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Received in revised form 17 November 2023 peneficial in preventing emulsion damage while maintaining excellent extraction
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immobilized hollow spherical globule model. The investigated parameters were HCl
concentration in the external phase (0.05 - 0.5 M), extraction speed (inner cylinder 600

Keywords: rpm, outer cylinder: 300 - 700 rpm), initial feed concentration (75 - 300 ppm), volume
Emulsion liquid membrane; Taylor- ratio of internal to membrane phase (1/3 - 1/6), and volume ratio to of emulsion to feed
Couette column; modelling; mass phase (1/4 - 1/10). The model could explain the experimental data very well with an
transfer; cadmium extraction accuracy of more than 95%.

1. Introduction

Very low concentration of contaminants requires effective separation process. Among the
available methods, emulsion liquid membrane (ELM) provides selective separation of the
contaminants including heavy metals, weak acids/bases, inorganic species and hydrocarbons. The
high interfacial area provides higher mass transfer. The requirement of small amount of organic
solvent promises high separation efficiency, yet the high ability to remove contaminants. Possibility
of reusable organic solvent after demulsification process is significant in managing hazardous
materials handling. Previous studies on ELM for removing contaminants have been reported [1-3].

Stable emulsion is a key factor in the successful extraction process. Stable emulsion generated by
the incorporation of high surfactant. At specific high surfactant concentrations, smaller emulsion
droplets with a high mass transfer area between the external and internal phases can be created by
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reducing the membrane phase's surface tension [4]. However, because the emulsion's viscosity also
rises with excessive surfactant concentrations, extraction efficiency is actually decreased [5,6].

Conventional extraction process under stirred vessel commonly employs high extraction speed
to enhance extraction efficiency. However, this process disrupts emulsion instability including
membrane breakage and emulsion swelling. The broken membrane will release back the entrapped
solute to the external phase. Based on the problems related to ELM process, utilisation of Taylor
Couette column (TCC) is offered to replace the application stirred tank for extraction process [7,8].
TCC is believed to produce good emulsion stability due to lower shear stress by maintaining high
extraction efficiency [9,10]. According to a prior study by Park [11], small gap TCC, in which the outer
cylinder is fixed and the inner cylinder rotates, can produce significant extraction efficiencies in a
comparatively short contact period. Ahmad et al., [7] also conducted a study that compared the
effectiveness of counter-rotated TCC and stirred vessels for the removal of cadmium using ELM.
Compared to stirred vessels, counter-rotated TCC reached equilibrium faster and had a greater
extraction efficiency [7].

Previous studies on mathematical model for ELM system have been done. Some researchers
investigated type Il facilitated transport of metal extraction. The model includes reversible reaction
at the boundary between feed and stripping phases as well as diffusion through the emulsion globule.
Teramoto et al., [12] developed a model by taking into account external phase mass transfer and
membrane breakage phenomenon. In the research of Othman et al, [13], the extraction and
stripping reaction of chromium and carrier was considered. Liu and Liu [14] expanded the model by
investigating the fractional resistances of external phase diffusion as well as emulsion globule
diffusion towards the overall process. Type Il facilitated transport of arsenic under emulsion liquid
membrane was developed by Huang et al., [15] by incorporating mass transfer resistance of external
phase and interface of external-membrane phase. Chemical equilibrium of extraction and stripping
reactions were also included. The behaviour of extraction process could be predicted and analysed;
perturbation method could approximate the solution. Mercury removal supported by
dibutylbenzoylthiourea was investigated by Weiss et al., [16]. In the model, mass transfer at the
boundary between feed and membrane phases, cadmium-TOA complex diffusion across the
membrane phase, and reversible reaction at the boundary between the feed and stripping phases
were considered. An unsteady state mathematical models to express type Il facilitated transport was
elaborated by Banerjea [17] and Chakraborty et al., [18]. Ahmad et al., [19] developed mathematical
model for cadmium removal by modifying the models of Huang [15], Lee and Chan [20], and Lee et
al., [21].

In general, there are five dimensional models of emulsion globules, namely: i) uniform flat-plate
model, ii) hollow sphere model, iii) immobilized hollow sphere model, iv) immobilized spherical
globule model, and v) immobilized hollow spherical globule model. The first and second emulsion
globule models are reported to be less accurate due to difficulties in determining membrane
thickness. Meanwhile, the 5" emulsion globule model is a combination of the 3™ and 4™ emulsion
globule models in which the emulsion is assumed to be stable [19]. Among the five types of
mathematical model related to emulsion globule, immobilized hollow spherical globule model was
referred in this study. In this model, the globule contains heterogeneously distributed internal
droplets. The droplets surrounded by peripheral membrane layer. Mass transfer take places in three
stages of diffusion, i.e. through external boundary layer, peripheral membrane layer, and internal
droplet [22]. The model includes mass transfer resistance in the external phase and emulsion globule,
stripping reaction, and complex diffusion as described in Figure 1.
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Fig. 1. Extraction model of cadmium in ELM process

Based on the literature described above, most studies focus on mathematical modelling of ELM
systems using stirred tanks. There is rarely any information regarding mathematical modelling of
cadmium extraction using TCC on the ELM system. Therefore, in order to optimise the permeation
process using TCC, previous model was applied and developed [19]. This model incorporates some
variables influencing the permeation process of cadmium in a counter-rotated Taylor-Couette
column. In this study, cadmium was chosen because it is a highly toxic metal [23]. It is known that
cadmium can enter the human body through ingestion and inhalation, such as in contaminated food.
Cadmium has been linked to kidney damage in the human body. Cadmium, in high doses, can harm
the respiratory system. Because of cadmium's toxicity, the recovery procedure is critical.

1.1 Reaction and Chemical Equilibrium

Extractant utilisation is required in cadmium extraction using emulsion liquid membrane. In the
process, the extractant acts as facilitator of cadmium diffusion in the emulsion. There is complexation
reaction of cadmium and carrier (trioctylamine) in the exterior of emulsion globule. Then, the formed
complex diffuses through the organic membrane phase. Figure 2 shows the structure of cadmium-
TOA complex. A stripping reaction occurs at the membrane-internal phase interface with the internal
reagent present in the internal droplets via a reversible reaction. These reactions are described as
follows:
Extraction reaction:
CdCl;? + 2R3N + 2H* & CdCl,(R;NH), (1)
or

A+2B+2H o C

Eqg. (1) is correlated with experimental results given in Figure 2.
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Fig. 2. Complex of Cadmium — TOA

Stripping reaction:
CdCl,(R3NH),+20H~ © CdCl;? + 2R3N + 2H,0 (2)
or
C+20H < A+ 2B
Where R;N represents the carrier and CdCl,(R;NH ), denotes the solute-carrier complex.
The reaction in the internal phase is:
CdCl;% + 2NH} & (NH,),CdCl, (3)
or
A+ 2NH, < Xcq

The equilibrium constant for reaction (1) is as follows:

_ [Cc]
Kea = [caicsicnr )

Due to the stoichiometry for extraction reaction, the following expression holds:
Cd=Cs+C, (5)

where C2 is the initial carrier concentration in the organic membrane phase. The substitution of Eq.
(5) into Eq. (4) becomes:

[Cclr=r = Keq[CallCy1*([CR] — [Cclr=r)? (6)
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which specifies the solute-carrier complex concentration and optimisation can be performed to find
solutions.
For reactions (2) and (3), the equilibrium constant can be expressed respectively as:

_ [callcg]?
Keqs = [CcllConl? )
[exca
K, .=—Ltrcdl 8
eat [CA][CNH4]2 (®)
Therefore,
_ [callcgl?
[CC] N Keq,s[COH]2 (9)
2
[CXCd] = Keq,i[CA][CNH4] (10)

1.2 Distribution Coefficient

Distribution coefficient (Kp) can be described as the proportion of recovered metal concentration
in the membrane phase and residual metal concentration in the feed phase. This is an important
parameter in mass transfer equations that describe solute transport between phases. The
distribution coefficient has a direct impact on the extraction efficiency in ELM systems. A higher
distribution coefficient generally means that the solute is transferred more efficiently from the
external phase to the internal phase within the emulsion [24]. Based on Eq. (4), one obtains:

Kp

Kea = tepricar (11)
or
Kp = Keq[RsNT*[H*]? (12)

By taking logarithms on both sides of Eq. (12), the following is obtained:

log(Kp) = log(Keq) + 2log([R3N]) + 2log ([H*]) (13)
or
log(Kp) = log(Keq) + 2[log(R3N) — pH] (14)

The plots of log (Kp) versus log [RsN— pH] will give the intercept of log (Keq).
1.3 Mass Transfer Model

From Figure 1, it can be seen that ELM consists of internal (1), membrane (Il), and external (ll1)
phases. Further, R;, R, and R, with respect to the extraction model of cadmium in the ELM process
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are the inner radius of the emulsion globule, radius of the emulsion globule, and radius of the internal
droplet, respectively.
The model, as shown in Figure 1, has been based on certain assumptions as follows:
(i) The extraction solution is homogeny that the system has an even Cd?* concentration.
(ii) The emulsion globule is monodispersed and spherical, the Sauter mean diameter is used to
define the diameter of emulsion globule and internal droplets.
(iii) The internal droplets are motionless and spread out diversely.
(iv) Membrane breakage and emulsion swelling are inconsiderable.
(v) The cadmium transport in the organic phase occurs by diffusion, the effective diffusivity in
the organic phase is constant.
(vi) No volume difference in each phase.
(vii) The very small internal droplets lead to the insignificant mass transfer resistance of organic
and stripping phase.

Based on the above assumptions, mass balance in each phase is given below:
(i) Mass balance of cadmium in external phase, modified from equation given by Lee and Chan [20]

rate of diffusion into globules = rate of accumulation

dCc,11

W+ Vi) (Ril) Dec—;

dCa i
=V, — 15
r=Ri 111 dt ( )

where De is effective diffusivity of cadmium-carrier complex in emulsion phase (cm?/s); Caui is the
concentration of cadmium in external phase (mg/L); Cc,i is the concentration of cadmium complex in
membrane phase (mg/L); Vi, Vi, and Vy; are the volume of internal, membrane, and external phases,
respectively (cm3); Riis the inside radius of globules (cm); (3/Ri) is the ratio of surface area per volume
of globule with radius Ri (cm2/cm3).

(ii) Mass balance of cadmium complex in element volume of globules, taken from Lee and Chan [20]

Rate of diffusion in — rate of diffusion out — rate of reaction in internal phase = rate of accumulation
in membrane phase

ac ac ac
42Dy o —2AL —4mr?Doc —2|  — 4nr?Arg R, = 4nr?Arg,, —=L (16)
et or l= et ar Iz x at
r=r+Ar r=r

where Ar is the thickness of the element volume (cm); Rx is the stripping reaction rate (mg/cm3/s); ¢
and ¢y are volume fraction of internal phase and membrane phase in the globules, respectively. ¢
and ¢y are calculated as follows:

—_
b = VitV (27)
by = =1-¢ (18)
n Vi+Vir I
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Dividing Eq. (16) with 4mr?Ar and limiting Ar to zero, give

(rzacc,u _rzacc,n ) s

. Dec 0T |pepan or |,._ CCII

i T AR = T 1
Thus,

Dec d 6CC11 aCCII

el (r22Eh) — /R, = (1 — ) et (20)

Expanding the differential

De GEL aoc ac
_rC(rz arc;,u_z cu) dR, = (1— ¢1) 11 (21)

r2

(iii) Mass balance of cadmium in internal phase [15]

VR, =V, %Al

o (22)

where Ca, is the concentration of cadmium in internal phase (mg/L).
(iv) Chemical equilibrium

Instead of Eqg. (11) and Eq. (12), the chemical equilibrium between cadmium and cadmium
complex concentration at the surface of the globules can also be determined in the following
equation, as modified from the equation of Huang et al., [15] and Fan et al., [25]:

Cer = KoCan (23)
With Kpis the extraction distribution coefficient; C, ;;; and C¢ ;; are the concentration of cadmium
and cadmium complex at the globules surface respectively (mg/L).
Similarly, at the surface of internal phase, the following relationship represents the equilibrium
between the concentration of cadmium and cadmium complex according to equation given by Huang
etal, [15] and Fan et al., [25]:

Car = Kp,Cc 1 (24)

where Kp, is the stripping distribution coefficient; Ca, and Cc, are the concentration of cadmium and
cadmium complex in the surface of internal phase, respectively (mg/L).

(v) Simplifying the model

By applying the chemical equilibrium between internal phase and membrane phase (Eq. (24)), Eq.
(21) and Eqg. (22) can be combined thus simplify the model.

Dec (TZ %Ceur 2 aCcu) b1Kp aCcn = (1—¢,) %en aCcu (25)

T2 or?
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Rearranging Eq. (25), give:

0%Ccur  2Dec 9Ccn 9Cc

De,c 972 . o = (1 — ¢+ ¢1KD,1) ot (26)

(vi) Initial conditions and boundary conditions

Initial conditions are as follows:

Att=0
Cainr = C/(l),III (27)
Forallr
Cenr = Cg,n (28)

Boundary conditions based on Lee and Chan [20] are as follows:

Forr=R, atallt

9Cc,11
e,C or

r lrpi = km (CE,II - CC,IIlr_Ri)

= k(C/ll,III - C/I,gu)

= kL(CA,III - C/ll,m)

=K (CA,III - Cc,ulr_Ri) (29)

Kp

where km, k, k. are the mass transfer coefficients in the thin oil membrane layer, interfacial, and
external phase, respectively; K is overall mass transfer coefficient; Cj;;; is the concentration of
cadmium in the interfacial layer.

Forr=0,atallt

dCc 11
ar ly=g

=0 (30)

(vii) Dimensionless form

In order to avoid mistakes due to conflicting unit, the model equations are transformed into
dimensionless form.
Combining Eq. (15) with Eq. (29) resulted in the following dimensionless form [15,25]:

dujg
a¢

KO(UIII - U11|x=1) = (31)
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The dimensionless form of Eq. (26) is:

62U” 20U _ aUp
axz  x ax - a¢

Initial conditions, at { =0

Unp=1
0
_ Cen
UII - KnCO
DCA I

Boundary conditions,

Atx=1
du
d_x” o1 = (Um - U11|x=1)
andatx=0
wul  _ g
dx x=0

The definition of each dimensionless variables is described below.

_Camn
Un = 0
ATl
Ccr
Uy = 0
KpCp 111
{ _ De,Ct
= R?
r
X =—
R;
R/ K 5 Vi+V
K, = Sim g T7n

Dec Vi

Q=1-¢, _¢1KD,I

G — KDDE,C
R;K

1.4 Numerical Solution

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

The numerical method of lines approach was employed to find the solution of the above partial
differential equations and to transform each partial differential equation into ordinary differential
equations based on the discretisation of the spatial derivative. Figure 3 depicts that emulsion globule

radius is separated into n intervals or (n+1) points.
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External phase

Membrane phase

Internal phase, radius R

Interface of emulsion globule
and external phase

Fig. 3. Separation of emulsion globule radius into n interval for numerical
analysis [19]

Numerical derivation of Eq. (31) and Eq. (32) using finite difference method yields the following.

U _ Unjy1—Unj

ax Ax
82Uy Upj—1—2Up1j+Uppj4q
0x2 Ax?
with
1
Ax ==
n

Therefore, Eq. (31) becomes,

dujy
a¢

KO(UIII - UII,n+1) =

and Eq. (32) becomes,

U, j+1=2Un,j+ U1 + i(UII,j+1_UII,j) _ QdUII,j
Ax? xj Ax dg

for j = 2 to n, with initial conditions

and boundary conditions

Unin+1=-Unn _
G = (Upy = Uppnga)

Un2-Uir 0
Ax

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

(52)
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These arithmetic equations are then utilised to calculate Uy n«1 and Uy 1.
These n variables ordinary differential equations (Eq. (48) and Eq. (49)), using their respective
initial conditions were solved simultaneously by Runge-Kutta fourth degree using MATLAB software.

1.5 Model Parameters
1.5.1 Effective diffusivity

Wilke-Chang equation was used to determine cadmium diffusivity in the internal (D)) and
membrane phase (Dy) [26].

8 TM1/2
nVo.e

D = 7.4x10" (53)

where T is the temperature (K), M is the molecular weight of solvent, n is the viscosity of solution
(cP), and Vis the molal volume of solute.

Eq. (53) was used to determine D, and Dy It was calculated that D, was 1.427 x 10°° cm?/s and Dy
was 4.315 x 10° cm?/s. Jefferson-Witzell-Sibbelt equation was applied to define the effective
diffusivity of complex in the organic phase (De,c) [20].

_ _ b4 b4 DDy
De,c = Diy {1 4(1+2p)2} T 4(1+2p) (D11+2pDA) (54)
where
D, = Z(DI/KD,I)DII{ Di/Kp,1 ln( D ) _ 1} (55)
Di/Kp,—Dir \D1/Kp,—Dir Kp,Dyp
and
p = 0.403¢;, /% - 0.5 (56)

1.5.2 Mass transfer coefficient

Based on the operating condition, Skelland and Lee equation was utilised to calculate external
mass transfer coefficient k; [20].

4:10-548
k, = (NDIII)l/Z X 2.932 X 10‘7¢e‘0-508 (El) Rel371 (57)

In which, N denotes the extraction speed (rps), di denotes the impeller diameter (cm), ¢ denotes
the volume ratio of emulsion to feed phase, Diy denotes the diffusivity of cadmium in the external
phase (cm?/s), Z denotes the tank diameter (cm), and Re denotes Reynolds number.

The mass transfer coefficient of the oil phase membrane (kn) was calculated using equation of
Lee and Chan [20] which depends on the used emulsion composition.

Dyp

km = Grmom 58)

165



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 112, Issue 1 (2023) 155-175

The interfacial mass transfer coefficient (k) was estimated using Loosemore and Prosser equation
to be 0.04230 cm/s [27].

k=vx615c7%% (59)
where v is the kinematic viscosity of surfactant (cm?2/s) and Sc is Schmidt number.

Finally, the overall mass transfer resistance is calculated as follow:

1 1 1 1
K kr k Kp.km

(60)

1.5.3 Emulsion diameter

Sauter diameter (ds;), reflects the average surface diameter, could be used to express droplet
and globule diameter. Emulsion size was governed by emulsion composition as well as processing
parameters.

Rotation speed and emulsion characteristics govern the size distribution of emulsion globules.
Reis and Carvalho [28] determined emulsion globules size as a function of rotation speed as bellows:

log(ds;) = —(1.4 £ 0.2) log(N) — 2.4 (61)

In which the Sauter mean diameter of emulsion globules, ds, is given in meter and the extraction
speed, N, is given in rps.

1.5.4 Extraction distribution coefficient

In the model calculation, extraction distribution coefficient Kp is assumed to be a constant and
this fact is true when excess extractant RsN and buffer are used. When the extractant concentration
is much larger than the metal-extractant complex, [RsN] >> [CdCl4(R3NH),], the change of extractant
concentration [RsN] during the reaction is not very large and the concentration of extractant is
assumed constant. This approach has also been adopted in previous studies [7,29,30]. Using Eq. (14),
the extraction distribution coefficient can be calculated.

2. Research Procedure
2.1 Reagents

This experiment applied water-in-oil-in-water (W/O/W) emulsion. The emulsion produced using
Span 80 (Merck) as stabiliser. As mobile carrier, trioctylamine (TOA) from Merck was used. Low odour
kerosene from Sigma Aldrich was used as diluent. For internal phase, ammonia solution from Merck
was used. Feed solution was prepared using cadmium chloride from Sigma Aldrich. To ionise the
complex of cadmium-TOA and to set the pH of feed solution, hydrogen chloride (HCI) from Merck
was used. Analytical grade chemicals were used in this research without further purification.
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2.2 Emulsification Process

The emulsification process was done in double glass beakers; the inner glass contains the
emulsion solution, while the outer glass contains ice for cooling of the emulsification cell. A 22.5 kHz
ultrasonic irradiation (ultrasonic USG-150) equipped with a titanium horn (3 mm diameter) was used
to blend the membrane and internal phase solution. The membrane phase solution (TOA, kerosene,
and Span 80) was mixed using magnetic stirrer at 500 rpm for 5 min. The internal phase solution was
then added to the prepared membrane phase. The mixture was then emulsified using the ultrasonic
probe as shown in Figure 4(a). Experimental condition of emulsification is shown in Table 1.

2.3 Extraction Process

Cadmium chloride was dissolved in deionized water to prepare feed solution. Certain amount of
HCl was added to the prepared feed solution to set the pH. Cadmium and HCl concentrations were
varied to investigate their effect to extraction process. The prepared emulsion was then added into
the feed solution and stirred for cadmium extraction. Applying TCC for cadmium extraction as shown
in Figure 4(b), the inner cylinder was maintained at 600 RPM while the outer cylinder speed was
varied from 300 rpm to 700 rpm. This extraction speed range can be chosen to ensure adequate
mixing and mass transfer between the phases involved in the extraction. Previous researches show
that this extraction speed range provides low shear stress, thus preventing emulsion damage [7,10].
During extraction process, sample was taken for every predetermined time. The mixed extraction
solution was let for settling for 5 minutes after extraction. Sample was taken from the lower layer to
analyse the cadmium concentration and membrane breakage.

. To power source . Feed
: Emulsion !
solution
Titanium hom \ )
T Feed
) tank
Double w Membrane a
glass beaker phase

Internal
phase

)

Motor

Motor

Funnel

Photographic of ultrasound emulsification Photographic of TCC extraction

(a) (b)
Fig. 4. Schematic diagram and photographic of: (a) ultrasound emulsification, and (b) TCC
extraction
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Table 1

Experimental conditions

Parameters Values

Emulsification:

Span 80 concentration 4wt. %

TOA concentration 4wt. %

Ammonia solution in internal phase 0.1M

Emulsification time 15 min

Extraction:

Cd concentration in feed solution 75—-300 ppm

HCI concentration in external phase 0.05-0.5M

Extraction speed of TCC Outer cylinder: 300-700 rpm
Inner cylinder: 600 rpm

Volume Ratio of Internal to Membrane Phase 1/3-1/6

Volume Ratio of Emulsion to Feed Phase 1/4-1/10

Extraction time 0.5 —35 min

2.4 Analytical Procedures

Diameter of W/O emulsion was determined using Olympus optical microscope equipped with
camera. The results were then analysed using image analyser. The Sauter mean diameter of emulsion
droplets was found to be 0.877 um. The microphotograph of emulsion droplets is given in Figure 5.

o ey
Fig. 5. Microphotograph of emulsion droplets

In the range of extraction speed from 300 rpm to 700 rpm, the Sauter mean diameter of emulsion
globules was determined based on Eq. (61), which are in the range of 0.42 —0.13 mm.

Cadmium content analysis was implemented to specify the success of extraction process. AAS
model Shimadzu AA-6650 was utilised in this study. Fisher Scientific Accumet AB15+ was used to
measure the solution pH.

3. Results and Discussion

The following is a comparison of experimental and estimated data. Various treatments were

applied to the study. Solid line and dot lines display the estimated and experimental data,
respectively.

168



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 112, Issue 1 (2023) 155-175

3.1 Effect of HCI Concentration in External Phase

Investigation on the influence of acid concentration in the external phase towards the extraction
process was carried out using HCl at various concentrations of 0.05 M, 0.1 M, and 0.5 M. Figure 2
revealed the increment of extraction degree by the increase of acid concentration. In the condition
when concentration of solute in the feed and stripping phases are about the same, the driving force
of diffusion process is pH gradient of both phases. Concentration gradient maintains the high
extraction rate. In this circumstance, pH gradient acts to assure the persistence diffusion process.
Cadmium ionization was also determined by HCI concentration in external phase. This is due to the
fact that basic carrier such as TOA could only pairs well to ionized metal, like CdCl4*. Precise H*
concentration is important to confirm the cadmium ion formation. Figure 6 shows that regarding to
the metal — carrier formation of cadmium and TOA, HCI concentration of higher than 0.1 M was
needed to obtain optimal extraction rate. This is in accordance with Eq. (12) that expresses the
increase of distribution coefficient (Kp) at higher HCI concentration. The Kp values were 1.538, 10.471,
and 22.305 at HCl concentration of 0.05 M, 0.1 M, and 0.5 M, respectively. It also implies that more
cadmium was transported through organic membrane phase. This finding is supported by previous
study of Mohammed and Jaber [31]. It was found that acidity of the feed solution governed the
extraction efficiency.

(N
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Fig. 6. Profile of extraction rate as the effect of HCl concentrations

3.2 Effect of Extraction Speed

Figure 7 describes the effect of extraction speed to cadmium extraction. Parameter of extraction
speeds were investigated at 300, 500, 600, and 700 rpm. It was indicated that the increase of
extraction speed could accelerate extraction rate. As illustrated by Eq. (57), the transport of cadmium
complex from external phase to the interface of external-membrane phase was accelerated at higher
extraction speed. As the functions of extraction speed, Reynolds number and external mass transfer
coefficient were also enhanced by the increase of extraction speed. It was revealed that lower
extraction rate was achieved at extraction speed of 300 rpm represented the occurrence of slow
mass transfer. Increasing extraction speed to be 500 rpm could accelerate the equilibrium at 3 min.
The highest efficiency was obtained at 600 rpm with equilibrium in 1 min of extraction. Moreover,
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extraction efficiency was also governed by ds; in which smaller diameter was resulted by higher
extraction speed that in turn led to higher efficiency as described in Eq. (61). As previously stated,
tiny emulsion is very recommended due to the larger mass transfer area, resulted in the high amount
of extracted solute. Nevertheless, accelerating extraction speed until 700 rpm, induced higher
membrane breakage of 4.38% thus the captured solute released back to feed phase. Although
extraction speed is an important factor governing recovery process, excessive extraction speed
induced emulsion instability thus adversely affected extraction efficiency [32,33].
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Fig. 7. Profile of extraction rate as the effect of extraction speed

3.3 Effect of Initial Feed Concentration

In the cadmium extraction, mass transfer process was determined by concentration difference of
cadmium in feed and stripping phase that acted as the driving force. Effect of initial feed
concentration was investigated at 75, 150, and 300 ppm. Even though these comparatively larger
sample concentrations are not currently observed in the natural environment, they are employed
not only for instrument sensitivity concerns but also to represent extreme scenarios that aid in
understanding the potential of the deployed ELM system. Several earlier research have also
employed a similar strategy [34-36]. Figure 8 reveals the comparison of estimation and experimental
data as the impact of initial feed phase concentration. It was indicated that increasing cadmium
concentration in the external phase from 75 ppm to 150 ppm accelerated the extraction rate.
However, the increase of cadmium concentration to be 300 ppm actually lowered the extraction rate.
This is in line with the research of Davoodi-Nasab et al., [37] that the increase of Gd(lll) led to the
reduction of extraction efficiency. Figure 8 shows that fast extraction occurred at initial concentration
of 150 and 300 ppm, however, lower degree of concentration was generated by system with 75 ppm
of cadmium. This phenomenon approved the presumption the importance of concentration
difference in extraction process. In the beginning, higher cadmium concentration yielded in higher
driving force. System with higher initial concentration reached faster equilibrium. The finding and
model matched up very well.
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3.4 Effect of Volume Ratio of Internal to Membrane Phase

Model of cadmium extraction under emulsion liquid membrane was also studied by effect of
volume ratio of internal to membrane phase at 1/3, 1/4, and 1/6, as given in Figure 9. Varying volume
ratio of internal to membrane phase resulted in different emulsion characteristics, including size,
stability, and extraction capacity. Proper emulsion diameter could be obtained by optimal phase
ratio. Entire stripping phase could not be completely enclosed by small amount of membrane phase
that in turn generated bigger emulsion globule. The big emulsion globule tends to have thin
membrane thus increase the possible membrane breakage. Conversely, higher volume of membrane
phase resulted in thicker emulsion membrane thus inhibit extraction process due to the longer
diffusion path [33,38]. This condition will decline the transfer rate of cadmium. Decreasing internal
to membrane phase ratio led to the fast and remarkable swelling phenomenon, followed by the
coalescence of the internal droplet [39]. It was found that volume ratio of % generated the best result.
As given in Eq. (61), smaller emulsion globule is more preferable for providing higher mass contact
area at the same volume, meanwhile lower km was obtained at bigger emulsion size as implicated
from Eq. (58). The km values were calculated and found to be 0.161, 0.225, and 0.076 at volume ratio
of internal to membrane phase of 1/3, 1/4, and 1/6, respectively. Thereby, the study revealed the km
value was in the order of 1/3< 1/6< 1/4.
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3.5 Effect of Volume Ratio of Emulsion to Feed Phase

Figure 10 provides the profile of cadmium extraction due to the effect of volume ratio of emulsion
to external phase. The figure inferred that degree of extraction was significantly enhanced by the
increase of volume ratio of emulsion to feed phase. As reflected by Eq. (15), higher emulsion volume
provides more emulsion globule thus increase the interfacial area between feed and emulsion phase.
Rearranging Eq. (15), obtained:

dCamn . (Vi+Vyp) (i) 9Cc11
e

dt - Vi R; ar

(63)

r=Ri

More emulsion supplied more stripping agent thus increase the stripping capacity [40,41].
However, higher emulsion volume would be uneconomical. In this study, volume ratio of 1/6
generated the fastest extraction rate. At higher treat ratio of %, bigger emulsion diameter was
produced thus actually lowered the extraction rate [42].
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4. Conclusion

The experimental data show the effectiveness of TCC system for ELM application. The research
results revealed that the use of TCC provided more attractive results in terms of extraction efficiency.
In this system, extraction efficiency reaches 98% in 3 minutes. The low shear stress in TCC provides
advantages in terms of emulsion stability during the extraction process. Moreover, the study was
succeeded in applying a model of type Il facilitated transport of cadmium based on the immobilized
hollow spherical globule model for cadmium extraction under TCC. The model considered the mass
transfer resistance in the feed phase and emulsion globule, stripping reaction, and complex diffusion.
The model could explain the experimental data very well with an accuracy of more than 95%.
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