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1. Introduction

Heavy metals, such as cadmium, lead, nickel, and zinc, 
are present in wastewaters produced from many metal 
processing industries, including metal mining, electroplat-
ing, extractive metallurgy, and metal treatment finishing, 
with typical concentrations ranging from 100 to 750 mg L–1 
[1–4]. Appropriate treatment of industrial wastewaters 
containing these heavy metals is important because of 
their serious impact on the natural environment as well 
as human health [2,5]. Common methods to remove heavy 
metals from wastewater include carbon adsorption, ion 
exchange, electrodialysis, electrolytic extraction, sol-
vent extraction, and reverse osmosis [2]. However, these 
technologies suffer from various challenges such as high 

construction and operating costs, considerable energy 
consumption, relatively low removal efficiency, opera-
tional complexity, and the requirement for additional puri-
fication processes [5,6].

Separation processes using emulsion liquid  membranes 
(ELMs) have been studied because of the relatively low 
energy consumption, especially in comparison with pro-
cesses such as electrodialysis and reverse osmosis [7], and 
the high extraction rate and efficiency due to the very large 
surface area available for mass transfer [8]. In particular, 
ELMs have been considered as a promising alternative 
technology for the removal and recovery of various heavy 
 metals, such as cadmium, chromium,  copper, nickel, and 
zinc [4,9–13], taking advantage of their high selectivity. This 
selectivity is achieved by using carrier agents in the mem-
brane phase that exclusively bind target heavy metals and 
selectively shuttle them through the liquid membrane [8].
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Nevertheless, the ELM process has not been much imple-
mented in real industrial extraction processes because of 
its intrinsic problem, the instability of emulsion globules at 
a high fluid shear rate [14]. The ELM instability eventually 
causes the breakup of emulsion and the release of the internal 
stripping phase to the external phase, which nullify the over-
all solute extraction efficiency. Therefore, several solutions 
have been proposed to enhance the ELM stability including 
the addition of more surfactants and the usage of the viscous 
membrane solution. However, these solutions have some 
side effects. For example, surfactant at membrane interfaces 
can hinder the mass transfer [8] and cause the swelling prob-
lem of emulsion [15], and the viscous membrane solution 
can reduce the solute diffusivity [16–18]. Also, a polymeric 
porous membrane in a hollow fiber configuration was pro-
posed, but it may have a fouling problem from the long time 
operation and a lower removal rate due to the relatively 
smaller surface area available for mass transfer [19–21]. 

Some solutions were proposed by our previous stud-
ies in order to enhance the stability of emulsion without 
scarifying the solute extraction efficiency of ELMs [22,23]. 
The first solution is to convert the membrane phase into 
a non-Newtonian form by dissolving small amount of 
high-molecular-weight polymers, polyisobutylene (PIB), 
which increase the viscosity of the membrane phase and 
the stability of emulsion without a decrease in diffusivity 
of solutes below the critical concentration of the polymer 
[16,24]. Additionally, smaller internal stripping phase drop-
lets can be achieved to provide larger mass transfer area. 
The second solution was using a Taylor vortex column as a 
contacting reactor, which provides relatively uniform shear 
through the fluid, resulting in the minimization of the rup-
ture of ELMs compared to conventional mixing reactors 
equipped with impellers [25]. And the Taylor vortex col-
umn requires less energy to disperse emulsions throughout 
the external feed phase [22,25]. 

The present study investigated the applicability of 
ELMs to the removal of common heavy metals, such as 
cadmium, lead, nickel, and zinc, from simulated indus-
trial wastewater. It also examined the effects of membrane 
composition (e.g., type of carrier agent) and operating 
conditions (e.g., the external feed phase and the agitation 
speed of the Taylor vortex column) on the metal extraction 
rate. A mathematical model was developed to predict the 
removal rates of metal ions from unbuffered solutions by 
ELMs. In particular, the model incorporated the effects 
of changes in external phase pH, which were found to be 
important in determining the extraction efficiency of metal 
species with the carrier of choice.

2. Mathematical model description

The mathematical model presented here was developed 
based on a shrinking core model previously proposed by Liu 
for an ELM extracting a model amino acid [26]. Fig. 1 shows 
a schematic description of a single emulsion globule and the 
projected concentration profile of metal in the external feed 
phase and inside the emulsion globule. Because the Taylor 
vortex column provides relatively uniform and good mixing 
condition to the bulk phase at high agitation speed [22] and 
solute mass transfer through the film is not a large rate-lim-
iting, the developed model assumed no concentration gra-

dient in the external phase. Furthermore, because the Biot 
number is usually larger than 20 under good mixing condi-
tions, in which the decrease in emulsion globule size yields a 
high mass transfer surface area, the mass transfer coefficient 
in the external feed phase is significantly high, compared 
with that in the membrane phase [27]. The Biot number (Bi = 
keRem/mDc) represents the ratio of the mass transfer resistance 
inside the emulsion globules to that of the external feed phase 
[28,29], where ke = mass transfer coefficient in the external 
phase film around the emulsion globule (m s–1), Rem = radius 
of an emulsion globule (m), m = ratio of metal in the external 
feed phase to that in the membrane phase, and Dc = diffusivity 
of the metal-carrier complex in the membrane phase (m2 s–1). 
As carriers in the membrane phase complex with metal spe-
cies at the interface of the emulsion and external phase, the 
complex first transports through the thin oil layer devoid of 
internal droplets [4,26]. As the metal-carrier complex moves 
further toward the center of the emulsion globule, the car-
rier quickly exchanges the bound metal with protons present 
in the internal phase. Because of the high viscosity of mem-
brane phase and the presence of surfactants in the matrix of 
internal droplets, internal droplets are relatively motionless 
[4,30,31], and as a result, the protons in the internal droplets 
located away from the center of the globules are consumed 
first. As the exchange of metal and proton proceeds, a bound-
ary forms inside the emulsion globule between the region 
containing ‘exhausted’ internal droplets and that containing 
‘unused’ internal droplets (Fig. 1). This boundary, or reactive 
front, proceeds toward the center of the emulsion globule as 
the extraction progresses.

The mass balance of metal in the external phase can be 
expressed as:

dC
dt

k a C Ce
T e= − ⋅ + ⋅Φ em  (1)

where Ce = the concentration of the metal in the external 
phase (mol L–1), Cem = the concentration of the metal in the 
emulsion globule (mol L–1), t = time (s), kT = overall mass 
transport coefficient (m s–1), a = specific surface area = 
4 2⋅ ⋅ ⋅π r N Ve e/  (m–1), kTa = overall volumetric mass trans-

fer coefficient (s–1), re = radius of a single emulsion globule, 
 N = total number of emulsion globules, Ve = volume of the 
external phase (m3), and Φ = the leakage rate coefficient 
(s–1). The first and second terms on the right side describe 
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Fig. 1. Schematic of an emulsion globule and concentration pro-
file. (R, RI, and RF represent the radius of an emulsion globule, 
inner core, and reaction front, respectively.)
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the extraction of the metal by the ELM and the release of 
metal due to ELM leakage, respectively. Though the size 
of individual emulsion globules might be affected by the 
swelling, coalescence, and redispersion of emulsions in this 
application, it was assumed in the model that emulsion 
globules were spheres of uniform size, and the average 
value measured was used for  modeling.

From the overall mass balance of the metal:

C V V C C Vem m i e e e⋅ +( ) = −( ) ⋅  0  (2)

where Ce0 = the initial concentration of the metal in the 
external feed phase (mol L–1), Vm = volume of the membrane 
phase (m3), and Vi = volume of the internal phase (m3). 
Eq. (1) can be rewritten to eliminate Cem as:

dC
dt

k a C
C C V

V V
e

T e
e e e

m i

= − ⋅ + ⋅
− ⋅
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Φ
( )0  (3)

The overall mass transport coefficient, kT, is further 
expressed as:
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where ke = the mass transfer coefficient in the external 
phase film around the emulsion globule (m s–1), kem = the 
mass transfer coefficient in the emulsion globule (m s–1), 
Rem = the radius of an emulsion globule (m), Rc = radius of 
the inner core of an emulsion globule (m), Rf = the radius 
of the reaction front (m), Dc = the diffusivity of the met-
al-carrier complex in the membrane phase (m2 s–1), Dem = 
the effective diffusivity of the metal-carrier complex in 
the emulsion (m2 s–1), and m = the ratio of the metal in the 
external feed phase to that in the membrane phase. At 
equilibrium, the estimated ke is several hundred times 
larger than kem, so the resistance (1/ke) in the external feed 
phase is negligible.

Additional mass balance can be formulated by recog-
nizing that metals extracted from the external phase pri-
marily exist in a portion of the ELMs that contain exhausted 
internal droplets:
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where Cs0 = the initial concentration of the internal stripping 
agent and a = the molar ratio of stripping agent reacting 
with the metal-carrier complex. Note that the (Rem/Rc)

3 term 
was used to account for the fact that a thin oil layer at the 
outer rim of the globule does not contain internal droplets. 
The set of Eqs. (3)–(5) was solved numerically through finite 
stepwise integration.

3. Experimental

3.1. Materials

Analytical-reagent-grade chemicals and water 
(>20 µΩ cm–1 at 25°C) purified by a Milli-Q Ultrapure Gra-
dient Water System (Millipore, Billerica, MA) were used 
throughout the study. Cyanex 301, 302, and 923 (Cytec 
Industries Inc., West Paterson, NJ) and DEHPA (Alfa Aesar, 
Ward Hill, MA) were used as carrier agents. Table 1 lists the 
relevant information about these compounds. The mem-
brane phase consisted mainly of Soltrol 220 (Chevron Philips 
Chemical, Spring, TX). A non-ionic surfactant, Span 80, was 
used as an emulsifier, and PIB with an average molecular 
weight of 1,250,000 (ExxonMobil Chemical, Houston, TX) 
was used as the polymeric additive. The internal stripping 
phase was made of 2 M HNO3.

3.2. Experimental procedures

A Newtonian form of a solvent (Soltrol 220) was previ-
ously converted into a non-Newtonian form by PIB addi-
tion (5 g L–1) to enhance the membrane’s viscosity. Then, 
an emulsion was prepared by first dissolving Span 80 (5% 
w/v) and a carrier agent (0.1 M) into the membrane phase 
under gentle mixing with a magnetic stirrer. The prepared 
membrane phase was then placed in a 200-mL beaker 
immersed in an ice bath, and 25 mL of the internal strip-
ping phase (2 M HNO3) was added slowly under vigorous 

Table 1
List of carrier agents employed in ELMs [42]

Carrier agents Active components Manufacturer
or vendor

Formula pKa Formula 
weight  
(g mol–1)

DEHPA Di-(2-ethylhexyl)phosphoric acid Alfa Aesar C16H35O4P 322.40
Cyanex 301 Bis(2,4,4-trimethylpentyl)dithiophosphinic 

acid
Cytec C16H35PS2 2.61* 322.55

Cyanex 302 Bis(2,4,4-trimethylpentyl)
monothiophosphinic acid

Cytec C16H35PSO 5.63* 306.49

Cyanex 923 Trihexylphosphine oxide
Dihexylmonooctylphosphine oxide
Dioctylmonohexylphosphine oxide
Trioctylphosphine oxide

Cytec C18H39OP 302.48

* At 24°C
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mixing with sonication. This process is described in detail 
in Park et al. [22].

Solute extraction was performed using a custom-built 
Taylor vortex column, shown in Fig. 2. The column consisted 
of an inner cylinder made of polytetrafluoroethylene with a 
diameter of 49.3 mm and a height of 94.0 mm, and an outer 
cylinder made of glass with an inner diameter of 80.5 mm 
and a height of 100.9 mm. The inner cylinder was housed 
within the fixed outer cylinder and connected to a variable 
speed motor. An aqueous donor phase (the model industrial 
wastewater) of 200 mL containing heavy metals (0.01 M or 
0.0025 M) was kept in the annular gap between the inner 
cylinder and the outer cylinder. While rotating the inner cyl-
inder at a rotational velocity of 400–600 rpm (6900–10,000 
Taylor number), 20 mL of prepared emulsion was injected 
into the middle of the donor phase by pipette to initiate the 
extraction process. The temperature was controlled at 20°C.

3.3. Sample collection and analysis

Samples (3 mL) were collected periodically from the 
agitated solution located at the middle of the Taylor vor-
tex column using a micropipette. Collected samples were 
immediately filtered using a polypropylene syringe filter 
with nominal pore size of 0.2 µm (Pall Co., East Hills, NY). 
Concentrations of heavy metals studied were analyzed 
by inductively coupled plasma mass spectrometer-atomic 
emission spectroscopy (ICP-AES) (Model ICAP 61E Trace 
Analyzer, Thermo Jarrell Ash, Franklin, MA). The detec-
tion wavelengths for cadmium, lead, nickel, and zinc were 
226.502, 220.353, 231.604, and 206.200 nm, respectively. 
Nitric acid (1%) was used as a rinse solution. For instru-
ment calibration, standard solutions of each species were 
prepared with high-purity standards (Charleston, SC) and 
Milli-Q water. Analyses were performed four times for each 
sample, and average values were recorded.

Nitrate concentrations in samples collected from emul-
sion leakage experiments were measured using a Dionex 
DX-600 ion chromatography (IC) system (Sunnyvale, CA), 

consisting of a GP50 gradient pump, IonPac AG9-HC guard 
column, IonPac AS9-HC analytical column (4 × 250 mm), 
Anionic Atlas Electrolytic suppressor (AAES), and ED50 
conductivity detector. The collected samples were injected 
with an AS50 autosampler. Sodium carbonate (Na2CO3; 
9.0 mM) was used as the eluent at a flow rate of 1.3 mL min–1. 
The applied current was 100 mA, and the elution time of 
nitrate was 9.5 min.

4. Results and discussion

4.1. Effect of carrier type and pH

Initial experiments were performed to extract zinc from 
the aqueous phase using ELMs containing three different 
carrier agents: Cyanex 301, Cyanex 302, and Cyanex 923. 
These are available commercially and used commonly for 
the selective removal of metal ions in solvent and liquid 
membrane extraction processes [32–37]. Experiments were 
performed individually under the same conditions: Ce0 = 
0.01 M zinc, Cs0 = 2 M HNO3, Cc = 0.1 M (different carri-
ers), concentration of Span 80 = 5% w/v, concentration of 
PIB = 5 g L–1, Vi/Vm = 0.33, Ve/Vf = 0.1, agitation speed = 
500 rpm, and temperature = 20°C. The experimental results 
(Fig. 3) suggested that Cyanex 923 was not effective for zinc 
removal. While Cyanex 923 bound strongly to zinc and thus 
might be useful in solvent extraction [38,39], its exceedingly 
high affinity for zinc did not allow later separation during 
stripping [40]. Inefficient stripping in the internal phase 
makes this chemical unsuitable as a carrier in the ELM 
extraction process. Cyanex 302, which has one thiol group, 
was found to be less effective than Cyanex 301, which has 
two thiol groups.

The observed differences in extraction efficiency between 
the carriers became more evident when the external pH was 
varied. Experiments were performed using Cyanex 301 and 
302 as carrier agents with the external phase pH adjusted 
with nitric acid addition (the adjusted pHs by adding 0, 0.1, 
0.5, and 1 M of HNO3 were initially 5.17, 1.63, 0.54, and 0.35, 
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Fig. 2. Schematic of experimental apparatus [23].
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respectively). The experimental results (Fig. 4) suggested that 
zinc removal with Cyanex 302 was more strongly affected by 
pH decrease than that with Cyanex 301 in the pH range tested. 
This might have been the result of Cyanex 302 having a higher 
acid-base dissociation constant, pKa of 5.63, than Cyanex 301 
(pKa = 2.61) [41], such that more thiol groups in Cyanex 302 
were protonated and became less efficient in binding metals. 
Note that protons are exchanged during the extraction and 
the pH decreases continuously during the extraction process 
[12,41,42]. Additionally, the leakage of emulsion globules 
adds a stripping agent (HNO3) to the external phase, which 
further contributes to the pH decrease. Thus, the rate (slope) 
of metal extraction in Figs. 3 and 4 decreases continuously 

(i.e., the curves were concave upward) not only due to the 
decrease in the concentration difference between the external 
and internal phases as the extraction proceeded (i.e., decrease 
in driving force), but also the decrease in the external phase 
pH, resulting from proton exchange and ELM leakage. The 
model presented in the previous section was therefore devel-
oped to account for the pH-dependent equilibrium of metal 
and carrier complexation. The next section describes the 
results of the model tested using Cyanex 301, apparently the 
most suitable carrier agent for the chosen system.

4.2. Model parameter evaluation

Key model parameters were estimated empirically or 
theoretically. The average radii of emulsion globules (Rem) 
and internal droplets (Ri) were measured directly by a pho-
tographic method. The average radius of emulsion globules 
was determined to be 1.5 × 10–4 m at an inner cylinder rota-
tion speed of 500 rpm by first photographing with a digital 
camera and subsequent digital magnification and analysis 
of more than 200 individual globule images. The measure-
ment of dispersed internal droplet size was performed 
within 10 min after preparing the W/O emulsions (Cc = 
0.1 M, Cyanex 301, Cs0 = 2 M HNO3, Span 80 concentration 
= 5% w/v, PIB concentration = 5 g L–1, and Vi/Vm = 0.33). 
The prepared emulsion samples (< 0.5 mL) were placed on a 
glass slide. Then, each sample was covered with a thin cover 
glass, and the photomicrographs were taken using a Leica 
DM IRM differential interference contrast (DIC) microscope 
(Wetzlar, Germany) operated in a reflective index mode and 
a Hamamatsu EM-CCD C9100 CCD camera (1000 × 1000 
pixels, 0.53 µm resolution/pixel, Hamamatsu City, Japan). 
In reflected light DIC microscopy, the discontinuity on the 
surface of water in oil creates an optical path difference, 
which reveals the topographical profile. This microscopic 
technique provided relatively clean images of individual 
internal droplets. The average radius of the internal drop-
lets was estimated to be 1.0 × 10–6 m.

From these experimentally determined Rem and Ri val-
ues, the thickness of the thin oil layer (Rem – Rc) and hence 
the radius of the initial reaction front (Rc) were estimated at 
9.5 × 10–7 and 1.4530 × 10–4 m, respectively, according to the 
following equation:
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The diffusivity of the metal-carrier complex in the mem-
brane phase (the thin oil layer) was estimated to be 7.5783 × 
10–11 (m2 s–1) using the Hayduk and Minhas correlation [43]: 

D m s
T

Vc
m
e

C

( / ) .
.

.
2 8

1 47

0 7113 3 10= × − µ
 (7)

where T = absolute temperature (K), mm = the viscosity of the 
membrane (cP), and Vc = the molar volume of the complex 
at its normal boiling point (cm3 mol–1), which was estimated 
to be 881.6 cm3 mol–1, according to the Le Bas method [43], 
assuming that the molar volume of the tested metals was 
negligible. A value of 10.7 cP was used for the membrane 
viscosity (mm) [16]. 

  

Fig. 3. Zinc extraction with various types of carrier agents (Ce0 = 
0.01 M; Cc = 0.1 M, each; Cs0 = 2 M HNO3; Span 80 concentra-
tion = 5% w/v; PIB concentration = 5 g L–1; Vi/Vm = 0.33; Ve/Vf = 
0.1; agitation speed = 500 rpm; and temperature = 20°C).

 

Fig. 4. Effect of the pH of the external feed phase adjusted by 
nitric acid addition on zinc extraction (Ce0 = 0.01 M; Cc = 0.1 M, 
Cyanex 301 or 302; Cs0 = 2 M HNO3; Span 80 concentration = 5% 
w/v; PIB concentration = 5 g L–1; Vi/Vm = 0.33; Ve/Vf = 0.1; agita-
tion speed = 500 rpm; and temperature = 20°C).
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The effective diffusivity of the metal-carrier complex in 
the emulsion was estimated to be 3.9442 × 1011 m2 s–1, by the 
following Jefferson-Witzell-Sibbitt correlation [4]: 

D m s D
p

pem c( / )
( )

( )
2 4

2

210
4 1 2

4 1 2
=

+ −
+











π  (8)

where p
V

V V
i

m i

=
+









 −
−

0 103 0 5

1
3

. . .

A separate set of batch extraction experiments was per-
formed to evaluate the stoichiometry of the metal-carrier 
reaction (Fig. 5). An aqueous solution (200 mL) containing 
four different metals (individually) at an initial concentra-
tion of 0.01 M was contacted with a membrane phase (Soltrol 
220, 15 mL) containing 0.1 M of Cyanex 301. The membrane 
phase also contained 5 g L–1 of PIB but no surfactant. Gentle 
mixing was conducted with a magnetic stirrer at 20°C, and 
changes in the concentration of the aqueous donor phase 
were monitored. After reaching equilibrium and from the 
concentrations of metal remaining in the aqueous phase, 
the mole ratios of Cyanex 301 to cadmium, lead, nickel, and 
zinc were determined as 2.16, 2.02, 2.19, and 2.32, respec-
tively. From these results, the following equilibrium reac-
tion with the correct stoichiometry can be expressed as:

M HL ML H2
22 2+ ++ ⇔ +  (9)

where M2+ = metal in the external phase, HL = carrier in 
the membrane phase (bound to protons), and ML2  = 
metal-carrier complex in the membrane phase. Note that 
because the carrier is present in protonated form in the 
membrane phase, one mole of carriers releases two moles 
of protons, and therefore, in Eq. (5), a = 2. From this equilib-
rium relationship, the distribution coefficient, m, in Eq. (4) 
can be further defined as:

m
C

C

C

K C
M
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H

ex HL

= =
⋅

+ +2

2
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2  (10)

where CM2+= the concentration of the metal in the external 
phase (mol L–1), C

ML2
 = the concentration of the  metal- carrier 

complex in the membrane phase (mol L–1), CH+
 
= the concen-

tration of protons in the external phase (mol L–1), CH+ = the 
concentration of carrier in the membrane phase (mol L–1), 
and Kex = the equilibrium constant for metal- carrier com-
plex formation (i.e., equilibrium constant for reaction [9]). 
In an excess carrier to metal condition, C CHL ML

>>
2
, and CHL 

≅ CHL,0, the initial carrier concentration in the membrane 
phase.

Another set of experiments was performed to determine 
the leakage rate coefficient (Φ). The concentration of nitrate 
in the external phase originating from the internal phase 
during ELM breakage was measured as a function of time. 
Because the pH of the external feed phase during the metal 
extraction in this study typically ranged from 2.5 to 1.6, four 
different acidic buffer solutions (0.36 M HCl, 0.12 M HCl, 
0.2 M H3PO4, and 0.2 M CH3COOH: pH =1.13, 1.44, 1.71, and 
2.65, respectively) were used as the external feed phase. In 
this study, only acid components were used to provide spe-
cific initial pHs of the external feed phase because metal ions 
can make a complex with basic components, resulting in pre-
cipitation. The relatively high buffering capacity of the solu-
tions examined minimized changes in pH of the external feed 
phase during metal extraction that resulted from hydrogen 
ion release by the leakage of emulsion and by extraction and 
stripping reactions driven by the carrier. Fig. 6 presents the 
experimental results. The rate of leakage was constant over 
more than 30 min (i.e., linear slope), with the rate  varying 

 

Fig. 5. Metal extraction by a shaker test with Cyanex 301: a. met-
al concentration decrease during a shaker test and b. complex-
ation mole ratio of Cyanex 301 with cadmium, lead, nickel, and 
zinc (Ce0 = 0.01 M; Cc = 0.1 M, Cyanex 301; PIB concentration = 
5 g L–1; Vm/Ve = 0.075; and temperature = 20°C).

 

Fig. 6. Leakage experiment results for various types of the exter-
nal feed phase (Cc = 0.1 M, Cyanex 301; Cs0 = 2 M HNO3; Span 80 
concentration = 5% w/v; PIB concentration = 5 g L–1; Vi/Vm = 0.33; 
Ve/Vf = 0.1; agitation speed = 500 rpm; and temperature = 20°C).
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from 2.876 × 10–7 to 5.387 × 10–7 s–1. The average leakage rate 
coefficient (4.156 × 10–7 s–1) was used in the mathematical 
modeling prediction of the metal removal rate.

Modeling prediction still involved two key unknown 
parameters: changes in hydrogen ion concentration in the 
external feed phase (i.e., decreased pH) throughout the 
ELM process and the equilibrium reaction constant, Kex. For 
the former, a separate experiment was conducted to deter-
mine the profile of the changes in pH during the external 
feed phase. The following equation expresses the proton 
concentration in the external phase, derived from pH mea-
surements during metal extraction:

H t+  = + ⋅ − − ×0 00813 0 00481 1 0 07323. . ( exp( . ))  (11)

where [H+] = the concentration of protons in the external 
phase (mol L–1) and t = contact time (min). This equation 
appropriately indicated the changes in pH in the external 
phase during metal extraction, although the initial proton 
concentration was not estimated precisely due to the sud-
den increase in pH caused by the emulsion injection to ini-
tiate the metal extraction.

4.3. Model verification

Fig. 7 shows the extraction of four different heavy met-
als by the ELM process, determined experimentally ver-
sus that predicted with the proposed model. Note that the 

equilibrium constant Kex is still unknown. To estimate Kex, 
the concentration of a solute-carrier complex in the liquid 
membrane phase needs to be measured; however, this is not 
a simple matter for a particular ELM system. Thus, the equi-
librium constants for zinc, lead, cadmium, and complex-
ation with Cyanex 301 obtained by a least-square approach 
based on metal concentrations were 0.0034, 0.0018, 0.0005, 
and 0.00023, respectively. The model curves matched the 
experimental results very well. 

Fig. 8 shows the experimental data for zinc extraction 
under varying rotation speeds of the inner cylinder in the 
Taylor vortex column. These rotation speeds correspond 
to a dimensionless Taylor number, Ta, of approximately 
 6900–10,000. Ta is defined as follows:

Ta
R Sd d

R
g g=

2π

ν

’

’
 (12)

where R’ = the radius of the rotor (m), S = the rotational 
speed (rps), dg = the annular gap width (m), and v = the kine-
matic viscosity (m s–1) of the external feed phase at 20°C in 
an ELM system [44]. As the rotation speed increases, the size 
of the emulsion globules becomes smaller (consequently, the 
total available reaction surface area increases), and the rate 
of leakage increases, both due to increased fluid shear. The 
radii of the emulsion globules at 400 and 600 rpm were mea-
sured as 1.8 × 10–4 and 1.0 × 10–4 m, respectively, following 
the same procedure that was used at 500 rpm. The  leakage 

 

Fig. 7. Comparison of the modeling prediction with the experimen-
tal results of the extraction rates of cadmium, lead, nickel, and zinc 
(Ce0 = 0.01 M; Cc = 0.1 M, Cyanex 301; Cs0 = 2 M HNO3; Span 80 
concentration = 5% w/v; PIB concentration = 5 g L–1; Vi/Vm = 0.33; 
Ve/Vf = 0.1; agitation speed = 500 rpm; and temperature = 20°C).

 

Fig. 8. Comparison of the model prediction with the experimental 
results for the effect of agitation speed on metal extraction (Ce0 = 
0.01 M, zinc; Cc = 0.1 M, Cyanex 301; Cs0 = 2 M HNO3; Span 80 concen-
tration = 5% w/v; PIB concentration = 5 g L–1; Vi/Vm = 0.33; Ve/Vf = 0.1; 
agitation speed = 400, 500, and 600 rpm; and temperature = 20°C).
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rates at 400 and 600 rpm were estimated as 3.138 × 10–7 and 
5.108 × 10–7 s–1, respectively, according to a correlation, Φ ∝ 
S1.2, where S = the rotation speed of the inner cylinder [22]. 
Other model parameters remained constant. The model pre-
dictions in Fig. 8 matched the experimental data reasonably 
well. Some underprediction in extraction rates was observed 
at higher rotation speeds, presumably due to inaccuracy in 
photographic size measurements of the emulsion globules 
at higher speeds as they became smaller. 

Experiments in this section were performed to eval-
uate the efficiency of ELMs with Cyanex 301 (Cc = 0.1 M) 
in treating a mixture solution containing cadmium, lead, 
nickel, and zinc (Ce0 = 2.5 mM, each metal). Fig. 9 presents 
the results obtained through the experiments. The order of 
the removal rate of the metals tested was Pb > Cd >> Zn > 
Ni. The removal rates of zinc and nickel were found to be 
greatly influenced when they treated with the other com-
peting metal ions, such as lead and cadmium (compared 
with the results shown in Fig. 7). This can be explained 
by the selectivity (affinity) of the carrier for the metal [45]. 
Thus, it is assumed that in the modeling predictions, the 
selective transport of metals by ELMs were related mainly 
to the amount of available carrier applied. By manipulating 
the carrier concentration (i.e., the actual concentration of 
carriers available, Cc′ = b ⋅ Cc, where b = an empirical con-
stant) in the model, the removal rate of each metal from the 
mixture solution was estimated and then compared with 
the experimental data (Fig. 9). The empirical constants used 
in the modeling prediction for cadmium, lead, nickel, and 
zinc were 1, 1, 0.1, and 0.055, respectively. The model pre-
dictions underestimated the removal rate of cadmium by 
ELMs with Cyanex 301.

4.4. Model application 

The model developed in this study could be a useful tool 
to predict the performance of the ELM process in diverse 
operating conditions. Fig. 10 presents an example model 
application, showing zinc extraction efficiency, expressed 
in terms of the removal ratio after 10 min of contact time, 

under varying zinc and Cyanex 301 concentrations at 
500 rpm. The dosage of the carrier agent in proportion to the 
concentration of the target metal is one important operating 
parameter to be considered in real applications. The other 
model parameters were the same as used in the section 
above. The applied initial concentrations of zinc and Cya-
nex 301 were 0.002–0.02 M and 0.020–0.200 M, respectively. 
It was predicted that as the applied carrier concentration 
increased at a fixed metal concentration, or as metal concen-
tration decreased at a fixed carrier concentration, the ELM 
removal efficiency for the zinc solution would be enhanced. 
To achieve more than 90% removal of metals in this exam-
ple ELM system, this graph suggests that the carrier con-
centration should be adjusted from 0.06 M (for 0.002 M of 
zinc) to 0.2 M (for 0.02 M of zinc). That is, when treating 
higher concentrations of zinc, higher concentrations of car-
rier are required to achieve a certain level of ELM removal 
efficiency. Additionally, the zinc removal ratio by ELMs was 
enhanced at longer contact times. For example, under con-
ditions of 0.002 M of initial zinc concentration and 0.06 M 
of carrier concentration, the estimated zinc removal ratios 
were 91.9% and 98.2% (data not shown) at 10 and 30 min of 
contact time, respectively.

5. Conclusions

This non-Newtonian ELM dispersed in Taylor- 
Couette flow was shown to be a very promising tech-
nology for extracting a relatively large amount of heavy 
metal (10 mM) from model industrial wastewaters. 
Among the carriers tested, Cyanex 301 was the most suit-
able. The pH dependency of the extraction was taken into 
consideration to develop a modified version of a shrink-
ing core model that predicts the extraction rate of metal 
by ELMs. Model predictions matched the experimental 
data reasonably well, while fitting the unknown equilib-
rium constant remains a major drawback of the proposed 
model. Nonetheless, the model should provide a useful 

 

Fig. 9. Comparison of model prediction with experimental re-
sults of multi-metal removal by emulsion liquid membranes 
(ELMs) (Ce0 = 0.0025 M, each; Cc = 0.1 M, Cyanex 301; Cs0 = 2 
M HNO3; Span 80 concentration = 5% w/v; PIB concentration =  
5 g L–1; Vi/Vm = 0.33; Ve/Vf = 0.1; agitation speed = 500 rpm; and 
temperature = 20°C).
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tool for predicting the performance of the metal extraction 
 process by this particular ELM system, as shown in the 
sample application, estimating metal extraction efficien-
cies under varying metal and carrier concentrations.
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