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A kinetic study of copper extraction with reagent-grade N-8-quinolyl-/>-dodecylbenzenesulfonamide was carried
out by using a stirred transfer cell, along with studies of the distribution and inter facial equilibria of the extractant
between the organic and aqueous solutions at 303 K.

The rate of copper extraction was analyzed by a model of the inter facial reaction between the adsorbed
extractant (HR) and the adsorbed copper complex (CuR + ) accompanied by the mass transfer steps of each species.
The experimental results show good agreement with the results calculated by use of this inter facial reaction model,
concerning the initial extraction rate and the extent of copper extraction over a wide range of experimental
conditions.

Introduction

The solvent extraction of metals has becomein-
creasingly important in connection with hydrometal-
lurgical extraction processes, from the viewpoint of
the conservation of energy and material resources.
Since mid-1960's, a number of commercial chelating
extractants for copper recovery from leaching so-

lution have been developed.50 Most of the currently
available extractants belong to the family of hy-
droxyoximes. Exceptions are the Kelex reagents,
based on 8-hydroxyquinoline, and LIX 34, which is
N-8-quinolyl-/?-dodecylbenzenesulfonamide and has

high selectivity against Cu/Fe separation as compared
with hydroxyoxime.3)
In the present work, a kinetic study was carried out

concerning copper extraction with N-8-quinolyl-/>-

dodecylbenzenesulfonamide (henceforth C12phSAQ,
abbreviated as HR). The kinetics of copper extraction
with commercial chelating extractants have attracted
the interest of many investigators,2'8) paticularly for
hydroxyoximes (e.g. LIX esN1'4-7-ll-13-15'19-21* and
SME 52918'19)), because of the practical importance

for copper recovery by solvent extraction or by using
a liquid membranewhich contains a chelating extrac-
tant as a carrier. In spite of the manyworks perfor-
med, considerable disagreement still exists in the rate
expressions. There are two main reasons for this
disagreement. The first is the heterogeneous reaction,
which involves mass transfer with chemical reaction,
and the second is the fact that in most of these papers
commercial chelating extractants, which are a mixture
of more than one compound,have been used. In spite
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of this disagreement, most papers have emphasized
the important role of inter facial reactions in the
extraction mechanism, as well as the great importance
of using very pure extractants in order to obtain rate
data representative of inter facial reactions.

Therefore, in this study, the extraction of copper
with pure synthesized C12phSAQwas carried out in a
stirred transfer cell, along with the measurements of
the distribution equilibrium and the inter facial ad-
sorption equilibrium of C12phSAQbetween the or-
ganic and aqueous solutions, in order to obtain
more definite information on the extraction mecha-
nismand the rate expression over a wide range of the
extent of copper extraction.
1. Experimental

1.1 Reagents

The synthetic route to C12phSAQinvolves coupling
8-aminoquinoline with />-dodecylbenzenesulfonyl-

chloride in the presence of an organic base, such as
pyridine.17) C12phSAQ was purified by chromatog-
raphy over a silica gel column with benzene, to ob-
tain white solid product.*1 The organic solution
was prepared by dissolving C12phSAQ in toluene.
The aqueous solution was prepared by dissolving
copper nitrate in deionized water and adjusting

pH and ionic strength with adding 100mol/m3 so-
dium acetate-acetic acid buffer solution and/or
100 mol/m3 nitric acid or sodium hydroxide.
1.2 Distribution equilibrium of the extractant

The distribution equilibrium constant of
#1 «C12phSAQ synthesized by using «-dodecylbenzene is a

white, needle-shaped crystal (mp = 51.0-52.0°C). C12phSAQ used
in this work involved several isomers of branching alkyl group
(mp = 44.0-46.0°C).
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C12phSAQbetween the organic and aqueous solu-
tions was obtained at 303K, by the usual meth-
od10,12) The concentration of C12phSAQ in the

organic solution was measured with a spectropho-
tometer (Hitachi UV model 200-10). The extinc-
tion coefficient was 4.19 x 106 cm2/mol at 309nm in
toluene. C12phSAQin the aqueous solution was ex-

tracted by toluene, and then measured with a
spectrophotometer.

1.3 Inter facial tension
Inter facial tension between the organic and aque-

ous solutions was measured at 303Kby the drop-
weight method to examine the inter facial adsorption

equilibria of C12phSAQ and the complex formed
from C12phSAQ and copper (henceforth CuR2).
1.4 Rate of copper extraction by the extractant
The stirred transfer cell shown in Fig. 1 was used to

measure the rate of copper extraction by C12phSAQ
at 303K. The cell consists of two compartments of
equal volume (about 1.2~x 10~4m3), an upper com-
partment for the organic solution and a lower one for
the aqueous solution. The inter facial area of both

solutions is 1.24x 10~3m2. The solutions in the cell
were stirred in opposite directions by two flat-blade

stirrers at 150 rpm.
The concentration of copper in the aqueous so-

lution was determined by atomic absorption spect-
rophotometer (Shimadzu AA-646). Copper complex
in the organic solution was stripped by about 2 x 103

mol/m3 hydrochloric acid to determine the concen-

tration by atomic absorption spectrophotometer.
Under various experimental conditions, the initial

rate of copper extraction was obtained from the
concentration change of copper complex in the or-
ganic solution with time, in the initial period.

2. Results

2.1 Distribution equilibrium of the extractant
As shown in the previous paper,17) C12phSAQ in

toluene is to form in the monomeric state. Therefore,
the distribution equilibrium of C12phSAQbetween

the organic and aqueous solutions is expressed as
follows :

HRorg ^^ HRag KD (1)

where KD is the distribution equilibrium constant. In
basic aqueous solution, sulfonamide group of HRa^
dissociates to form R~q and H^. On the other hand, in
acidic aqueous solution, HRaà¬forms H2Rfl^ because

the protonation occurs on the quinoline group of
HRar Furthermore, H2Rfl* is extracted into the or-

ganic solution as an ion pair complex H2R+X~,
where X~ is an anion of acid. These equilibrium

relations are represented as follows:
H2R+ ;=± HR^+H* Kal (lowpH) (2)
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Fig. 1. Experimental apparatus (stirred transfer cell).

HR,,^ R-+H+ Ka2 (highpH) (3)

H2R£+X" ^ H2R+X;r, Ke (lowpH) (4)

where Kal, Ka2 and Ke are the equilibrium constants
for each equation. From these equations, apparent
distribution constant of HRbetween the organic and
aqueous solutions, Z>HR, is expressed as follows:

[HRL
[HR]

where [HR]or0 and [HR]aq were total concentration of
HRin each solution; that is, [HR]orf7 is the summation
of concentrations ofHR0^ and H2R+X~g,and [HR]aq
consists of HRaq, and H2Ra^ or Ra~. Considering the
fact that the concentration of ¥L2R+X~rgin toluene is
very small as compared with the concentration of
HR0^,*2 DHR is expressed as follows:

in low pH range: DHR=KD+(KD/Kal)jtfH (6)

in high pH range: DHR=KD+(KDKa2)/^H (7)

where j/h is the activity of hydrogen ion and all
activity coefficients of HR0^, HR^, H2R<; and Rfl~
are assumedto be unity. The experimental results of
DURwere correlated with Eqs. (6) and (7), respec-
tively, as shown in Fig. 2. From these results, each
equilibrium constant is obtained as follows: KD=
2.15x 1(T6, Kal=3.30 x 101 mol/m3 (p^fll= 1.48) and
Ka2=SA9 x 10"8 mol/m3 (p*;2= 10.07).
2.2 Inter facial tension
The relation between inter facial tension and the
concentration ofHR or CuR2 is shown in Fig. 3. The
results suggested that CuR2 is not adsorbed, but that

*2 To measure the solubility of H2R+X~ in toluene, solid

particles of H2R+X" were formed from HR and HNO3and pu-
rified. The solubility is 9.2 x 10"1 mol/m3 at 303K.
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Fig. 2. Distribution equilibrium of C12phSAQ.

Fig. 3. Inter facial tension of C12phSAQand metal-
complex.

HR is adsorbed at the interface. In Fig. 3, CCuR2Sand
CHRSdenote the solubilities of CuR2 and HR in
toluene at 303K, respectively; that is, CCuR2S=
130mol/m3 and CHRS=720mol/m3. The adsorption

equilibrium of HRis expressed as follows:
HRorg ;^=± HRad Kad (8)

where Kad is the adsorption equilibrium constant and
the subscript ad denotes the adsorption state at the
interface. The relation between inter facial tension and
the amount of HR adsorbed at the interface is

expressed by Gibbs' adsorption equation. Assuming a
Langmuiradsorption isotherm betweenthe amount
of HRadsorbed and CHR, the relation between in-
ter facial tension and CHRis derived as follows:

y=y0 -(@T/SHR) In (1 +^fldCHR) (9)

where y0 is the inter facial tension between toluene and
the aqueous solution and SHRis the inter facial area
occupied by unit mole of HR. The values ofKad and
SHRare obtained from the experimental results of
inter facial tension and Eq. (9) by non-linear re-
gression using modified Marquardt's method, that is,
VOL. 18 NO. 2 1985

Fig. 4. Effect of pH on initial rate of copper extraction.

Fig. 5. Effect of initial concentration of copper on initial
rate of copper extraction.

Kad=2.0x10"2 m3/mol, SHR=3.2x105 m2/mol
(= 53 A2/molecule). The value of *SHR corresponds to
the size of the sulfonamidoquinoline group, obtained
from the C-P-K molecular model of the HR molecule.
The solid curve for HRin Fig. 3 was calculated by
Eq. (9) using the above constants.

2.3 Initial rate of copper extraction by the extractant
Figure 4 shows the relation between the initial rate,

Ro, and the concentration of hydrogen ion. In the
range of low pH, the slopes of this relation are 1.0, but
in the high pH range, the slopes approach zero. This
suggests that the extraction mechanism in the high pH
range is different from that in the low pH range,

where the extraction rate is controlled by the in-
terfacial reaction as mentioned later.
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Fig. 6. Effect of initial concentration of C12phSAQ on

initial rate of copper extraction.

Figure 5 shows the relation between Ro and the

initial concentration of copper, CCu0. It is found that
Ro is proportional to CCu0in the range of low copper

concentration, but the slopes of this correlation are
slightly smaller than 1.0 in the range of high copper
concentration.
Figure 6 shows the relation between Ro and the
initial concentration of HR, CHR0. In the range of low

CHR0, the slopes of this relation are about 1.5, but in
the range of high CHR0,the slopes approach zero.
Each solid curve in Figs. 4 to 6 was calculated by a
methodshownlater.

3. Discussion

3.1 Inter facial reaction model
The experimental results of the equilibrium studies
suggest an important role of inter facial reaction in the
extraction mechanism, namely, (1) the distribution
equilibrium constant ofHRis too small for use of the
previous model16) coupling mass transfer steps with
the homogeneousreaction step in aqueous solution,
and (2) HR is adsorbed at the interface. In addition,
the experimental results shown in Fig. 4 suggest that
the effect of mass transfer of each species on the
extraction rate must be considered, particularly, in the
range of high pH.

Considering that CuR2 is not adsorbed, the in-

ter facial reaction step between copper and HRis
expressed as follows:

Cu^++HRfld - CuR++Ha+ Kx (10)

CuR++HRad ^ CuR2or,+H+ K2 (ll)
where Kx and K2 are equilibrium constants. From the
fact that the reaction order with respect to CHRis
more than unity in the low CHR0range, the inter facial
166

reaction step shown by Eq. (1 1) could be considered
as the rate-controlling step amongthe inter facial rate
steps shown by Eqs. (8), (10) and (ll), as proposed byKomasawa et al.15) and Miyake et al.18) for hy-

droxyoximes.*3 Therefore, the inter facial reaction
rate, R, is expressed as follows:

Cn n fi /^ n2~)
J?-l J^CuR aHR ^CuR2i^Hi°v { (\-)\

where k2 is the reaction rate constant of Eq. (ll),
6HRand 9CuRare the fractions of inter facial area oc-

cupied by HR and CuR+, respectively, and SCuR

is the inter facial area occupied by unit mole of
CuR+. Assuming the Langmuir adsorption iso-

therm and SCuR=SnR (=constant), 6CuR, 6nR and 6V
are expressed as follows:

n is s~< n
VHR - ^ad^HRiVv

^CuR = ^l^HRQui/Qi (13)
n i n n

Uv= l ~^HR""^CuR

where the subscript / denotes the organic and aqueous
solutions adjacent to the interface.

Combining Eqs. (12) and (13), the inter facial re-
action rate is obtained as follows:

_ k2K1(Kad/SHR) (CCuiC HRi/CHi - CCuR2iCni/Kex)
(1 + KadCHRi + ^ad^i CCuiCHR£/CHl)2

(14)

where Kex (=K1K2K2adl^hr) is tne equilibrium con-
stant of copper extraction shown in the previous

paper,17) that is, Kex=3.29.
The concentration of each species adjacent to the

interface is obtained in the vicinity of the interface,
that is, the inter facial reaction rate equals the mass
transfer rate of each species, as follows:

^ = ^cu(Q:u ~~ Ccui) = (^hr/2)(Chr - CHRi)

= ^CuR2v^CuR2i ~ ^CuR2) (15)

where kj and Cj are the mass transfer coefficients and
bulk concentrations of species j (/=Cu,. HR and

CuR2), respectively. The concentration of hydrogen
ion adjacent to the interface Cui is considered to be

equal to the bulk concentration CH, because buffer
solution is used.

By using Eqs. (14) and (15), the relation between R
and the bulk concentrations of these species is ob-
tained as an implicit function, that is, the rate of
copper extraction corresponding to R is implicitly

expressed by the bulk concentrations.

*3 Some disagreement exists about the inter facial reaction
mechanism. In Komasawa's model the rate-controlling step is
the reaction between the unadsorbed species of CuR+and HR,
and in Miyake's model it is the reaction between the adsorbed
CuR+and unadsorbed HR, where HRdenotes hydroxyoximes.
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3.2 Analysis of the initial rate
Since in the initial period of copper extraction the

term of reverse extraction in Eq. (14) is negligibly small
as compared with the term of forward extraction, that
is, CCuiC2HRi/Cm> CCuR2iCHi/Kex, the initial rate of
copper extraction, Ro, is expressed as follows:

D _ ^2^l\^ad/^Hr) ^Cui^HRi/^HO (14a)

(1 + KadCURi + KadK1 CCuiCHRi/Cm)
K=kCu(CCu0 - CCui) =(kHR/2)(CUR0 - CHRi) (15a)

where the subscript 0 denotes the initial value. From
the above equations, Ro is implicitly expressed as a

function of CH0, CCu0 and CHR0. The values ofk2, Kl9
kCu and kUR could be evaluated from the experimental
results of Ro and the above equations with non-linear

regression, that is, fc2=(1.7±0.5)x 108m2/(mol-s),
A:1=(1.7±0.3)xl0-2, ytCu=(9.5±0.6)xl0-6m/s,

and £HR=(9.2±0.5) x l(T6m/s.
The solid curves shown in Figs. 4, 5 and 6 are

calculated by using Eqs. (14a) and (15a). The values
of mass transfer coefficients are in good agreement
with the value obtained in previous paper,16) that is,

£L=(9.8±2.7)x l0~6rn/s at 150rpm.

3.3 Comparison of experimental results with calcu-

lated results over the whole range of copper extraction
To confirm the validity of the inter facial reaction

model in the range of high extent of copper extrac-
tion, the relation between the extent of copper extrac-
tion and time was obtained by using Eqs. (14) and
(15). The concentrations of the species in the organic
and aqueous solutions are expressed as follows:

- VaqdCcJdt= - l/2VorgdCHR/dt

= VorgdCCuRJdt=A - R (16)

where t is the extraction time. Giving the initial
conditions and the values shown in Table 1, Eqs. (14),

(15) and (16) are simultaneously solved by the Runge-
Kutta-Gill method to obtain the extent of copper

extraction, £calc. The value of kCuRl in Eq. (15) is
obtained from kUR(@CuRJ@HR)where the diffusivities,
^cur2 and ^hr> are estimated by the Wilke-Chang

correlation, that is, ^CMi?2=6.5x 10"lom2/s and
^HR=1.03x 10~9m2/s. The calculated results are

shown as solid lines in Fig. 7, to confirm the good
agreement with experimental results over a wide range
of the extent of copper extraction. Figure 8 shows the
fit between Ecalc and Eobs in all experiments.

Conclusion

A kinetic study of copper extraction with pure N-8-
quinolyl-/?-dodedylbenzenesulfonamide was carried

out by using a stirred transfer cell, along with studies
of the distribution and inter facial adsorption equi-

libria of the extractant between the organic and
aqueous solutions.
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Table 1. The values of each constant used for simulation

jfc2 =(1.7+0.5) x 108 [m2/(mol-s)]
^!=(1.7±0.3)x l0-2 [-]

£Cu=(9.5 ±0.6) x l(T6 [m/s]
^hr=(9.2±0.5) x 10-6 [m/s]

^cur2 =6.0 x 10"6 (estimated) [m/s]
^ad=(2.0±0.3) x 10~2 [m3/mol]
SHR =(3.2 ±0.2) x 105 [m2/mol]
^ex=3.3 ±0.3 [-]

Fig. 7. Simulation of the relation between extent of copper
extraction and time.

Fig. 8. Comparison of experimental results with calculated
results of extent of copper extraction.

From the experimental results of the equilibrium
studies, the distribution equilibrium constant (KD),
the acid dissociation constants (Kal and Ka2) and the
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inter facial adsorption constant of the extractant (Kad),
and the inter facial area occupied by unit mole of the
extractant (SUK) were obtained. These results suggest
that the water-immissible extractant HRis present at
the interface with the quinoline group facing the
water side, and that -the concentration of HRat the
interface is 10-100 times as large as the bulk con-
centration of HRin the organic solution.
From the experimental results of the kinetic study,

it is concluded that the rate of copper extraction with
HR is determined by the inter facial reaction between
the adsorbed extractant (HR) and the adsorbed com-
plex (CuR+) and by the mass transfer steps of each
species. Thevalues of constants in the rate equations
wereobtained fromthe experimental results concern-
ing the initial rate by use of non-linear regression.
Furthermore, simulation of the relation between the
extent of copper extraction and time was carried out
in a wide range of experimental conditions to confirm
the fit between lscalc and Eobs9 particularly, in the range
of high extent of copper extraction.
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Nomenclature

®j

E

Kad
KD

Ke
Kex
Ki

K2

kj

k2

R

Ro

T

t

V

[HR

7
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inter facial area
activity of hydrogen ion
concentration of species j
distribution ratio of extractant
diffusivity of species j
extent of copper extraction
adsorption equilibrium constant
acid dissociation constant (/= 1, 2)
distribution equilibrium constant

[m2 ]
[mol/m3]
[mol/m3]

H

[m2 /s]
H

[m3/mol]
[mol/m3]

H

equilibrium constant of Eq. (4) [m3/mol]
equilibrium constant of copper extraction [-]
equilibrium constant of Eq. (10) [-]
equilibrium constant of Eq. (1 1) [m2]
mass transfer coefficient of species j [m/s]
reaction rate constant ofEq. (ll) [m2/(molà"s)]
inter facial reaction rate and/or mass transfer

rate [mol/(m2 s)]
gas constant [N à" m/(mol à" K)]
initial rate of copper extraction [mol/(m2 s)]
inter facial area occupied by unit mole of HR

[m2/mol]

temperature
extraction time

volumeof each solution
total concentration of HR

inter facial tension
fraction of interfacial area occupied by
species j

[K]
[s]

[m3]
[mol/m3]

[N/m]

H

(Subscripts)
ad = adsorption state at the interface
aq
calc

J
0
obs
org

aqueous solution
calculated value

adjacent to the interface
species (=Cu2+, H+, HR, CuR+, CuR2)

initial state
observed value

organic solution
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