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Abstract Supported liquid membrane (SLM) is one of the potential extraction methods for the
treatment of wastewater containing various toxic heavy metal ions. Advantageously, this process
offers simultaneous removal and recovery, as well as low energy consumption and operational
cost. In this study, the prediction of nickel removal was investigated using a diffusion model
developed through MATLAB. The diffusion model was validated using previous experimental data
from SLM experiments. Experimentally, the liquid membrane (LM) solution composed of di-2-
ethylhexyl phosphoric acid (D2EHPA) and octanol in palm oil, which were immersed in the pores
of polyvinylidene fluoride (PVDF) support. The porosity, thickness, and pore size of PVDF are
75%, 125 ym, and 0.22 uym, respectively. Factors influencing SLM extraction of nickel were
investigated, including the initial nickel concentration in the feed phase and the composition of
palm oil in the organic LM phase. The permeability, mass transfer, and flux of nickel extraction
were also determined. The results showed that 100 ppm of initial nickel concentration in the feed
phase with 10% palm oil composition in LM provided the highest extraction performance with
maximum permeability, mass transfer, and flux of 1.36 x 103 cms™, 1.02 x 10 cms™', and 9.75 x
1079 mol cm2 ™', respectively. Additionally, the permeability values showed a good correlation
with the mass transfer values. The experimental and predicted values are in agreement with the
regression value, R? > 0.9, thus confirming the validity of the model. Hence, it can be concluded
that the modified diffusion model is feasible to predict nickel extraction in SLM.

Keywords: Supported liquid membrane, carrier, permeability, diffusion model.

Introduction

In the electroplating industry, nickel is one of the most valuable metals due to its superior ductility,
corrosion resistance, and hardness. During electroplating, approximately 240—-300 g/L of nickel sulfate
is used; subsequently, about 0.65 g/L of nickel is discharged into the wastewater [1-2]. Referring to the
Department of Environment (DOE) of Malaysia, the standard discharge of nickel from industries is 0.20
mg/L only [3]. As the emission of nickel from industries sometimes exceeds the predetermined level, the
removal of nickel from wastewater is essential. Moreover, the presence of nickel in the effluent can create
the toxicity effect toward aquatic life. Several separation methods have been practiced for the removal
of nickel from industrial wastewater. For instance, solvent extraction provides the extraction and stripping
of nickel but not in a single stage and the process consumes a high amount of chemicals [4]. Besides,
adsorption is an expensive method due to the consumption of costly adsorbents, especially activated
carbon [5]. One of the successful methods to remove this toxic metal from the environment is liquid
membrane (LM) technology. Three types of LM are emulsion liquid membrane (ELM), bulk liquid
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membrane (BLM), and supported liquid membrane (SLM) [6]. Similar to other types of LM, SLM offers
simultaneous removal and recovery processes, low chemical consumption, and easy to operate. Flat
sheet supported liquid membrane (FSSLM) is one of the popular configurations of SLM that have been
applied for the removal of various heavy metals from industrial wastewater [7]. FSSLM involves the
impregnation of liquid membrane solution containing extractant in solvent into the thin microporous solid
support. The membrane support is clamped using a gasket, thus forming two compartments, as shown
in Figure 1. One compartment represents the feed solution and the other compartment is the stripping
solution. Both phases are stirred by mechanical stirrers to reduce the effect of polarization. LM solution
facilitates the transportation of the desired solute, which is governed by its solubility in the membrane.
The solute permeates due to the chemical potential gradient or driving force between the feed and
stripping sides. The solute ion forms a complex with the extractant at the interface and diffuses to the
stripping phase across the LM phase [8]. Petroleum-based organic solvent like kerosene is usually used
in an SLM system, which is not highly recommended due to safety and environmental risks [1]. Previous
work has found that the incorporation of green diluent in SLM, such as palm oil, resulted in a sustainable
LM process [9].
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Figure 1. Schematic diagram of flat sheet supported liquid membrane (FSSLM) in membrane
separation process [7].

Regarding the SLM process, theoretical and mathematical modeling is applied based on mass transfer
laws [10]. Prior work has studied the SLM models involving diffusion parameters, such as transport
resistances due to membrane diffusion, transport resistances due to aqueous boundary layer diffusion,
aqueous diffusion layer thickness, and the solute-carrier complex diffusion coefficient through the
membrane [11]. The optimal mass transfer of the solute through the SLM is influenced by many
parameters. Generally, physical parameters affect the rate of solute ion diffusion through the SLM, while
chemical parameters affect the chemical reactions with their respective kinetic constraints, enabling
selective transport through the SLM [9]. In order to study the effect of different parameters, a developed
diffusion model has been used to reduce the total number of experiments as the time usage [10]. The
main objective of this work is to study nickel diffusion performance using the diffusion model developed
for SLM extraction of nickel. It is due to the significance application of supported liquid membrane (SLM)
in wastewater treatment cannot be observed due to insufficient theoretical information [12]. However,
through modelling, the scientific data shows that the diffusion of solute across SLM is possible which
provides adequate hypothetical data regarding the dynamic of extraction across SLM. Additionally, it
also offers a better vision in the kinetics of extraction and separation process in this advanced technology
[13]. The diffusion model was modified based on the model developed by Tan et al. [14] using MATLAB
R2016b. The modified model was developed and validated using previous experimental results by
Sulaiman et al. [1]. In order to validate the feasibility of the diffusion model, a comparison was made
between the simulation and experimental results. Two parameters were investigated for the experiment,
namely the effect of different initial nickel concentrations in the feed phase and the composition of palm
oil in the liquid membrane phase.
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Materials and Methods

Electroless nickel plating (ENP) wastewater was supplied by one of the company in Senai and analysed
using atomic absorption spectrometry (AAS) as shown in Table 1 [1]. Sulfuric acid (H2SO.) (96% purity),
bis (2-ethylhexyl) phosphate (D2EHPA, 95% purity), octanol (99% purity) and kerosene were acquired
by Merck. Palm oil was obtained from local market. Polyvinylidene fluoride (PVDF) with 125um of
thickness, 75% of porosity and 0.22um of pore size was supplied by Millipore.

Table 1. Electroless nickel plating (ENP) wastewater characterization [1].

Cation Concentration (ppm) Anion Concentration (ppm)
Sodium, Na 34060 Fluoride, F 10140
Ammonium, NH, 17220 Chloride, Cl 13
Potassium, K 79 Phosphate, PO, 56144
Calcium, Ca 16 Sulfate, SO, 30410

Figure 2 displays the flowchart of this work wherein the diffusion model was created using MATLAB
R2016b to forecast the simulation outcome. The interfacial fluxes and extraction equilibrium constant
were used to create the diffusion model. SLM extraction of nickel was performed to produce the
experimental result for model validation. Two parameters investigated were initial nickel ion
concentration in the feed phase and composition of palm oil in the membrane phase. The model's
practicality was tested by comparing the both the simulation and experimental data. In addition, the flow,
permeability, mass transfer coefficient, and extraction were estimated.

Development of diffusion
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Figure 2. Flowchart of the work.
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Development of diffusion model

Fundamentally, at the feed-membrane interface, the solute ion diffuses through the aqueous feed
boundary layer and reacts with the carrier, which is positioned in the pores of the membrane support,
generating a solute-carrier complex species. Due to the negative concentration gradient, the complex
diffuses through the liquid membrane phase to the stripping phase. Finally, at the membrane-stripping
interface, the solute-carrier complex releases the solute ion in the aqueous stripping solution [15]. Figure
3 depicts the mass transfer of nickel in SLM using the following procedures [15-16]:

i. Diffusion of nickel ion from the bulk of the feed phase, [Ni]zf, to the diffusion layer of
aqueous feed phase.

ii. Complexation reaction between nickel ions, [Ni]gs, and carrier at the feed-membrane
interface.

iii. Diffusion of nickel-carrier complex, (NiR(R — HOR'); sthrough the liquid membrane phase
towards membrane-stripping interface.

iv. Upon reaching at the membrane-stripping interface, the nickel ion from the loaded nickel-
carrier complex, (NiR(R — HOR'); ; are liberated into the stripping phase ( [Ni]; ;) through
the cation exchange mechanism with the hydrogen ions from the sulfuric acid solution.

V. Diffusion of stripped nickel ion to the bulk of the stripping solution, [Ni]s

Vi. Diffusion of regenerated carrier through the liquid membrane phase to the feed-membrane
interface since the carrier molecules provide low solubility in the aqueous phase.

Feed-membrane interface Membrane -stripping interface

Feed phase l l Stripping phase

Membrane phase

[Ni]ss 5 (NiR(R — HOR)), [Nil.s
v)
[Ni]ss
RH — HOR'+ RH
(NiR(R—HOR) ),
Bulk feed
| Bulk strip
phase fe—
phase
AiiReous Aqueous
feed film i fie

Figure 3. Membrane transport profile of nickel ion through SLM [17].

Interfacial chemical reactions at the feed-membrane and membrane-stripping interfaces are intrinsically
rapid, thus they are assumed to be negligible and being ignored. Besides, the mass transfer of the solute
ion penetrates through the liqguid membrane phase only considering the diffusional characteristics [16].
As a result, the diffusion rate of nickel ions via the feed diffusion layer and the diffusion rate of nickel-
carrier complexes across the liquid membrane phase govern the nickel ion transport rate. The flow of
nickel through the liquid membrane phase is represented by Fick's first law at both the feed phase
diffusion layer and the membrane phase diffusion layer. The diffusional flux of nickel ion from the bulk of
the feed phase to the aqueous stagnant layer in the feed—membrane interface (Jo¢), and the liquid
membrane phase (Jorg) in the steady state can be described by Equations (1) and (2):

]aq =AE; ([A]Bf - [A]i,f) (1)
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]org= A;r}g ([A—B]i,f - [mi,s) (2)

Where A;; and A;}g are the resistances from boundary layer of feed phase and permeation across the
organic LM, respectively; [A]; and m are the solute ion concentrations in the feed and feed/organic
LM interface, respectively; [AB | if and [mm are the concentration of the solute-extractant complex at
feed/organic LM and organic LM/stripping interfaces, respectively. As distribution coefficient of solute
ions among organic LM and stripping phases is lesser than the feed/organic LM phases, the solute-
extractant complex concentration at the organic LM/stripping interface, [mm is negligible compared

with feed solution side 18-19]. Therefore, J,,.; in Eq. (3) can be expressed as

]org= A;'rlg [E]i,f (3)

The equilibrium constant, Keq can be defined as

_ _[4B]
Kea™ Taie) @)
where, [AB] signifies concentration of at the organic side of feed/membrane interface while [A4] is the

concentration of solute at the aqueous side of feed/membrane interface. [B] represents the extractant.
From the Eq. (3), the solute-extractant complexes concentration at the feed/organic LM interface, [AB ], s
can be given as

[AB i s=Keq[Al[B] ®)

In view of the system at the stable state (J = J,4 =/,,¢), the flux, ] can be expressed as

_ AE(} [A] i,fAE%g Keq [E]

-1 -1
Aorg KeqlB] + Aaq

(6)

Since the permeability coefficient, P= #, Equation (6) was presented as
iof

Ag3AGHgKeqlB]

TA-1 -1
Aorg KeqlB] + Aaq

(7)

The reactions process involves during nickel extraction using SLM are represented by Egs (8) and (2)
[9]. Initially, octanol destroys the dimerization of D2EHPA in the organic phase as represented by Eq.

(8):

(RH)Z (org) + (R’ - OH) org — (HR - HOR,)org + (RH)org (8)

Where (RH)2is a dimer of D2EHPA molecules; (R" — OH) ,,, (R'-OH) s octanol; (HR — HOR') is a
D2EHPA-octanol complexes where R and R'= CgH+7

Then, the reaction between nickel and extractant at the organic-aqueous interface as shown in Eq. (9):

NiZ++ (HR — HOR"),,, *+ (RH)org—NIR(R — HOR") g + 2H"(aq) 9)

Based on Eq. (9), the equilibrium constant nickel, Keq was derived and given in Eq. (10),
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[Ni R(R-HOR)] [H']**
[Ni2+][HR-HOR'][RH]

Keq = (10)

In order to develop a model, other equations are needed such as mass balances of species. Using
organic LM to aqueous feed phase ratio (O: A) of 1, mass balances of metal ion and extractants are
shown in Egs. (11) and (12), respectively [11, 20]]:

[Nilo; = Nigg + NiR(R — HOR),yg (11)
[L]total,i = NiR(R - HOR,)org + (HR - HOR’)org (12)

where [Ni], i and [L]wta,i represent the initial nickel concentration and extractant in each condition (i),
respectively. It is illustrated that (i) refers to various D2EHPA concentrations (e.g., i = 1 signifies 0.1M
D2EHPA). To formulize the equations, concentrations of NiR(R — HOR")(org), [HR—HOR']orq are signified
as x(1) and x(2), respectively. Therefore, Egs. (13) - (14) were revised using Egs. (10) to (12) to be
solved in the mathematical program using MATLAB [11,20]:

y(1) =x(1) — Keq % x(2) X Ni;f (13)
v(2) = D2EHPAo — x(1) — x(2) (14)

where Ni; is the initial nickel concentration in the aqueous feed phase and D2EHPA, is the D2EHPA
concentration in the organic LM. Modeling was performed based on the Fick’s law of permeation and
flux equations as shown in Eq. (15).

JNi = K,pg X NiR(R — HOR) g X U (15)

Where Jyi is the flux of nickel permeated through the organic LM membrane, Ko is an overall mass
transfer coefficient associated to the permeation coefficient, and y clarifies the viscosity. Eq. (16) is
rewritten using Eq. (15) to solve in the mathematical program.

y(3):x(3)_Korgxx(1)x u (16)

Based on the previous studies, permeability, p is inversely proportional to the diffusional resistance, R
and can be represented by Eq.(17) [21].

1
p =z 17)
where
R =[NiJo.i X u Xc (18)

where c is defined as composition of palm oil. Rearranging Egs. (17) and (18), permeability can be
represented by Eq. (19)

1
P = ([Ni]o.i x u xc) (19)

Based on Eq. (19), permeability can be represented as y(4) in Eq. (20) in mathematical program.

Y& = G (20)

Ni]o.i X u xc)

Jnialso can be represented by Egs. (19) and (20) [16]:
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INi = Coxp X p (21)
ZV &
JNi = 3 X " (22)

where (.., denotes the concentration of initial nickel ion in the aqueous feed
phase (moldm™), p represents permeability coefficient (cms™') as well as dc/dt is changes of nickel
concentration towards the time changes. Meanwhile, V is the feed phase volume and S is the surface
area of membrane support. Rearranging Egs. (21) and (22), Eq. (23) was obtained.

de _ S XCoxp
dt ~ ([Nilo.d x p X)XV (23)
The mass transfer, dm/dt can be liberated as Eq. (24).
d d S$xC
Mass transfer, — = — = L — (24)

dt ~ dt  ([Nilo.i X u xc)xV

All these mathematical coding has been used to develop a FSSLM model. In order to assess the validity
of model, the simulation result obtained using MATLAB solver will be compared with the experimental
data. Absolute relative deviation (%AARD) is used to determine the deviation between simulated and
experimental results [20]. %AARD is calculated as following Eq. (25):

i, —(0)i,cal
AARD (%) = —NE, % x 100 (25)

Where (C)iexp is the measured nickel concentration after extraction (ppm), (C)icalc is the calculated nickel
concentration (ppm) from the simulation and NE is the number of experimental data points.

Validation of model

The programming algorithm diagram is shown in Figure 4. Using this algorithm, MATLAB R2016b was
used to code the SLM modeling. The code was run using the function of ODE45 in MATLAB R2016b to
solve ordinary differential equations (ODE). The values of the parameters must be defined and inserted
into the program script before coding is executed. The output results of extraction efficiency were
displayed in a graph at optimum operating conditions. Lastly, the validity of the model was assessed via
comparison of the results obtained from simulation and experiment. A collection of existing data from
literature was used for model validation. The absolute relative deviation (AARD %) controls the error
among the simulated and experimental results.

SLM extraction of nickel

SLM rig is furnished with the membrane cell, peristaltic pump, flow meter, feed and strip vessel as
displayed in Figure 5. The membrane cell is made out of two compartments produced using Teflon block.
Each compartment has a flow route which assists the flow of feed and strip solution during the
experiment. In SLM, the organic LM solution comprises of D2EHPA and octanol in kerosene. PVDF
support was immersed with the abovementioned organic LM solution for 24 hours. After impregnation,
the support was dripped for a while to wipe out all the additional organic LM solution from the surface of
PVDF. Thereafter, the support was placed in the membrane cell. Around 300 mL of aqueous feed and
stripping solutions were filled up in the vessels. Sulfuric acid solution was used as a stripping phase.
During experiment, these solutions were continually stirred at 300 rpm. Around 10 mL of sample from
feed phase were withdrawn at each 60 minutes for 6 hours and analyzed using AAS. The experiment
was performed at room temperature (26 +1°C) with the standard deviations less than +3%. Ranges of
parameter studied were fixed in which the initial concentration of nickel were around 100-300ppm and
composition palm oil were around 10-50% [1,4].
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Initial matrix of FSSLM experiments
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Figure 4. Algorithm for solving FFSLM modelling based on Haghighi et al. [20].
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Figure 5. Schematic diagram of SLM process [1].

Results and discussion

Model validation

Figure 6 shows the model validation results for both predicted and experimental data using different
initial nickel concentrations in the feed phase. As observed, the experimental data are in agreement with
the simulation results. Meanwhile, the AARD % of each range was calculated using Eq. (25). From the
results, these deviation values are quite small and did not change significantly, which are 10.19%,
11.80%, and 9.89% for 100, 200, and 300 ppm of initial nickel concentration, respectively. The deviation
might be due to the accumulation of nickel in the organic phase. During the experiment, an increment of
nickel in the feed phase increases the loading capacity in the organic phase, hence saturating the organic
phase. This situation decreases the mass transfer coefficient of nickel diffusion. Conversely, the
saturation effect of nickel in the organic phase was not considered in the simulation work.

On the other hand, Figure 7 exhibits the results of model validation for both predicted and experimental
data with respect to different compositions of palm oil in the liquid membrane phase. Similarly, the
experimental results are in agreement with the simulation results. Additionally, each range studied
showed small values of AARD %, thus showing insignificant deviation between the simulation and
experimental values. The deviation might be due to the viscosity effect. Sulaiman et al. [17] claimed that
the viscous palm oil helps to stabilize the SLM support which inhibits the loss of the LM phase within the
pores of the PVDF support. Similar observations were reported by previous studies, where the high
capillary force of the viscous solvent in the membrane support could reduce the displacement of liquid
membrane from the membrane support matrix [22-23]. However, the viscous palm oil resists the
permeation of nickel in the organic phase. Through simulation, the accumulation of nickel as a result of
viscous organic phase was not considered.

Prediction of SLM parameters for nickel extraction

Effect of different initial nickel concentration in the feed phase

Figure 8 exhibits the performance of nickel extraction at various initial nickel concentrations in the feed
phase. Meanwhile, Table 2 tabulates the results for the permeability, mass transfer, and flux of nickel
extraction with respect to different initial nickel concentrations. As observed, the lowest initial nickel
concentration of 100 ppm offers the highest nickel extraction efficiency of 91.49%. Also, the maximum
permeability (7.6x10* cms™) and mass transfer (5.7x10* cms™) of nickel extraction were achieved at
this stage. Basically, the high permeation value of nickel is controlled by the diffusion of the lower initial
nickel concentration of nickel in the feed phase [24]. At the lowest initial concentration of 100 ppm, nickel
ions can easily diffuse from feed to stripping phases through the liquid membrane phase. This is in
agreement with Sulaiman et al. [1], who reported that at a low initial concentration, more metal ions could
diffuse into the liquid membrane phase due to low mass transfer resistance at the feed-membrane
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interface. As the initial nickel concentration increased up to 300 ppm, the extraction efficiency reduced
to 55.23%. Likewise, the permeability and mass transfer values also decreased to 5.7 x 10 and 4.3
x10 cms™, respectively. Similar behavior was reported by Chakraborty et al. [25], who indicated that
the extraction efficiency decreased by increasing the initial solute concentration. This situation is due to
the high concentration of metal ion in the feed phase which needs more extractant for complex formation.
As permeability and initial nickel concentration contradicts with the viscosity of LM, this would directly
decrease the extraction efficiency of nickel [21]. This is in line with Parhi [6], who stated that the metal
concentration in feed solution is inversely proportional to the viscosity of liquid membrane. This is most
likely due to liqguid membrane saturation, resulting in a lower effective membrane region of SLM. As the
nickel ion concentration increases in the aqueous feed phase, more nickel-D2EHPA complexes are
formed, resulting in the buildup of the carrier layer on the membrane interface. Subsequently, this
phenomenon assists the retention of nickel on the feed-membrane interface, hence decreasing the mass
transfer coefficient. Figure 9 shows the correlation of the permeability values, which seemed to be directly
proportional to the mass transfer values. Such result is in accordance with Abdulrasoul et al. [21], who
reported both mass transfer coefficient and permeability depend on each other.

In contrast, the flux of nickel in the LM phase augmented from 8.33 x 10'° to 1.88 x10"° mol cm?s™' as
the initial nickel concentration increased from 100 to 300 ppm, respectively. It can be probably due to
the flux which did not reach the plateau, that can be caused by a further increase in the initial nickel
concentration in the feed phase. Such a phenomenon agrees with the Fick’s first law, which states that
the flux of nickel in the LM phase is in line with the concentration of the initial nickel ion in the feed phase
[26]. Hence,100 ppm of initial nickel concentration with low diffusional resistance would be suitable for
further experiment.
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Figure 6. Comparison of simulation and experimental data with regards to (a)100 ppm (AARD:10.19%),
(b) 200 ppm (AARD:11.80%), and (c) 300 ppm (AARD: 9.89%) of initial nickel concentration in the feed
phase.
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Figure 7. Comparison of simulation and experimental data with regards to a)10% (AARD:10.19%),
(b)30% (AARD:14.52%), and (c) 50% (AARD:12.85%) of composition of palm oil in liquid membrane
phase.
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Figure 8. Nickel performance at different initial nickel concentration at feed phase.
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Table 2. Variation of permeability, mass transfer coefficient and flux with regard to the effect of different
initial nickel concentration for data

from diffusion model.

[Ni] (ppm) Permeability (cms™) Mass transfer coefficient (cms™)  Flux (molcm2s™)
100 7.6 x 10 5.70 x 104 8.33 x 10710
200 6.7 x 10 5.03 x 10 1.43 x 10°°
300 5.7 x 10* 4,28 x 10 1.88 x 10°°
800 - . 180 : .
__— 200 ppm
700 P 160 |
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Figure 9. Correlation of permeability and mass transfer with regards to (a) 100 ppm, (b) 200 ppm and (c) 300 ppm of initial nickel

concentrations.
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Effect of different composition of palm oil in liquid membrane
phase

Essentially, the effect of palm oil composition is regarded as one of the significant operational parameters
due to the incorporation of green diluent for the removal of nickel via the SLM process. Figure 10
presents the comparison of simulation results obtained with respect to the effect of different compositions
of palm oil toward nickel extraction efficiency. The variations of the viscosity, permeability, mass transfer,
and flux with respect to different compositions of palm oil in the liquid membrane are tabulated in Table
3. The results depicted that the lowest palm oil composition (i.e., 10%) provided the highest nickel
extraction efficiency (59%) with high permeability (1.36 x10* cms™) and mass transfer (1.02 x10-3 cms-
") of nickel extraction. However, as the palm oil composition increased from 30 to 50%, the permeability
(1.19 x10* cms™") and mass transfer (8.93 x 10 cms™) of nickel extraction decreased and became a
plateau. This finding is probably due to the higher composition of palm oil in the liquid membrane phase,
which increases the mass transfer resistance at the liquid membrane interface. It is strongly supported
by the increased viscosity of LM from 13.5 to 18.7 cP as the palm oil composition increased from 10 to
50 %, respectively. As the viscosity of LM increases, the diffusion coefficient of the membrane is
inhibited, thus decreasing the extraction efficiency [27]. Such situation provides low permeability and
mass transfer of solute ions through the membrane phase. Figure 11 shows the correlation of
permeability values, which is directly proportional to the mass transfer values. However, Oschoa et al.
[28] reported that mass transfer and permeability are contradict to the viscosity of the LM phase.

The flux of nickel extraction through the organic phases decreased from 9.75 x107'° to 8.33 x10-"* molcm-
251 with an increase in the composition of palm oil in the LM phase from 10% to 50 %, respectively. It is
noteworthy that flux is inversely proportional to the viscosity of the LM phase. Hence, increasing the
viscosity of LM decreases the flux of nickel permeation in the LM phase [29]. It can be concluded that
the composition of palm oil is inversely proportional to the percentage of nickel extraction in SLM. From
the simulation results, the optimum composition of palm oil was obtained at 10%, leading to the highest
permeability, mass transfer coefficient, and flux.
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Figure 10. Effect of palm oil composition for simulation and experiment.
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Table 3 Variation of viscosity, permeability, flux with regard to the composition of palm oil in liquid membrane phase

Palm oil composition (% ) Viscosity (cP)  Permeability (cms™) Mass transfer (cms™)  Flux (molcm2s")
10 13.5 1.36 x 103 1.02 x 103 9.75 x 1010
30 154 1.19 x 103 8.93 x 10 9.72 x 1010
50 18.7 1.19 x 103 8.93 x 10 8.33 x 1010
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Figure 11. Correlation of permeability and mass transfer with regards to (a) 10%, (b)30% and (c) 50% of composition of palm oil in liquid
membrane phase.

765



MJFAS

Sulaiman et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 17 (2021) 752-767

Conclusions

The finding showed that the experimental data are correlated with the simulation results with R? > 0.90.
It can be concluded that the developed diffusion model is precise and feasible to predict the parameters
influencing nickel transport efficiency through SLM. Out of the two parameters studied, the best
conditions for SLM extraction of nickel were predicted at 100 ppm nickel concentration and 10% palm oil
composition in the liquid membrane phase with the maximum permeability, mass transfer, and flux of
1.36 x 10 cms™, 1.02 x 103 cms™, and 9.75 x 10-'° mol cm™s", respectively. Such abovementioned
results revealed that the scientific data from modelling can predict the hypothetical data on the dynamic
extraction of nickel via SLM. The model developed can offer better vision in the kinetic extraction of
nickel in SLM. For future work, the prediction on effect of other operational parameters such as flow rate
of aqueous feed phase and concentration of stripping agent can be investigated in the developed
diffusion model to accurately optimize the extraction efficiency of nickel. On the other hand, besides of
removal, recovery of nickel in SLM also can be investigated as well using this model.
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