr.

Fig. 6.

extractor were calculated from Eqs. (21) and (22), the
results being then compared with Eobs and E 'obs from

all experimental data as shown in Fig. 7. Good

agreement between observed and calculated results is
obtained over a wide range of E and E' values.

C onclusion
The effects of inter facial reaction on the rates.of
extraction and stripping in a membrane extractor
were theoretically and experimentally studied, using

the extraction system of copper and N-8-quinolyl-/?-
dodecylbenzenesulfonamide. The following results
were obtained.
(1) The experimental results can be explained by a
diffusion model for metal extraction with an in-

terfacial reaction, taking account of the velocity dis-
tributions of the aqueous and organic solutions which
flow along a hollow fiber.

(2) WhenpHof the aqueous solutionis above 5.0,
the rate of copper extraction with the extractant is
determined by either the diffusion rate of copper in
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Fig. 7. Comparison of experimental results with calculated
results of extents of copper extracted and stripped.

the aqueous solution or of the extractant in the
organic solution. However, for lower pH, the role of

the inter facial reaction becomes significant in the
extraction process.
(3) In the stripping of copper with sulfuric acid,
the role of the inter facial reaction becomes important
even when aH0 = 400 mol/m3.

(4) It is suggested that the membrane extractor
using a hollow fiber can be used as an experimental

apparatus for studying the kinetics and mechanismof
metal extraction or stripping, especially in the de-
velopment of new extractants, because the experi-

ments can be carried out using a small amount of the
extractant.
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Nomenclature

°h = activity of hydrogen ion [mol/m3]
Cj = concentration of speciesj (/=Cu, HR, CuR2)

[mol/m3]

Dj = diffusivity of species7* (/=Cu,HR,CuR2) [m2/s]
Dc. = effective diffusivity of speciesj (/=HR, CuR2)

[m2/s]

E = extent of copper extracted defined by Eq. (21) [-]
E' = extent of copper stripped defined by Eq. (22) [-]
/a = dimensionless linear velocity of aqueous

solution [-]
f0 = dimensionless linear velocity of organic

s olution [-]
JM - average extraction rate of copper [mol/(m2 à"s)]
/' M = average stripping rate of copper [mol/(m2 à" s)]
Kex = extraction equilibrium constant [-]
Kad = equilibrium constant of Eq. (2) [m3/mol]
Kx = equilibrium constant of Eq. (3) [-]
K2 ~ equilibrium constant of Eq. (4) [m2]
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k2

k'2

L

I

m

Q

q

R

R

r

u

XJ9 X'3
y
z
p

P'
y
G
0,0

( Subscripts)ad
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rate constant for forward reaction of Eq. (4)
[m2/(mol - s)]

rate constant for reverse reaction of Eq. (4)
[m4/(mol - s)]

contact length between aqueous and organic
solutions [m]

horizontal distance from point of contact
between aqueous and organic solutions [m]
dimensionless term defined by Eq. (24) [-]
volumetric flow rate [m3/s]
ratio of aqueousto organic volumetric flow
rates (= QJQorg) [-]
interfacial extraction rate [mol/(m2 à" s)]
interfacial stripping rate [mol/(m2 à"s)]

distance of radial direction of extractor
inner radius of hollow fiber
outer radius of hollow fiber
inner radius of membraneextractor
linear velocity

aq
org
0

aqueous solution
organic solution
initial state
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