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The extraction of copper with a liquid surfactant membrane containing LIX 65N as carrier and glutamic acid
dioleylester ribitol as surfactant was carried out in a Mixco column. The copper concentration profile along the
column was measured. The experimental results were analyzed by the backflow model, taking account of the
interfacial reaction between copper in the continuous phase and carrier in the W/O emulsion phase and of the
diffusion of copper in the continuous phase without an adjustable parameter.

Introduction

For the refining of copper, hydrometallurgical
alternatives involving sovent extraction to conven-
tional pyrometallurgical processes have been devel-
oped from the viewpoints of energy saving and
effective utilization of resources. Recently, the liquid
surfactant membrane (LSM) process has drawn
practical interest as a novel separation technique in
treatment of metal-processing waste water, hydro-
metallurgy, etc., and since 1986 the LSM technique
has been applied industrially to the recovery of zinc
from spin bath® in Austria.

The LSM process was applied to copper extraction
from an acid leach' solution by Li et al.® and Marr
et al*'® Li et al® carried out a continuous
bench-scale operation using mixer-settlers and con-
cluded that the LSM process is more economical than
the conventional solvent extraction process using
mixer-settlers. However, they indicate that the design
of settlers requires special attention because of the
swelling of emulsion and entrainment of water in the
settler. Therefore, use of an extraction column should
considered because the volume of settled emulsion
phase in the column is much smaller than that in
mixer-settlers. Marr ez al.V studied the extraction of
copper using a continuous pilot plant with a column
of 6m active height and 0.1 m diameter. They applied
the axial-dispersion model, taking account of the
swelling due to osmosis in the analysis of their system.
Kataoka et al.®) simulated the experimental results for
the copper-LIX 70 system and the zinc-D2EHPA
system obtained by Marr et al,” using an axial-

* Received September 7, 1989. Correspondence concerning this article should be
addressed to F. Nakashio. M. Matsumoto is now at Dept. Environ. Chem. Eng., Oita
Univ., Oita 870-11 and K. Ema is.now with Chisso Co., Ltd., Minamata 867.
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dispersion model. In their studies, the reaction rate

constant was an adjustable parameter.

Design of the extractor must be based on a kinetic
model of copper permeation and a model of the
hydrodynamics in the column. In the above studies,
Span 80 or polyamine was used as surfactant. The
effect of surfactants on the kinetics of metal
permeation has not been clarified.

In work reported in previous papers,
glutamic acid dioleylester ribitol (abbreviated as
2C, 34 °GE) as a new and excellent surfactant for the
LSM process was developed and the kinetics of copper
permeation through LSM containing LIX 65N as a
carrier and 2C, ¢4 °GE was clarified in a batch reactor.
In this work, copper extraction with LSM containing
LIX 65N and 2C,;44 °GE was carried out in a
continuous countercurrent contactor, the Mixco
column. The experimental results were analyzed by a
backflow model on the basis of a kinetic model of
copper permeation.

4511 f_

1. Theory

1.1 Extraction of copper with LSM
As shown in the previous paper,* the extraction of
copper with LIX 65N at the interface between the
external aqueous and W/O emulsion phases is
expressed by the following interfacial reaction steps.
HR,,,=HR,, : Ky )
CuZ' +HR,= CuR+H}; 1 K, )
CuR,;+HR, = CuR,,,+H;, :k,/k, 3)
Assuming that Eq. (3) in the above reaction scheme

is a rate-determining step, the interfacial reaction rate
is written as
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where k;=k,K,(K,4/Sur), K, and K; are interfacial
adsorption equilibrium constants of the extractant and
the surfactant respectively, C, is the surfactant
concentration, Sy is the interfacial area occupied by
unit mole of the extractant, and superscript * denotes
the aqueous or organic solution adjacent to the
interface.

The following approximations are assumed un-
der appropriate experimental conditions: 1) carrier
concentration is in considerable excess over copper
concentration in feed aqueous solution and the
stripping rate at the interface between internal aqueous
and organic solutions is extremely fast compared with
the extraction rate between the feed aqueous and
organic solutions, that is, Cz, =0 and Czgr=Cgro;
2) the pH is kept constant in the column when a buffer
solution is used, that is, ag=ay,.

Equation (4) reduces to

k f C %{ IE_C_ MH 0

— L HROM, )
14+ K 4,Chro+ KC,

)

The concentration of copper adjacent to the external
interface is obtained from the following relation, in
which the interfacial reaction rate equals the mass
transfer rate at steady state.

R=ky(Cy—C3p) - (6

where k,, is the mass transfer coefficient of copper.
Equation (7) is obtained by eliminating C¥ from
Egs. (5) and (6).

R=k,Cy (N
where
1 1 1+K_,C K
H i + ad 2HRO + sCs (8)
ky  ky kaHRO/aHO

The values of k,, K,4 and K| in Eq. (8) have been
obtained experimentally by measuring the extraction
rate of copper in a batch reactor® and the interfacial
tension.”

The mass transfer coefficient of copper in the
continuous phase, k), can be estimated from the
following correlation, obtained by Bibaud and
Treybal.?

ky =8.47 x 10~ % exp{0.850):**[log(ng D3/v.)
—3.504]—(0.5500}/3 + 0.7605)} ®
where v; is the volume of i-th stage, ng is the stirring
speed, Dy is impeller diameter and v, is the kinematic
viscosity of the continuous phase.

1.2 Modeling of Mixco column
It is well known that axial dispersion affects the
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Fig. 1. Backflow model

performance of a continuous countercurrent ex-
tractor. A backflow model'® is considered to be

* preferable for the Mixco extractor. Therefore, the back

flow model was applied to the analysis of extraction
of copper with LSM.

Mass transfer in emulsion phase can be neglected
when the above assumption, which is used in the
derivation of Eq. (5), is valid. A schematic diagram
of the backflow model composed of N cells for the
continuous countercurrent contactor using LSM is
shown as Fig. 1.

The mass balance of copper ion in the continuous
phase of i-th stage is written as

(Fagic1Hfag 0Cm,i—1—(Fag,i+fag, i tJag 1+ )Cnr,i
+fagi+1Cnm i+ 1=0:0:4:R; (10)

where F,, and f,, are volumetric flow rate and backflow
respectively, ¢; and g; are holdup of dispersion phase
and specific area in i-th stage, respectively.

Equations (12) to (15) are obtained by defining the
dimensionless terms as Eq. (11) and substituting these
into Egs. (7), (8) and (10):

Fa : f;z CM
Qaq=——i5 a =”-'“q”a XM‘_‘*'a
Fg, M Fy Cu
v;p,a:k
Nox =it (l 1)
F2,
For i=1:
~(Gug, 2+ Now)Xnt, 1 +dag, 2X 0, 2=0 (12)

For 1 <i<m:

CIaq,iXM,i—l‘"(Qaq,i+‘1aq,i+1 + N X i
+Gugi+1Xa,i41=0 (13)

For i=m (feed stage):
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qaq,mXM,m— 1 _(Qaq,m+qaq,m+qaq,m+ 1 +Nax)XM,m
+qaq,m+1XM,m+1+QaqXI?4=O (14)

For m<i<N:

(Qaq,i—1+qaq,i)XM,i—1_(Qaq,i+Qaq,i+quq,i+1
+Nox)XM,i+qaq,i+1XM,i+1=0 (15)

The dimensionless volumetric backflow gq,, is
correlated with the Peclet number, Pe (=u/E)'":

Gagi=(Pe hi" (1= )" =0, /21— ¢))  (16)
where h; is the dimensionless height of i-th stage.
The Peclet number can be estimated by using the
following correlation of the axial dispersion coeffi-
cient,” E,, for the Mixco column.

E,= {f“_zc_ {0.0268 ‘n_RD_R(lfﬁé)_
u

—0. 14} (17
where u, is mean superficial velocity of the continuous
phase and z, is height of compartment.

Holdup of dispersion phase can be calculated from
the following correlation for liquid-liquid extraction

in the Mixco column:?

(Ua/ ) +(u/1— ) =(u/1—¢) (18)

with the characteristic velocity, u,:

A 0.9
Hlle 177 10—4( g )(J.) (19)
v nRDR Pe

where u, and p, are viscosity and density of the
continuous phase, respectively, and 4p and y are the
difference in density and interfacial tension between
continuous and emulsion phases respectively.

2. Experimental

2.1 Reagents

The surfactant, 2C;g4 °GE, was synthesized
according to the procedure mentioned previously.”
E-2-hydroxy-5-nonylbenzophenoneoxime (henceforth
E-HNBPO and denoted as HR), the active component
of the commercial extractant LIX 65N, was used as
a carrier in LSM. E-HNBPO was purified from
commercial LIX 65N by the method described in the
previous paper.® Heptane of G.R. grade was used as
a diluent. The other inorganic reagents were of reagent
grade.
2.2 Extraction of copper by LSM in a Mixco column

The countercurrent Mixco column used for copper
extraction with LSM is shown in Fig. 2 and the column
geometry is listed in Table 1. Seven sampling glass
tubes are fitted to the side of the column for measuring
the concentration profile along the column. The
continuous aqueous solution was prepared by
dissolving copper nitrate in acetic acid-sodium acetate
or nitric acid buffer solution. The dispersion phase,
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Fig. 2. Mixco extractor

Table 1. Geometry of Mixco column

L=0.6m Column diameter 0.05m
z,=0.025m Impeller diameter Djp=0.028m

Column length

Height of each
stage

Number of 13
turbines

W/O emulsion containing nickel nitrate as a break-up
tracer in internal aqueous solution, was prepared
in the same way as described previously. The
continuous and emulsion phases were fed from nozzles
in the upper and lower flanges respectively. The
emulsion drops rose to the top of the column and
coalesced. At steady state, the continuous solution
was sampled and the concentrations of copper and
nickel in the solution were determined by atomic
absorption spectrochemical analysis. The diameter of
emulsion globules in each stage of the Mixco extractor
was measured by a photographic method to obtain
the Sauter mean diameter, which is useful for the
calculation of the interfacial area. The volume of the
internal aqueous solution in the emulsion phase was
determined by the Karl-Fischer method. Holdup of
dispersion phase was determined by measuring the
volume of W/O emulsion phase in the column after
inlet and outlet cocks for the feed solutions were
simultaneously stopped. the experimental conditions
are listed in Table 2.

3. Results and Discussion

3.1 Effect of pH on extraction of copper
Figure 3 shows the effect of pH on the extent of
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Table 2. Experimental conditions

Flow rate of continuous phase
Flow rate of emulsion phase

Concentration of extractant
Concentration of surfactant
Concentration of copper
pH of continuous phase

F3,=(0.5—2.0)x10"°m?/s

F%=0.1x10"%m3/s
Cyr=150, 100 mol/m3
C,=8 mol/m?
C9=0.2—1mol/m?
pH=2.5-5.5

Volume ratio in emulsion phase
Concentration of sulfuric acid in
internal aqueous solution -
Stirring speed

V:;g/ Vorg= 1

Ci,s0,= 500 mol/m?
ng=28.33s"! (500 rpm)

! | | | |

= — 0O -
1 o O
/—- Calcd. line
n O
Wost- / .
O  Cra=50mol/im’

Fxa =5x107m's
Fe =1x107mds

1
5

/ Cé= 1 molim®

] | ] |
2 3 4 6
pH

Fig. 3. Effect of pH on extent of copper extracted

copper extracted at the outlet of the continuous phase,
E(=(C2,—C)/C2). As expected from the previous
paper,® E increases with pH.

Figure 4 shows the dimensionless concentration
profile of copper along the column. In this figure, Z
represents dimensionless height from the bottom of
the column. From fig. 4 it is found that this column
has greater backmixing than the column utilized by
Marr et al.® Tt seems that this is caused by the
difference in stirring speed.

Figure 5 shows the effect of pH on (a) the extent of
break-up, &=F,Cy/Fi,Ck), (b) the holdup of
dispersion phase, ¢, and (c) the swelling rate of internal
aqueous solution, ¥(= V;,/Vi0). From Fig. 5, the values
of'e, ¢ and Yare independent of pH. In all experiments,
& was less than 0.01 and so the influence of break-up
of the emulsion on the extraction of copper is
negligibly small.

The mean of ¢ at constant flow rate and
composition of emulsion phase was 3.5%. The
calculated ¢ from Egs. (18) and (19) was 16%, where
the value of interfacial tension (y =0.003N/m)'?* was
used because of no data are available concerning the
interfacial tension of this system. The large difference
between observed and estimated values suggests that
the correlation of ¢ for liquid-liquid extraction does

* The value measured by Ohtake et al.!? is that of interfacial
tension between aqueous solution and an emulsion phase composed
of kerosene containing Span 80 and 50mol/m?® nickel sulfate
solution.
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Fig. 5. Effect of pH on extent of break-up of W/O emulsion
(a); hold-up of dispersion phase (b); and swelling rate of
internal aqueous solution (c)

not apply to the LSM system.

The swelling rate of internal aqueous solution due
to osmosis was almost constant at 1.3 regardless of
experimental conditions. However, the change of
volumetric flow rate of the feed aqueous solution
through the column is very small because of low
holdup of emulsion phase (< 5%).

Distribution curves of the diameter of emulsion
globules are shown in Fig. 6, which indicates that these
are the normal distributions and that the Sauter mean
diameter remains almost constant at 0.25 mm through
the column.

3.2 Simulation of copper extractionin Mixco column

Kinetic parameters required for the simulation are
listed in Table 3. As mentioned above, values other
than those of k, were experimentally obtained
previously*” and k,, was estimated from Eq. (9).

Hydrodynamic parameters are also listed in Table
3, in which the Peclet number was estimated by using
the correlation of the axial dispersion coefficient (Eq.
(17)). The observed value was used as ¢ because of
the great difference between observed and estimated
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Table 3. Constants used for analysis

K,; =1/86 m3/mol
ky =4.7x1073m/s

k; =0.9%107°m™*/(mol s)
K, =187m?3/mol

N =15 m =2
Pe =1 dy, =025%10"3m
values.

Because Cyro»Ceuo, the sulfuric acid concentration
in the internal aqueous solution is high and the pH
of the continuous phase is adjusted by acetate-buffer
solution, it is considered that the assumptions used in
the derivation of Eq. (5) are satisfied.

Equations (12) to (15) can be solved by assuming
that the upper or lower part of the column without
turbine corresponds to 1 stage, that is, N=15 and
m=2, and that holdup of dispersion phase and the
emulsion drop diameter are kept constant through the
column.

Solid lines in Figs. 3 and 4 are the results calculated
from Egs. (12) to (15). From Figs. 3 and 4, the
calculated results agree approximately with the
experimental ones. This indicates that the experi-
mental results are well explained by the backflow
model without an adjustable parameter.

Figure 7 shows the relation between dimensionless
concentration of copper at the outlet of the continuous
phase and N,, as a function of the Peclet number. In
Fig. 7, though N,, varied with the experimental
conditions, (pH, Cygo, F,,), the experimental data
agreed approximately with the results calculated by
using Pe=1.

Conclusions

The extraction of copper with a liquid surfactant
membrane containing LIX 65N as carrier and
glutamic acid dioleylester ribitol as surfactant was
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carried out in a Mixco extractor. The experimental
results were analyzed by the backflow model, taking
account of the interfacial reaction between copper in
the continuous phase and the carrier in the W/O
emulsion phase and of the diffusion of copper in the
continuous phase. It was found that the experimental
results are well explained by the backflow model
without an adjustable parameter.

Nomenclature
A = cross section of column [m?]
a = specific area [m™1]
C; = concentration of species j (j=Cu, HR) [mol/m?]
C, = concentration of surfactant [mol/m?]
C¥ = copper concentration at interface [mol/m?]
Dy, = diffusivity of copper ion [m?/s]
Dy = impeller diameter [m]
ds, = Sauter mean diameter of emulsion drop [m]
E = extent of copper extraction [—]
E, = axial dispersion coefficient [m?/s]
F = volumetric flow [m3/s]
f = volumetric backflow [m?/s]
h; = dimensionless height of i-th stage [—]
K,y = interfacial adsorption equilibrium constant

of extractant [m3/mol]
K = interfacial adsorption equilibrium constant

of surfactant [m?®/mol]
ky = overall interfacial reaction rate constant

[m*/(mol-s)]

ke = mass transfer coefficient of copper [m/s]
k, = overall mass transfer coefficient

of copper [m/s]
L = height of column [m]
m = feed stage [—1
N = number of cells [—]
N,y = reciprocal dimensionless length per transfer

unit based on feed solution defined

by Eq. (11) [—]
g = stirring rate [s™']
Pe = Peclet number [—1
Q = dimensionless volumetric flow [—]
q = dimensionless volumetric backflow [—]
R = mass transfer rate of copper [mol/(m?-s)]

Sur = interfacial area occupied by unit mole
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= mean superficial velocity [m/s]
characteristic velocity [m/s]
volume of internal aqueous solution [m?]
volume of i-th stage [m?]
dimensionless copper concentration [—]
swelling rate of internal aqueous solution [—]
dimensionless height of column [—]
height of compartment [m]
interfacial tension [N/m]
extent of break-up —1
viscosity [Pa-s]
kinematic viscosity [m?/s]
density [kg/m3]
hld-up of dispersion phase [—1

aqueous solution
continuous phase
dispersion phase
emulsion phase
i-th stage

initial state
internal solution
adjacent to interface
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