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In this work, we present the dispersion-free liquid—liquid extraction of copper from
aqueous streams in a hollow fiber membrane contactor (HFMC). Copper has been
transferred from aqueous solutions to heptane using LIX 84-1 (2-hydroxy-5-nonylacete-
phenone oxime) as extracting agent. In a first step, batch experiments have been per-
formed to identify the extraction kinetics and to measure the partition coefficient of
copper aqueous-organic phase system. Then, the continuous recycled-base extraction
process has been performed in a HFMC Liqui-Cel® module. The module has been
modeled from resistance in series concept to gain the exit concentrations, which are
used to develop a dynamic model to calculate the exit concentration of copper from
the output of storage tanks. The model has been validated with experimental data at
various operating conditions. The integrated process model algorithm was scripted in
MATLAB® 74 R (a). Simulations have been made for a range of different operating
parameters to determine the optimum criterion conditions. © 2009 American Institute of

Chemical Engineers AIChE J, 56: 1469-1480, 2010
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Introduction

Copper, a metal that people have used since early ances-
tors found shiny pieces of it among riverbed stones, became
the basis of metallurgy because of its early extraction. The
use of copper in farming and construction tools or electrical
and electronic products is increasing its demand to develop
new techniques for extraction.' Heavy metal-bearing water
pollution was being a worldwide concern for the last few
decades. Waste streams from metal plating industries, elec-
trorefining industries, mining wastes, fertilizer industry,
paints and pigments, and municipal or storm water runoff
are threats to aqueous environment.”™ Liquid-liquid extrac-
tion of copper entails contacting aqueous solutions with lig-
uid organic extractants causing extraction of Cu®'. Organic
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extractants (hydroxyoximes) such as ketoximes (e.g., LIX 84
I) are found to be active in metal extraction.’

Environmental concerns, the increasing cost and scarcity
of water, and decreasing price of membranes and their com-
mercialization switch the tedious or time-consuming tradi-
tional solvent extraction technique over the membrane
separations. Membrane separation has reduced the copper
extraction from three stages, in early days, to a single stage.
Furthermore, environmental impact should be less impor-
tant.*®

Liquid membranes such as emulsion liquid membranes
(ELMs) and supported liquid membranes (SLMs) are in
place for active extraction of heavy metals including copper.
Many researchers have been found to use ELM and SLM for
metal extraction with various organic extractants including
LIX reagent.g_12 Although these techniques, as a novel
method of extraction, are considered for high membrane
flux, destabilization of the membrane, complexity of the pro-
cess, organic loss, and concerns over the osmotic transport
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of water across the membrane are the causes of operational
difficulties.®'" Parallel to aforementioned techniques, nondis-
persive membrane extraction is a very simple hollow-fiber
membrane-based liquid-liquid extraction process, which
allows the circulation of the two phases through, for exam-
ple, aqueous phase or organic phase either in shell or in tube
side of the hollow fiber membrane contactor (HFMC). The
membrane separates both phases and thus eliminates equilib-
rium limitations, high efficiency is obtained and organic loss
can be reduced.'*'* HFMC-based separation units are very
compact and energy efficient. Fast mass transfer is achieved
compared to conventional extraction units. For example, 600
times faster liquid extraction results than in mixer settlers
due to large surface area per volume, 100 times bigger than
in conventional extractors without direct mixing of the aque-
ous and organic phases, with no need for a difference in
phase densities and with no problems due to loading and
flooding.'>""”

As far as the mass transfer of copper extraction is con-
cerned, this field has received increasing attention in recent
years. Mathematical modeling and study of characteristic pa-
rameters of HFMC to predict the performance of membrane
solvent extraction of heavy metals have been widely investi-
gated by researchers. Yun et al.'® studied the copper extrac-
tion with LIX 84, and a mass transfer model of hollow fiber
module was developed. Similar related work on nondisper-
sive solvent extraction has been studied by Kumar et al.,’?
Juang and Huang,20 Juang et al.,”! and Lin and Juang.22

However, with introduction of new extractants with modi-
fied transport characteristics and novel techniques of nondis-
persion liquid-liquid extraction in HFMC, there is a neces-
sity of developing new robust integrated dynamic models to
study the mass transfer behavior under continuous unsteady
state conditions, and hence, more computational work is
required to bridge the algebraic and differential equations.

In this work, we explored, theoretically and experimen-
tally, the dispersion-free extraction of copper ions from
aqueous medium of sulfate solution with an organic extract-
ant LIX 84-1 diluted in n-heptane in a baffle-less HFMC
mini module. The aim was to develop an integrated mathe-
matical model of the recycled-based pilot plant after meas-
uring the kinetics for batch extractive experiments. Once the
model was validated with experimental data of dispersion-
free extraction in HFMC, the influence of operating and pro-
cess parameters was studied to get optimum conditions.

Materials and Methods
Reagents

The feed solution is an aqueous solution of Cu*" prepared
by dissolving analytical reagent grade CuSO4.5H,O (pur-
chased from Fisher scientific) in deionized water. The initial
concentration of Cu*" ranges from 1.5 to 31.5 mol m . The
extractant LIX 84-1 (kindly provided by Cognis), a fluid
amber liquid, is 2-hydroxy-5-nonylacetephenone oxime with
a high flash point hydrocarbon diluent (kerosene) but the
active LIX 84-1 (oxime) concentration is 1.54 x 10~ mol
m > (45.34 mol %).* As shipped LIX 84-1 was further
diluted in n-heptane in various concentrations ranging from
77 to 308 mol m > to get the extracting organic phase.
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Figure 1. Schematic representation of experimental set
up for dispersion-free liquid-liquid extraction
in HFMC.

—————— aqueous phase flow; ssmssms==as organic
phase flow; (1) HFMC; (2) constant temperature bath; (3),
(4) pumps; (5), (6) storage tanks; (7), (8) stirrers; (9), (10)
pressure gauges; (11), (12) rota meters.

Partition coefficient and kinetics

The calculation of partition coefficient is the first step in
mass transfer model of liquid-liquid extraction. It is also im-
portant to know about the extent of copper extraction with
LIX 84-1. Equal volume (25 x 107% m?) of aqueous and or-
ganic phases of known concentrations were mixed in a ther-
mostatic closed-type glass bottle at temperature (298 K) and
were agitated by a magnetic stirrer at 1100 rpm for at least
45 min. The emulsified mixture was then placed overnight to
achieve equilibrium. Copper concentration, initial and equi-
librium after decantation, was analyzed with Varian atomic
absorption spectrophotometer (Model FS 220). The pH of
the aqueous phase was measured by pH meter. Similar
experiments were done for initial copper concentration of
1.3-22.6 mol m* and oxime concentration of 77-308 mol
m . The temperature was kept constant at 298 K throughout
the experiment. Each experiment was repeated three times
and the mean value was considered. A good level of preci-
sion was found among the results.

HFMC module and experimental setup

Figure 1 shows the experimental setup used for liquid-lig-
uid extraction. The main components of the pilot plant are
storage tanks for aqueous and organic phases, stirrers and
heaters, pumps, pressure gauges, flow meters, and HFMC
module. The macroporous hollow fiber module used for lig-
uid-liquid extraction was the Hoechst Celanese Liqui-Cel™
X-50 1.7 x 5.5 mini module membrane contactor. The small
size of the without baffle module basically designed for gas—
liquid extraction could be used for limited use of liquid-lig-
uid extraction. Additional information about this module is
listed in Table 1.

Nondispersive copper extraction was made in HFMC,
where copper-bearing aqueous phase was contacted with or-
ganic phase of LIX 84-I in n-heptane. Each phase was taken
in the individual storage tanks. The volumes were fixed
constant throughout the experiments, which are either 1 or
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Table 1. Characteristics of HFMC Liqui-Cel™ X-50
1.7 X 5.5 Mini Module (Provided by Manufacturer)

Porosity (%) 40

Internal diameter of fibers (m) 22 % 107*
External diameter of fibers (m) 3x 107
Mean pore diameter (m) 4x10°*®
Active surface area (m?) 0.58
Number of fibers 7400
Length of module shell (m) 121.8 x 1072
Diameter of shell (m) 425 % 1072

2 x 107 m® and 1 x 107° m® for aqueous and organic
phase, respectively. The membrane contactor module was
placed horizontally in constant temperature bath to ensure
the temperature at 298 K. The storage tanks were also placed
on heating source to keep the inside fluid temperature con-
stant at 298 K. Both fluids were constantly agitated by mag-
netic stirrer. The temperature is kept constant at ambient
room temperature (298 K) because equilibrium condition of
the reaction and so as the partition coefficient is affected by
temperature, and these effects are indispensable to consider
in mass transfer modeling. However, work is undertaking to
consider all these sensitivities. Rotameters, control valves,
and pressure gauges were used to control flow rates and
pressure across the membrane contactor module. A positive
pressure of 0.3—0.6 bar was ensured on aqueous phase side
of fibers; however, transmembrane pressure difference
between the fluids has shown no effect on mass transfer.'®
Before experiments, organic phase and deionized water were
introduced into the module for at least 30 min or till the sta-
bilization of the parameters. The deionized water phase was
then suddenly replaced by copper-bearing aqueous phase so-
lution. At this moment, the extraction of copper starts from
aqueous phase to organic phase. Aqueous phase samples of
~2 x 107® m’ were taken at various time intervals. The
samples were analyzed using atomic absorption to evaluate
the copper concentration. Copper concentration in organic
phase was calculated by mass balance. The aim of disper-
sion-free copper extraction in HFMC was to validate the
dynamic mass transfer model; hence, the experiments were
repeated, in the similar manner, for different operating
conditions.

Mass Transfer Modeling
Estimation of mass transport properties

Density and viscosity of organic phase, diffusion coeffi-
cient of copper ions in aqueous phase, and Cu”"-oxime
complex in organic phase are important characteristics to be
estimated. The diffusion coefficient of copper ions in the
aqueous phase was calculated with Hayduk and Minhas esti-
mation correlation.?*

Dagp = 125 x 1078 (0%" — 0.292) 7" %y}, )

.58
yzg—— 1.12 2)
VA

The subscripts A and B represent Cu®" and water, respec-
tively. v, is the molar volume of solute A at its normal boiling
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point (em® mol™Y), T is the temperature in Kelvin, and 7 is
the dynamic viscosity of water (cP).

Hayduk and Minhas correlation®* for nonaqueous solutes
in nonelectrolytes was used to estimate the diffusion coeffi-
cient of Cu®"-oxime complex in the organic phase.

1.55 x 1078712 (n%S / n0A'42)

(3)
52007

Dpp =

The subscripts A and B denote copper complex and organic
phase, respectively. ma and ng are parachors for the solute and
solvent, respectively, and vg is the molar volume of organic
phase (m® mol™'). g is the dynamic viscosity of organic
phase (cP) and was calculated by the method of Grunberg and
Nissan®* in 1949.

Reaction kinetics of copper extraction

Although the pioneering work on the extraction kinetics of
copper with LIX 65N was published by Flett et al.,* the
complexation of copper ion by ketoximes has been studied
by many researchers.’**’ The reaction is shown in general
form, schematically and stoichiometrically as;

C9H19

0 !
N
o T cH, ——~ HO™ \C/z* 2H
+ 5SS SO _OH F
0
C,H
9" 19 CH3
C9H19
2+ R — R +.
Cu”" +2HR = CuR; + 2 H"; Key, 4

where HR and CuR, represent the oxime and copper-oxime
complex, respectively, while over bar shows the organic
phase. K.y is the extraction equilibrium constant and can be
shown by the following equilibrium relationship.

CORe, (cH)?
Kex = . %)
el (CHR)

where C is denoted for concentration and superscript shows
the ionic specie. The partition coefficient of a component
between two phases is the ratio of the component concentra-
tion in organic phase to component concentration in aqueous
phase at equilibrium and is shown by the following relation-
ship,

CuR, Cu®* Cu?*t
Ceq Cini - Ceq
= o (6)

P= CCuer - CCv?
eq eq
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HR
log P =log Kex +2 logﬁ. 7
It is evident that copper loss in aqueous phase is transferred to
organic phase, hence making copper mole balance across the
storage tanks gives:

Vag (CS =€) =V (CTR ™) ®)

ini ini

as initially there is no copper in the organic storage tank;

o = % —R,.COR ©)
Vor
where R, = % (10)
V.
aq
CCuzJr Cﬁz
= = 1-Ry.—r. (11)
ccr ccr

ini ini

In the similar way, mole balance for extractant (LIX 84-I)
means the transfer of oxime from its initial concentration to a
certain concentration of copper-oxime complexant in the
organic phase storage tank;

CIR | TR — o cCR: (12)
c" R, CIR_ (MR
I = (13)

Cini Cini

R, CIR CHR

2 Cini Cini

CCuer
as ®=1 o (15)

is the extraction efficiency defined as the ratio of copper
concentration transferred from aqueous phase to organic phase to
the initial concentration of copper in aqueous phase. Combina-
tion of Egs. 6 and 15 gives result to the following equation,

P

“Tip (16)

Equations 6-12 are sufficient to calculate experimentally the
partition coefficient and equilibrium extraction constant,
whereas Eqgs. 14 and 16 show how the various parameters
affect the extraction efficiency and partition coefficient.
Furthermore, these equations guide us to optimize the different
parameters to achieve the maximum extraction, though these
equations are not able to simulate the results.

Steady-state mass transfer model in HFMC

During the last decades, new various types of membrane
contactors have been introduced, and mathematical model
was built to predict the performance of liquid—liquid extrac-
tion for various applications.”® Here, Liqui-Cel™ X-50, 1.7
X 5.5 mini module membrane contactor is used to model
liquid-liquid extraction. It is based on the use of hollow
fibers bundle of cylindrical geometry inserted in a polycar-
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Figure 2. Representation of “flow cell” concept in the
module.
(a) Fibers distribution in rings and (b) flow cell.

bonate casing. The pores of the fibers are filled with the or-
ganic phase so far as the fibers are hydrophobic. Aqueous
feed phase is chosen to flow outside the fibers, for example,
in the shell of the contactor because this configuration offers
a larger exchange area than the fiber-feed configuration,”
although Breembroek et al.** reported a lower permeability
for the shell side aqueous feed flow than that for the fiber
side aqueous feed flow. A slight differential pressure across
the membrane is necessary to stabilize the organic phase
inside the pores of the membrane. The organic phase enters
the hollow surface and then distributes uniformly into the
fibers. After that it flows in the fibers throughout the module
from one end to the other. On the other hand, the aqueous
phase enters on one side of the shell and flows to the other
end counter currently. It was assumed that the fluid in the
shell side flows parallel to the fiber tubes, and each fiber is
surrounded by a certain area of shell side fluid. This sur-
rounded area is called as “flow cell” (see Figure 2); there-
fore, the number of flow cells are equal to the number of
fibers. It is further assumed that the fibers are arranged in
the ring starting from the single fiber in the first ring of the
middle of the module and then increasing the number of
fibers in the successive rings till the extremity of the shell.

The following assumptions are necessary to consider for
model development:

e The system works in steady-state and isothermal condi-
tions,

® cquilibrium is reached at the fluid-fluid interface,

® pore size and wetting characteristics are uniform
throughout the membrane,

e the curvature of the interface neither significantly affect
mass transfer, solute distribution nor interfacial area,

e fluids are completely immiscible,

® solute transport occurs only in the porous fraction of
membranes,

e the partition coefficient of the solute is constant in the
considered range of concentrations, for example, during one
experiment, and

e the transfer of solute across the membrane is justified
by the resistance in series model.

Parallel flow without-baffle HFMC module is divided into
N, axial segments and N, radial rings as shown in Figure 3.
The axial stage 1 corresponds to the entry of the feed,
whereas the radial ring 1 corresponds to module’s central
ring. Similarly, the N, shows the last stage and thus entry
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Figure 3. Schematic representation of axial and radial model of HFMC without baffle.
Sij denotes a specific stage, where i and j holds for the specified ring and axial stage, respectively.

side of the solvent, whereas N, points out the periphery of
the module. One ring is considered to have only one fiber
width. The calculations for the model development are based
on the individual compartment. The stage S, ,, considered
to be located in individual compartment is shown in Figure
4, where (nr, na) corresponds to the radial ring and axial di-
vision. A mathematical description of this system is based
on resistances in series model and mass transfer equations in
the axial/radial direction, and the equation of continuity for
the solute. The concentration profile of solute and oxime
transfer across the porous membrane is shown in Figure 5.
Membrane-based liquid-liquid extraction is a concentration-
driven operation and the whole process can be explained by
Fick’s law of diffusion. Solute transfer across the membrane
is defined by the following steps:

e Diffusion of copper ions (Cu®*) in the aqueous phase
(shell side) from the bulk to aqueous-organic interface

T2 = ki (C5 = €5 (19)

e diffusion of Cu’*-oxime complex (CuR,) from the
inside of fiber wall to the organic phase bulk (fiber side),

T3 = korg: (5 = 52, (20)

Steady-state Cu” and CuR, balance equations on aqueous and
organic side of the module, respectively, are shown as
follows,

=0 () = aules” ) e

out

TR = Oy (€5 = C5) = Q. (G = €T,

through the aqueous boundary layer, 22)
1 = kg (C‘f"“ - ) a7
® cquilibrium at aqueous-organic interface, the reaction of )
Cu”" in aqueous phase with oxime (HR) in organic phase to W//A
form Cu®"-oxime complex (CuR,), ' '
R = p.cg (18)
e diffusion of Cu’*-oxime complex (CuR,) from the
aqueous-organic interface to the inside of fiber wall through b
the organic phase filled pores, _€
Caylnr,na) Cufornatl)
Snr,na ...... »
<« - - -——
Cagl(nr,na-1) Cog(nr,na)
Inlet (supposed to be known) Shell side
Trmimimimee outlet (calculated) Boundarylayer Boundarylayer
inaqphase in orgphase
Figure 4. Representation of stage S, na- . . )
C.q and C,, exhibit the solute concentrations in aqueous and Figure 5. Concentration profile across HFMC.
organic phase, respectively. (1) Cy, (2) G5, (3) C3, (4) C4, and (5) Cs.
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Pseudo-steady state holds the following equalities,

Ji=J5 = Js = JO" = JOR: (23)

where Q,q and O, are volumetric flow rates of aqueous feed

. 2+
and organic solvent phases (known); CS"" and CS‘RZ are the
initial concentrations of copper ion and Cu”*-oxime complex

entering the contactor module (known); CoclftH and CSR are
the final concentrations of copper ion and Cu’"-oxime
complex leaving the module (to be calculated); k,q, kmp, and
korg Tepresent the individual mass transfer coefficients of the
respective components “on aqueous side (shell side),” “on
membrane side,” and ‘“‘on solvent side (fiber side),”
respectively. Shell side mass transfer coefficient depends on
the hydrodynamics, geometry of the module, number of fibers,
and the presence of baffle. In our case, we used the following
correlation based on liquid-liquid extraction with various
solutes and solvents for parallel flow without baffle'®:

Shyq = Bldn(1 — 0)/LJRe*.Sc"*, 24)

where 0 is the packing fraction, dj, is the hydraulic diameter, L
is the fiber length, and f is a constant equal to 5.85 and 6.1 for
hydrophobic and hydrophilic membranes, respectively, in the
range of 0 < Re < 500 and 0.04 < 6 < 0.4. Sh, Re, and Sc
stand for Sherwood number, Reynolds number, and Schmidt
number, respectively.

The transmembrane mass transfer coefficient is simply a
characteristic of a diffusion mechanism through a solvent-
filled porous medium. Thus, membrane side mass transfer
coefficient depends on the membrane structure and solute
diffusion coefficient and is given by the following equation
for organic fluid-filled pores'®;

D€

kmp = (25)

0.T

D is the diffusion coefficient of Cu”"-oxime complex in
organic phase, which fills the membrane pores. Tortuosity is
the function of porosity of membrane and their relationship
depends upon the pore geometry. For loose-packed membrane
pore structure, we consider the Wakao-Smith relationship,'>"?

t=1/e (26)

Similarly the modified Léveque equation is used to describe
the correlation to estimate the mass transfer coefficient in
tubes of the cylindrical hollow fiber, as reported by many
researchers”! ;

Shyy = 1.62(Gz)'*  for Gz > 6 27
Sherg = 0.5(Gz) for Gz < 6. (28)

Gz and Sh are Greatz and Sherwood numbers. The
dimensionless numbers are defined as

k.d
Sh = — 29
D (29)
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Gz = Re.Sc.% 30)
Re = 40P G
n
n
-1 2
Sc oD (32)

Overall mass transfer coefficient is measured from local mass
transfer coefficients estimated at aqueous feed side, membrane
side, and solvent side. The expression for the overall mass
transfer coefficient for a hydrophobic membrane with the
aqueous phase flowing on shell side, the driving force based
on the aqueous phase concentration, and with no chemical
reaction, described by several researchers>? is as follows:

11 d d
— + ext + ext (3 3)
Kig  kag ' Phopdim  Pokorg-in

The resistance to mass transfer is the sum of the individual
mass transfer resistance on aqueous side (R,q), across
membrane (Ry,,), and on organic side (R,,), which are first,
second, and third terms on right side of Eq. 33, respectively.

Mass transfer dynamic model across storage tank

Starting from the initial known concentrations in the stor-
age tanks, the aqueous and the organic phases are continu-
ously recycled after passing through the contactor module.
Therefore, copper is extracted every time both phases are in
contact in membrane pores and is rediluted every time when
remixed within storage tank. Interest has been taken to cal-
culate the copper concentration variation within/at the exit of
the aqueous phase storage tank. Resistance in series model
takes the known concentrations from storage tanks and gives
the outlet concentration at the other end of module. The fluid
with new concentrations re-enters the storage tanks. The
storage tanks are taken as ideally mixed units and are kept
at isothermal conditions. The dynamic model developed in a
previous work®® has been used to calculate the copper con-
centration within the storage tank at time ¢ + At.

+ At 24 4 At
Cﬁ;‘z (t+ At) = F.CS;; (1) + cgyz (). {1 T } (34)
aq aq
Va
where —* =T, (35)

aq

Cg“”@) and Cg&':%r) are copper concentrations at the inlet and
exit of the module at time ¢, respectively, where V,q is the
volume of aqueous phase storage tank. The copper-oxime
complex concentration in organic phase storage tank at any

time can be calculated from Eq. 9.

Results and Discussion
Mass transport properties

The calculated value of diffusion coefficient of copper
ions in aqueous phase was 2.79 X 1072 m* s~! at 298 K,
which is close to the values calculated by Hu and
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Table 2. Transport Properties and Diffusion of Cu**/Oxime
Complex in Organic Phase at 298 K

% vIv P n DCu2+—oxime complex
LIX 84-1 (kg m ™) (kgm 's7h (m* s~
5 672 0.46 x 1073 1.18 x 107°
10 680 0.52 x 1073 1.05 x 107
15 689 0.60 x 1072 9.30 x 107 1°
20 698 0.69 x 1072 8.20 x 107 1°
100 900 336 x 1073 1.90 x 107 1°

Wienceck.** In contrast, it was not easy to estimate the dif-
fusion coefficient of Cu®"-oxime complex in organic phase.
Actually, the as shipped LIX 84-1 was the mixture of active
LIX component (oxime) and kerosene. This mixture (LIX
84-1) was further diluted in n-heptane from 5 to 20 % v/v,
thus the organic phase consists of three components, for
example, oxime, kerosene, and n-heptane. Cognis provided
the values of density and kinematic viscosity (at 313 K) as
900 kg m > and 2.71 x 107> m* s~ (2.44 cP), respectively.
Lewis-square equation was used to re-estimate the viscosity
at 298 K. Molar volumes of oxime, kerosene, and n-heptane
are found to be 329, 278, and 161 cm?® mol ', respectively,
by the Schroder group additive method, whereas parachors
for Cu®-oxime complex, oxime, kerosene, and n-heptane
are found to be 1611.4, 821.2, 511, and 297 cm® g"* s~ 12,
respectively, by Qyayle group contribution method.'*** As
various LIX 84-I concentrations from 5 to 20 % v/v are used
for copper extraction, the effects of transport properties on
the calculation of diffusion coefficient of Cu®"-oxime com-
plex in organic phase were taken into account and summar-
ized in Table 2. Breembroek et al.*® in their work suggested
that diffusion coefficient of copper complex in the organic
phase should be greater than 1 x 10~'" m* s™' who studied
copper extraction using LIX 84-I in a hollow fiber SLMs.

Partition coefficient and extraction kinetics

The speed of reaction between copper-carrying aqueous
phase and LIX 84-I-carrying organic phase was measured
and shown in Figure 6. Copper concentration varies from
1.3 to 22.6 mol m > at constant oxime concentration of
77 mol m ™ in organic phase. It is shown that the reaction is
fast at the interface and completes in almost 2 min though
extraction becomes faster at lower copper concentration. It
explains that reaction is instantaneous at the interface and
does not offer resistance in mass transfer of copper through
membrane interface. As a basic parameter for mass transfer
model, partition coefficient of copper with oxime was meas-
ured experimentally by batch extraction. The values of parti-
tion coefficient calculated by this way are used to find the
equilibrium extraction constant; detailed data have been
tabulated in Table 3. Equilibrium extraction constant, from
log P vs. log C™®/C" graph, could be found for various
oxime concentrations. The slope of each line achieved as
“2” verifies the experimental data with the kinetic equation
(not shown graphically). Table 3 shows that partition coeffi-
cient decreases with the increase of initial copper and vice
versa with oxime concentration. The change is remarkable at
the point of copper concentration equal to 15.75 mol m>.
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The increase in partition coefficient is higher when copper
concentration decreases below 15.75 mol m™> and when
oxime concentration varies from 77 to 308 mol m73, but
change is not significant when copper initial concentration
increases above 15.75 mol m™> at all values of oxime con-
centration.

Process model validations

Mass transfer model, discussed in section “mass transfer
modeling,” was integrated with the transient equation (44).
Integrated model was then scripted in MATLAB® 7.4 R (a)
and run by simulation to predict the decrease of copper con-
centration in the aqueous phase storage tank in function of
time. Two different values of operating parameters were
chosen to simulate the model. For example, partition coeffi-
cient values of 28 and 120 with aqueous phase flow rates of
11.1 x 107 and 9.7 x 107°m’ s~ " as well as with 1:1 and
2:1 volume ratios of aqueous and organic phases, respec-
tively, were applied. Following the same operating parame-
ters, the experiments were performed for dispersion-free
extraction of copper in HFMC over the span of time, and ex-
perimental data were compared with the simulated results.
For example, the comparison between experimental and
model data is given in Figure 7. It was found that, over vari-
ous run of experiments, model was validated with experi-
mental data at a very good level of accuracy. Experimental
error of +5% 1is considered as tolerable. Furthermore, it is
found that the extraction of copper is comparatively fast ini-
tially and then gradually slows down and eventually reaches
to a stabilized value.

Model simulation

Once the model is validated, simulations were run to
investigate the effect of various parameters on the extraction
of copper. Dynamic behavior of relative copper concentra-
tion in aqueous phase storage tank was to be studied, which
results the extraction efficiency, shown by Eq. 15, of the
process at any time and stabilization time, defined in a previ-
ous work,” of the extraction process. Another important pa-
rameter concerning mass transfer is the overall mass transfer
coefficient defined in Eq. 33, which was aimed to be calcu-
lated by simulation. This equation comprises the three

e I ce 8 2 P
o i % X x x
040 &
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;a :ﬂ L06 - * initial coppe rconce ntration = 26 woln’
(&) |8 & & initial copper concentration = 104nolxd
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02 4
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Figure 6. Copper extraction rate with 77 mol m™3

oxime concentration for various copper con-
centrations.
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Figure 7. Comparison of model—simulated results
(solid line) with experimental results (points).
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individual mass transfer resistances, for example, resistance
on aqueous side, resistance within membrane, and resistance
in organic side of the membrane, which were also simulated
accordingly.

Effect of initial concentration of copper ions
and LIX 84-I oxime

The initial concentration of copper ions is an important
parameter to consider in extraction process. It is necessary to
define the system of extraction whether it is the recovery of
copper from aqueous wastes or extraction of copper in large
quantities like in hydrometallurgy. In the former case, copper
can be found in less concentration, whereas in the latter case
higher copper concentrations are concerned in extraction
process. Integrated model was used to simulate the effect of
copper ion concentration with a fixed oxime concentration.
Five arbitrary values of copper concentration were selected
for the study ranging from 3.9 to 31.5 mol m ° against a
constant oxime concentration of 77 mol m >. It has been

1.0 1

initial copper concentration = 3.9 ol i
- — —- initial copper concentration = 7.9 mol.ri>
------- mitial copper concentration = 157 molm®

0.3 1

0.6 - — - —-- initial copper concentration = 236 molmi®
ce - --=-initial copper concentration = 31.5 molm®
cor

04 4

0.2 1

0.0

timre, min

Figure 8. Effect of initial copper feed concentration on
extraction dynamics with 77 mol m™—2 oxime
concentration.

Qi =125 x 107°m? s7' Qo = 6.7 x 107°m* s~ ",
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found, from Figure 8, that copper concentration loss
decreases with the increase of copper initial concentration.
However, it is observed that the effect is nominal for copper
initial concentration less than that of 7.9 mol m >, The cal-
culated ultimate extraction efficiencies are 83, 91, and 96%
for 31.5, 23.6, and 15.7 mol m >, respectively, of copper ini-
tial concentration. Almost all copper has been recovered
from aqueous phase when copper initial concentration was
7.9 mol m > or less. Simulated results give the overall mass
transfer coefficient values of 1.97 x 1076, 1.97 x 1076, 1.93
x 107, 1.85 x 107, and 1.75 x 107® m s~ for copper ini-
tial concentration of 31.5, 23.6, 15.7, 7.9, and 3.9 mol m>,
respectively.

We have found in a previous work®? that initial concentra-
tion does not affect the extraction dynamics and solute
(aroma compounds) extraction efficiency is same irrespective
of initial feed concentration, which is contrary to our recent
work. This difference can be explained with the fact that the
initial aroma compound concentration in aqueous phase does
not affect the partition coefficient; however, as discussed in
section ‘““partition coefficient and extraction kinetics” of this
work, the partition coefficient changes remarkably with cop-
per initial concentration.

In the similar manner, the effect of oxime initial concentra-
tion was also simulated. The oxime initial concentration was
varied from 77 to 308 mol m > at constant copper initial cop-
per concentration of 15.7 mol m~>. It can be shown that cop-
per extraction was little improved when oxime concentration
in organic phase increases from 77 to 154 mol m >, but fur-
ther increase of oxime concentration has no observable effect.
Ultimate extraction efficiency remains between 96 and 99%
for the selected range of oxime concentration. Furthermore,
the effect on the initial velocity of extraction, related to mag-
nitude of the gradient, is negligible. It should be known that,
as discussed in section “Partition coefficient and extraction
kinetics,” the span of partition coefficient for the studied
oxime concentration is between 28 and 139.

Breembroek et al.’*® showed that the extraction is inde-
pendent of LIX 84-I concentration above 230 mol m—> for
copper extraction in hollow fiber SLM. Juang et al.>! exam-
ined the dispersion-free copper extraction with a kerosene
solution of di(2-ehtylhexyl)phosphoric acid in HFMC. In
their mechanistic model, they showed that aqueous layer re-
sistance increases with the decrease of copper initial concen-
tration and increasing extractant concentration under speci-
fied conditions. Similarly, Hu and Wiencek,34 in their work
for emulsion-liquid-membrane copper extraction with LIX
84/kerosene in HFMC, indicated that predominant resistance
lied in aqueous phase layer at very low copper and very
high LIX 84 initial concentrations.

In this work, it is found that 88.6 to almost 100% resist-
ance lies in aqueous phase layer when initial copper con-
centration decreases from 31.5 to 3.9 mol m >, respectively.
Also, the aqueous layer dominates the overall mass transfer
resistance, which is more than 98% for range of values stud-
ied here. Therefore, organic layer and membrane layer resis-
tances are negligible but become significant at higher copper
and lower extractant initial concentrations. The stabilization
time is not affected by the initial copper and oxime concentra-
tion though the magnitude varies as 50 and 80 min, respec-
tively, under the specified operating conditions.
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Figure 9. Effect of partition coefficient on extraction
dynamics of copper with LIX 84-I.

Effect of partition coefficient

Partition coefficient is an important parameter of mass
transfer model. It has been discussed in section “partition
coefficient and extraction kinetics™ that partition coefficient
can be influenced by many parameters such as initial copper
and oxime concentration, interest has been taken to study the
effect of partition coefficient on liquid—liquid copper extrac-
tion in HFMC and on the dynamics of the plant.

Simulations were run for arbitrary values of partition coef-
ficient of 0.5, 1, 5, 50, and 100 at aqueous and organic phase
flow rates of 12.5 x 107% and 6.7 x 107° m® s', respec-
tively. The simulated effects were studied for a wide range
of copper initial concentration, for example, 0.39, 15.7, and
78.7 mol m >, although oxime concentration was assumed
constant at 77 mol m—>. It can be observed, from Figure 9,
that improved extraction is achieved with the increase of
partition coefficient. Partition coefficient values of 0.5, 1,
and 5 give the extraction efficiency of 33, 50, and 83%,
respectively, but partition coefficient values of 50 and 100
result almost on same extraction efficiencies, for example,
97 and 98%, respectively. Partition coefficient also affects
the overall mass transfer coefficient, which is 1.95 x 107°
m s ' for a partition coefficient equal to 100, which
decreases to 0.77 x 107® m s~' when the partition coeffi-
cient decreases to 0.5. Similarly, the aqueous phase resist-
ance also decreases with the decrease of partition coefficient.
Aqueous phase resistance decreases from 99 to 39% for the
studied range of partition coefficient. It is worth noting that
stabilization time remains same for all values of partition
coefficient.

Therefore, change in partition coefficient affects the cop-
per extraction irrespective of copper initial concentration,
although it has been discussed, in section ‘“‘effect of initial
concentration of copper ions and LIX 84-I oxime,” that cop-
per initial concentration affects the extraction, whereas
oxime initial concentration does not. This can be justified as
partition coefficient can be modified by various other factors
such as pH, temperature, and type of diluent without
changing the initial concentration of copper and oxime. For
example, Yun et al.'® and Hu and Wiencek® studied the
copper/LIX84-heptane and copper/LIX84-tetradecane system,
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Figure 10. Effect of copper ions diffusion coefficient in
aqueous phase on extraction dynamics of
copper with LIX 84-I.

respectively, and obtained experimental values of partition
coefficients under the same conditions of aqueous and or-
ganic phases. It was found that larger values of partition
coefficient were achieved when tetradecane was used as a
diluent in the later work. Similarly, other researchers’®?7
studied the effect of diluents on the extraction of copper
with oxime extractant using several diluents. They found dif-
ferent values of extraction constant and diluent properties on
the same conditions for various diluents. Furthermore, it has
been found that the effect is not linear with partition coeffi-
cient, and effect is negligible for a partition coefficient
greater than 50 under the specified condition, which supports
the work discussed in our previous work. >

Effect of copper diffusivity in aqueous phase

Diffusion coefficient of copper in the aqueous phase is
another important parameter to be studied. Solutes with
improved values of diffusion coefficient ease the extraction
process. The transport of solute near the membrane and
within the pores relates to its diffusivity and, thus, is the
only parameter taken into account to determine the mass
transfer especially in laminar flow system, where the mass
transfer coefficient is highly dependent on diffusion coeffi-
cient.*® In addition to it, from Eq. 1 and Table 2, it is seen
that diffusion coefficient of solute is affected by temperature
and LIX 84-1 concentration, respectively. Therefore, interest
has been taken to define the limiting values of diffusion
coefficient on copper extraction in HFMC. Five different
values of copper diffusion coefficient in aqueous phase were
chosen arbitrary, they are 1 X 10785 x 1079, 1 x 1079, 5
X 10710, and 1 x 107" m? s~'. Simulations are run to
study the effect of copper loss for copper initial concentra-
tion of 15.7 mol m >, which corresponds to a partition coef-
ficient of 28 against aqueous and organic phase Reynolds
numbers of 8.0 and 7.6, respectively. It is seen from Figure
10 that copper loss is faster at higher values of diffusion
coefficient. The diffusion coefficients of copper possessing
the value of 5 x 107" m? s™' or less than that result in less
efficient process with larger values of stabilization time. The
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diffusion coefficient also affects the overall mass transfer
coefficient. The corresponding simulated values of overall
mass transfer coefficient against diffusion coefficient are
433 x 107°,2.78 x 107, 0.97 x 107%, 0.61 x 107, and
0.21 x 107® m s™'. As discussed earlier, the diffusion coef-
ficient of the solute is affected by temperature and viscosity
and also varies for solute to solute, and it is a major factor
which influences the mass transfer coefficient and hence
affects the rate of solute extraction.

Effect of hydrodynamic conditions

Simulations were run to study copper extraction from ini-
tial concentration of 15.7 mol m~> with oxime concentration
of 77 mol m~* under various hydrodynamic conditions of
aqueous and organic phases. Different values of aqueous
phase flow rates, for example, 5.0 x 1075 83 x 107°, 12,5
x 107°, and 16.7 x 107% m? s~ ! were selected to study the
copper extraction. These values correspond to Reynolds
numbers in shell side of the HFMC of 3.2, 54, 8.0, and
10.7, respectively. The organic phase flow rate flowing in
the fibers of HFMC is supposed to be constant at 6.7 x
107° m® s7!, which corresponds to a Reynolds number of
7.6. Figure 11 shows that aqueous phase flow rate affects the
initial velocity of extraction and faster extraction is achieved
with larger values of aqueous phase flow rates, that is, pro-
cess is stabilized in less time. Mass transfer resistance
always lies on aqueous phase side (almost 97%). Simulated
values of overall mass transfer coefficient are estimated as
111 x 107% 1.5 x 107° 1.91 x 107 and 2.26 x 10 ®m
s~ ! with each value of aqueous phase flow rate, respectively.
On the other hand, organic phase flow rate has nominal
effect on copper extraction process.

As the resistance to mass transfer lies in aqueous phase
boundary layer, increase in Reynolds number eases the sol-
ute mass transfer rate through this layer. However, we can
notice that copper ions are more easily transferred than cop-
per-oxime ions in their respective boundary layer. However,
increase in Reynolds number does not increase the extent of
copper extraction because the simulation is made at the
same partition coefficient for all values of Reynolds num-
bers. Lin and Juang,22 in their work to extract free and che-
lated Cu®" from aqueous phase to an organic solution of
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Figure 11. Effect of aqueous phase flow rate on extrac-
tion dynamics of copper with LIX 84-I.
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LIX 64N and Aliquat 336 in HFMC, studied experimentally
that the rate of extraction increases with decreasing flow rate
of feed phase when the process is controlled by combined
interfacial reaction and feed layer diffusion, but the flow rate
of feed phase increases the extraction efficiency if the aque-
ous phase layer resistance is dominant in mass transfer.
Breembroek et al.*® studied the copper extraction in SLM
with LIX 84-1 and concluded that the aqueous phase layer
was the limiting step, and so the increase of aqueous phase
flow rate increases the rate of copper extraction.

Conclusions

Dispersion-free liquid—liquid copper extraction with LIX
84-1 in a hydrophobic HFMC has been studied, theoretically
and experimentally. Kinetic extraction and partition coeffi-
cients of copper ions with LIX 84-1 oxime were measured in
batch extraction, whereas nondispersive extraction was done
in HFMC pilot unit. A mass transfer model of baffle-less
module contactor, based on axial and radial approach, was
developed considering steady-state diffusion mass transfer.
This steady-state model was integrated with the dynamic
model developed across storage tanks. The integrated model
with the help of kinetic extraction data was scripted in
MATLAB®, and simulations were run. The following results
are highlighted,

(1) The reaction of copper ions with oxime was instanta-
neous at the interface, and resistance caused by the interfa-
cial resistance has been ignored. Experimental results from
batch extraction were verified with kinetic equation.

(2) Close agreement can be seen from the integrated
dynamic model and experimental results for the concentra-
tion ranges and operating conditions studied. It allows pre-
dicting the process performance of the extraction unit under
various kinetic and operating conditions.

(3) Efficient extraction is obtained for low copper feed
concentration and with higher values of partition coefficient.
Oxime concentration does not have a remarkable effect of
the extraction. On contrary, high copper concentrated solu-
tions are also extracted efficiently, for example, 83% of cop-
per has been recovered when initial feed concentration was
31.5 mol m~>. However, process was less efficient (<50%)
for the partition coefficient (P) equal or less than 1.

(4) Aqueous phase diffusion dominates throughout the
extraction process except for P < 1.

(5) Choice of extractant media, pH of aqueous phase, and
temperature of the extraction system are proven to be param-
eters to improve partition coefficient and copper diffusivity
and hence the efficiency.

(6) Aqueous phase flow rate and copper diffusivity do not
influence the ultimate extraction efficiency, but with low val-
ues of aqueous phase flow rates and of copper diffusivity,
process is stabilized in extended time. Stabilization time is
independent of partition coefficient and copper feed concen-
tration.

Notation

: -3
C = concentration, mol m

C, = aqueous side (shell side) concentration, mol m™
C, = aqueous side (shell side) limiting layer concentration, mol m~

3
3

AIChE Journal June 2010 Vol. 56, No. 6

Published on behalf of the AIChE

C3 = organic side (fiber side) concentration in equilibrium with shell
side limiting layer concentration, mol m >

C, = organic side (fiber side) limiting layer concentration, mol m->
Cs5 = organic side (fiber side) concentration, mol m~>

d = diameter, m

D = diffusivity, m? s~

J = mass transfer flux, mol s~' m™>

k = local mass transfer coefficient, m st

K = overall mass transfer coefficient, m s7!

L = fiber length, m

P = partition coefficient

Q = flow rate, cm?® 7!

R = mass transfer resistance, s m~!
R, = volume ratio, defined by Eq. 10

t = time, s

T = temperature, K

v = speed, m s !

V = volume, m’
Greek letters

= constant defined in Eq. 24

= porosity

= extraction efficiency

= empirical factor defined by Eq. 1
= time, defined by Eq. 35

= viscosity, kg m ' 5!

= extraction equilibrium constant
= molar volume, cm® mol ™!

= parachor, cm® g 712

= packing fraction

= density, kg m~?

= membrane thickness, m

= tortuosity

AT oY= A 2w Be

Subscripts

aq = aqueous phase side
eq = equilibrium
ext = external

h = hydraulic

in = input

ini = initial

int = internal

Im = logarithmic mean
mb = membrane side

t = total
org = organic phase side
out = output

Superscripts

Cu?" = ionic specie, copper ions

CuR, = ioinc specie, copper-oxime complex
H*' = ionic specie, hydrogen ion
HR = ionic specie, oxime
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