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ABSTRACT

The separation of reactive Red 3BS ions across supported liquid membrane (SLM) process
using tridodecylamine as a carrier and sodium hydroxide as a stripping agent was studied.
A microporous polypropylene membrane fabricated using thermally induced phase
separation technique was used as a membrane support for the SLM process. Three polymer
concentrations (10, 15, and 20 wt%) and two quenching temperatures (7 and 29˚C) were
applied for the polymer-diluent solution. The results demonstrated that all membranes
appeared with similar morphologies but different in pore size and porosity. The membrane
with 15 wt% polymer concentration quenched at 29˚C produced a microporous membrane
with a symmetric structure, defined pore size, and performed high stability toward reactive
dye extraction, thus feasible to be used as the support material. This membrane had suc-
cessfully removed and recovered almost 100 and 58% of Red 3BS from an aqueous solution,
respectively. Besides, it also exhibited high stability up to 25.5 h of extraction, hence demon-
strating an improved performance for the separation of reactive dyes using SLM process.

Keywords: Reactive dye; Supported liquid membrane; Thermal induced phase separation;
Fabricated membrane

1. Introduction

Reactive dyes are mainly used in textiles industry
due to their favorable characteristics such as bright
color, water fastness, and formation of strong interac-
tions with fabrics. These kinds of features are due to
their complex chemical structure containing benzidine
ring substituent of azo coupling to aromatic system

and the presence of other aromatic amine compounds
as discussed by Mathur et al. [1]. However, the
presence of reactive dyes in wastewater causes destruc-
tion to mankind and environment [2]. According to
Kadirvelu et al. the discharge of dyes into water efflu-
ent can lead to great damage toward human body,
reproductive system, and functional failure of kidney,
liver, brain, and nervous system [3]. As a consequence,
the release of dyes into water bodies resulted in severe
impact to the human community and direct destruction*Corresponding author.
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of the aquatic community. Previously, a few techniques
have been developed in order to extract reactive dyes
from wastewater. One of the methods is liquid–liquid
extraction as reported by Othman et al. for the extrac-
tion of black B dye using tridodecylamine (TDA) as an
extractant [4]. After that, the emulsion liquid mem-
brane process was developed for removal of turquoise
blue reactive dye [5] and emulsion liquid membrane
process for removal of Red 3BS reactive dye [6]. From
these studies, the results are very promising for indus-
trial use. However, the liquid membrane formulation
and operating conditions should be managed properly
to overcome the emulsion stability problem. The main
advantage of liquid membrane configuration treatment
is a single-step process, in which the removal and
recovery processes occur simultaneously, hence avoid-
ing the production of new solid waste after the removal
process. Another alternative mode of liquid membrane
technology is supported liquid membrane (SLM)
process. This technique also provides high separation
efficiency and selectivity toward desired solute as
reported by Bukhari et al. [7]. Despite having many
potential advantages, SLM has not often been applied
in a large scale because it suffers from tremendous
problem, namely membrane instability as reported by
Kocherginsky et al. about recent advances in SLM tech-
nology, in the study of Cobalt (II) transport [8,9], and
also in a review paper on facilitated oxygen transport
by Figoli et al. [10]. These instability phenomena occur
when the liquid membrane fails to be retained in the
pore of membrane support, thus leading to carrier lost
as reported by Arslan et al. [11].

Membrane support is one of the factors that
influence the stability and performance of SLM
process. According to Kocherginsky et al. and Dzygiel
and Wieczorek, the stability and lifetime process in
SLM is greatly influenced by the morphology of
membrane since the liquid membrane is held within
the pores of the membrane by capillary force [9,12].
New approaches have been taken for enhancing the
stabilization of SLM process by fabricating membrane
support using thermally induced phase separation
(TIPS) technique. TIPS is a well-known process
because of its versatility and it is the simplest tech-
nique for producing porous membrane support, and it
is believed to have the ability to produce membrane
with suitable morphology for SLM process as reported
by Fu et al. [13]. Besides, the morphology of the
membrane also depends strongly on the fabrication
condition, phase separation behavior, and thermody-
namic interaction between polymer and diluents.

In previous studies of SLM process, only commer-
cial membranes were used as the membrane support
for removal of reactive dyes. To the best of our

knowledge, no work has been reported on the
preparation of membrane support for removal of
reactive dyes from simulated wastewater. Therefore,
in this study, the membrane support was fabricated
using TIPS method induced by liquid–liquid (L–L)
phase separation by varying two experimental
parameters, which are type of polymer concentration
and quenching condition. The fabricated membrane
was tested as a membrane support in SLM process.

2. Materials and methods

2.1. Materials

In order to fabricate a microporous membrane,
isotactic polypropylene (iPP) pellets (Mw: 250,000),
and diphenyl ether (DPE) were used as a polymeric
support and a diluent, respectively. Methanol was
chosen as the extractant. All chemicals were procured
from Sigma–Aldrich. The properties of iPP, DPE, and
methanol are tabulated in Table 1.

Remazol Red 3BS in a powdered form as the
targeted solute was obtained from Nozi Batik, Tereng-
ganu. The chemical structure, molecular weight,
molecular size, and maximum wavelength of Red 3BS
are shown in Table 2. For the SLM process, TDA
(Merck, 95% purity) was used as a carrier and
salicyclic acid (SA) (Fisher Chemical, 99.99% purity) as
a co-carrier. Reagent grade kerosene (Fluka, 78% pur-
ity) was used as an organic diluent, whereas sodium
hydroxide (NaOH) was used as a stripping agent.

2.2. Fabrication of membrane support via TIPS method

The polypropylene (PP) membrane was fabricated
using TIPS method. This method is almost similar to
the previous study, but a certain modification step has
been proposed in order to produce the desired mor-
phology of membrane [14]. The homogeneous poly-
mer-diluent sample was prepared by dissolving iPP
and DPE in a beaker at different polymer concentra-
tions (10, 15, and 20 wt%), and the beaker was purged
with nitrogen gas and sealed with an aluminum foil
to prevent oxidation. The mixture was then heated on
a hot plate at a temperature of 200˚C for almost 3 h
and continuously stirred until a homogeneous mixture
solution appeared. After that, the polymer-diluent
solution was cooled at room temperature until it
formed a white solid polymer. The white solid poly-
mer was sliced into desired pieces and placed in
between two glass plates with a thickness of 0.3 cm
and the width of 10 cm to avoid the evaporation of
diluent. The thickness of the polymer solution was
adjusted to 100 μm by inserting a Teflon film in the
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square opening of the glass plate. Fig. 1(a) exhibits the
apparatus used in the membrane fabrication.

After that, the glass plate containing the solid poly-
mer was remelted in an oven at 200˚C for 5 min for
melt-blending. Then, the sample was quenched at two
different quenching temperatures, either at 7 or 29˚C
in a horizontal position. According to Fu et al. the dif-
ferent quenching temperatures considerably affect the
time for coarsening the droplets in the L–L separation
[13]. After the L–L separation had been induced, the
membrane was immersed in methanol for one day to
extract the diluent and the consequent evaporation of
methanol produced microporous membrane.

2.3. Membrane characterization

2.3.1. Porosity measurement

The dry membrane was weighed (w0). After that, it
was immersed in an oil solution. The wet surface of
the membrane was wiped using a filter paper and
weighed (w1) again. The membrane porosity (p) was
calculated using Eq. (1).

P ¼ W1 �W0

Ah
¼ Vpores

Vtotal
� 100 (1)

Table 1
Properties of iPP, DPE, and methanol

Properties iPP DPE Methanol

Physical appearance White pellet Yellow liquid Colorless liquid
Melting point (˚C) 171 27.5 −98
Boiling point (˚C) Not applicable 258 65

Table 2
Properties of Remazol Red 3BS [14]

Chemical structure Molecular weight (g/mol) Molecular size (nm) λmax

1,085 1.2 511

Fig. 1. (a) Apparatus for membrane preparation, (b) schematic diagram of SLM.
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where w1 is the wet sample weight (g), w0 is the dry
sample weight (g), A is the membrane area (cm2), and
h is the membrane thickness (cm).

2.3.2. Membrane structure

Samples were immersed in liquid nitrogen, which
generally gives a clean break and their morphologies
were viewed with a scanning electron microscope
(SEM) Philips XL 4.0.

2.4. SLM process

2.4.1. Preparation of solutions

SLM consists of three phases, which are the feed
phase, the liquid membrane phase, and the strip
phase. Several screenings were done in the previous
study to find an optimum condition for the separa-
tion of reactive dye. For the feed phase, 50 ppm of
Red 3BS (pH 3) was used as the best condition since
it induced the formation of anionic dye ions and
complexation between cationic carrier, TDA, and
anionic dye, Red 3BS. For the strip phase, 0.1 M
NaOH as a stripping agent was sufficient to strip
Red 3BS dye ions. For the liquid membrane phase,
0.1 M TDA and 0.1 M SA were dissolved in the
kerosene. The formulation of liquid membrane was
originally found by Othman et al. using ELM process
and was used throughout the experiment [15]. Even
though SLM and ELM are categorized under
different configurations, but the formulation of liquid
membrane is valid for both systems since they used
similar types of carrier, which is the highly selective
separation for specific solutes as reported by
De Agreda et al. [16].

2.4.2. Extraction and recovery process by SLM

The fabricated PP membrane was impregnated in
liquid membrane solution for almost 24 h. It was
assumed that all the empty voids were filled with the
liquid membrane phase. A filter paper was used to
remove the excess liquid on the membrane surface.
Then, the PP membrane was placed and clamped
between two compartments of membrane cell, which
consisted of 150 mL of feed and strip phases
separated by a liquid membrane phase. Fig. 1(b)
shows the experimental setup for the separation of
Red 3BS through SLM process. The flow rate of the
feed phase and the strip phase was fixed to 100 and
50 mL/min throughout experiments, respectively. All
experiments were performed at ambient temperature.

The concentration of Red 3BS was determined by a
UV spectrophotometer at the wavelength of 511 nm as
a function of time.

2.5. Removal and recovery performance and membrane
permeability

2.5.1. Determination of removal and recovery
performance

The percentage of removal and recovery of reactive
dye ions during the extraction process was calculated
using Eqs. (2) and (3).

Removal %ð Þ ¼ Dye
� �

fi � Dye
� �

fo

Dye
� �

fi

� 100% (2)

Recovery %ð Þ ¼ Dye
� �

s

Dye
� �

fi

� 100% (3)

where,
[Dye]fi is the initial concentration of dye ions in

the feed phase,
[Dye]fo is the final concentration of dye ions in the

feed phase, and
[Dye]s in the concentration of dye ions in the strip

phase at given time.
The concentration of Red 3BS was measured using

UV spectrometer with wavelength of 511 nm.

2.5.2. Determination of permeability value

Membrane permeability is the ability of a sub-
stance to allow the desired solute to pass through it.
Permeability, p (ms−1) of the dye ions transferred from
the feed phase to the strip phase can be determined
by Eq. (4):

P ¼ dC

C
:
1

dt
:
V

A
(4)

By integration of Eqs. (4) and (5) was obtained:

ln
C

Cfi
¼ � A

V

� �
P� t (5)

where Cfi is the initial concentration of Red 3BS in the
feed phase and C is the concentration of Red 3BS at
given time. Meanwhile, A is the effective area of
membrane (cm2) and V is the volume of aqueous feed
phase (cm3).
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2.6. Performance of fabricated membrane

The performance of fabricated membranes with
different concentrations of polymer and quenching
conditions were tested under favorable condition of
SLM process. The favorable condition for SLM process
was obtained from the previous study with the flow
rate of 100 mL/min, pH 3 of the feed phase, 0.1 M of
NaOH, 50 ppm of Red 3BS, and 0.00001 M of sodium
silicate. Liquid membrane contained TDA and SA in
kerosene with the concentration stated in previous
research [15]. The transportation efficiency and mem-
brane permeability were observed every 30 min for 6 h.

3. Results and discussion

3.1. Morphologies of the fabricated membrane support

The morphologies of the membrane obtained from
the thermal separation process reflect the thermody-
namics and phase separation kinetics of the polymer-
diluent solution. Fig. 2 illustrates the SEM micrograph
of a whole cross section of iPP membrane at different
polymer concentrations and quenching temperatures.
Based on the result obtained, all iPP membranes
exhibited identical morphologies, similar pore shapes
and exhibited a symmetric structure from the top to

Fig. 2. SEM micrograph of whole cross section of iPP membranes: (a) quench at 29˚C—10, 15, and 20 wt% polymer
concentration, (b) quench at 7˚C—10, 15, and 20 wt% polymer concentration.

N. Othman et al. / Desalination and Water Treatment 57 (2016) 12287–12301 12291



the bottom part of the membrane. Symmetric structure
is known as the membrane with a uniform structure,
defined and fixed pore size throughout the membrane.
Commonly, a symmetric membrane is suitable for the
SLM process because it has higher stability compared
to an asymmetric membrane and it has been explained
by Lv et al. in the study of heavy metal ions trans-
membrane flux enhancement through SLM [17]. Yang
et al. also reported the development of chemically
modified P84 Co-polyimide membranes as SLM [18].
According to Lv et al. a force exerted on both sides of
the symmetric membranes is almost similar, thus there
is a possibility for the improvement of the SLM
process [17]. Meanwhile, according to Fu et al. almost
100% of the metal ions were removed using a microp-
orous membrane with a symmetric structure as a sup-
port material [19]. The two major factors that control
the size of the diluent droplet and shape of diluent
rich phase in L–L phase separation are the polymer
concentration and the quenching condition. Hence, the
noticeable difference in membrane morphologies and

pore structure was investigated between three
different polymer concentrations and two quenching
temperatures.

3.1.1. Effect of polymer concentration on the
morphology and porosity of membrane

In order to investigate the effect of polymer con-
centration, the quenching temperature was fixed at
29˚C to avoid any disruption effect. Fig. 3 shows the
SEM micrograph of the cross-section morphology of
iPP prepared using different polymer concentrations
ranging 10, 15, and 20 wt%. It can be observed that
when the polymer concentration increased from 10 to
20 wt%, the interconnectivity between cellular pores
and pore size throughout the membrane decreased. It
can be observed that membrane (C) has a thicker wall
and smaller diameter of pore membrane compared to
membrane (A) and (B) due to the high concentration
of polymer. Polymer concentration considerably affects
the final morphology of the membrane, where the

Fig. 3. SEM micrograph of inner cross section of iPP membrane as a function of concentration polymer membrane quench
at 29˚C: (a)10, (b) 15, and (c) 20 wt%.
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interconnectivity of pores increased with the decrease
in polymer concentration, which leads to the low ten-
sile strength in the polymer-diluent system as reported
by Lin et al. in the study of iPP membranes formation
with bicontinuous structure via TIPS method and
Khayet and Matsuura in the overview of membrane
distillation [14,20].

Different polymer concentrations resulted in differ-
ent pore sizes of the membrane. Table 3 presents the
pore size at different polymer concentrations of mem-
brane as shown in Fig. 3. It is shown that an average
pore size decreased with the increase in polymer con-
centration from 10 to 20 wt%. Membrane (a) has larger
cellular pores with an average pore size of 17.4 μm,
whereas membrane (B) produced slightly small pore
size with 11.5 μm, and membrane (C) exhibited closed
pore structures with smaller average pore size of
9 μm. The decrement in the pore size upon increasing
the polymer concentration can be attributed to the
growth rate and viscosity of polymer solutions. Basi-
cally, high polymer concentration contributes to high
viscosity of the polymer solution, hence reducing the
droplet growth rate of pore membrane. The lower
droplet growth rate means that the rate for the widen-
ing process of pore size is lower, which consequently
produces small pore size. This finding is in agreement
with Wu et al. in the research about structure and
performance of polyacrylonitrile membranes and Sun
et al. in the study of impact factors of polymer
rheology in porous media [21,22].

Polymer concentrations also influence the overall
porosity of the structure [23]. Table 3 exhibits the
porosity value of the membrane at different polymer
concentrations. It was observed that upon increasing
the polymer concentration from 10 to 20 wt%, the
porosity of membrane decreased from 93 to 85%. This
can be explained by the fact that increasing the poly-
mer concentration increases the nucleation density.
The high nucleation density of membrane decreases
the interconnectivity between pores as shown in
Fig. 3, hence rendering to the low porosity. However,
membranes with higher nucleation density are stron-
ger and have higher integrity structure because they

contain a large number of pores with compact
arrangement as reported by Khayet and Matsuura,
thus indicating that membrane (C) and (B) are stron-
ger compared to membrane (A) [20]. The effects of
polymer concentration on nucleation density have
been discussed by Akbari, Yegani, and Ferrer [23,24].
The reports indicate that the morphology of mem-
brane was obviously influenced by the polymer con-
centration, especially on the porosity of polyethylene
membranes fabricated via TIPS method.

3.1.2. Effect of quenching temperature on the
morphology and porosity of membrane

In order to investigate the effect of quenching tem-
perature, the concentration of polymer was fixed at
15 wt%. Fig. 4 exhibits the effect of quenching tem-
perature on the final morphology of membrane at
15 wt% polymer concentration. From the quality of
view, membrane (A) is well-structured and has a per-
fect shape of pores throughout the membrane, which
might be due to adequate time for the formation of
membrane pore. However, there was a slightly defec-
tive structure detected on membrane (B) due to the
entrapment of air bubbles within the matrix. This is
supported by Ferrer, who stated that the presence of
defect within the structure of membrane is due to the
solidification of mixed and entrapped air bubbles [23].
The blocked air bubbles in the pore of membrane fail
to diffuse out due to the high cooling rate during
solidification. Besides, high cooling rate upon solidi-
fication leads to imperfect pore shape due to insuffi-
cient time for the formation of pore in the membrane.

Table 4 represents the pore size value of
membrane at different quenching temperatures.
Apparently, membrane (B) has smaller pore size value
compared to membrane (A) due to the nucleation phe-
nomenon. Quenching the membrane at low tempera-
ture induces polymer crystallization, which occurs
immediately after the phase separation and results in
reduced time for droplet growth rate in L–L phase
region. Similar results were discussed by Ramaswamy
et al. in the study of poly (ECTFE) membranes fabrica-
tion via TIPS [25]. As a result, membrane with smaller
pore size is produced. However, quenching at high
temperature enhances the mobility of polymer chain
in polymer diluent solution by driving force and
providing enough time for polymer crystallization as
reported by Tao et al. [26]. According to Ferrer,
quenching at low temperature reduces the pore size
due to the nucleation phenomenon, whereas quench-
ing at high temperature tends to produce large pores
due to the presence of less nuclei and the occurrence
of the growth phenomenon [23].

Table 3
Pore size and porosity of membrane at different polymer
concentration quench at 29˚C

Membrane
Polymer
concentration (wt%)

Pore size
(μm) Porosity (%)

(a) 10 17.4 93
(b) 15 11.5 85
(c) 20 9.01 85

N. Othman et al. / Desalination and Water Treatment 57 (2016) 12287–12301 12293



Table 4 exhibits the porosity of the membrane at
different quenching temperatures. It shows that the
increase in quenching temperature increases mem-
brane porosity. Apparently, the porosity value of the
membrane quenched at 29˚C is slightly higher than
the membrane quenched at 7˚C. This result can be
explained by the fact that when the quenching tem-
perature increases, the cooling rate decreases, hence
the pores have sufficient time to grow completely and
leafy structure of membrane is created. The result is in
agreement with Akbari and Yegani in the study of the

impact of polymer concentration and coagulation bath
temperature [24]. Hence, an increment in pore size
and space between pores lead to the high porosity of
membrane. However, the porosity values for both
membranes did not differ much from each other.

3.2. Performance of fabricated membrane in SLM process

The fabricated membrane produced using TIPS
method was used as a support for liquid membrane in
SLM process. The removal and recovery of Red 3BS
dye were evaluated throughout time. From these
values, the ability and performance of fabricated mem-
brane as a support for SLM process were determined.

3.2.1. Suitability of fabricated PP membrane as the
support material for SLM

A blank experiment has been carried out in order
to find out the possibility of fabricated PP as a

Fig. 4. SEM micrograph of inner cross section of iPP membrane as a function of quenching temperature at 15 wt%
polymer concentration: (a) 29˚C, (b) 7˚C.

Table 4
Pore size and porosity of membrane with 15 wt% polymer
concentration at different quenching temperature

Membrane
Quenching
temperature (˚C)

Pore size
(μm) Porosity (%)

(a) 29 11.5 87
(b) 7 10.3 85
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membrane support. In this experiment, no transporta-
tion of Red 3BS was observed, which indicates the
possibility of using this fabricated membrane as a
support liquid membrane as it did not assist the
transportation process. Therefore, to assist the trans-
portation of dyes, fabricated membrane support was
impregnated in a liquid membrane. Liquid membrane
contained TDA and SA in kerosene with the concen-
tration stated in previous research [6].

3.2.2. Performance of membrane with 10 wt% polymer
concentration

Fig. 5(a) and (b) exhibit the performance of
removal and recovery of Red 3BS using 10 wt% poly-
mer concentration membrane quenched at 29 and 7˚C,
respectively. In Fig. 6, it was observed that the per-
centage of removal increased rapidly to 92%, whereas
in Fig. 7, the percentage of extraction achieved almost
69% within 90 min. Membrane (a) demonstrated high
performance compared to membrane (B) due to high
porosity and pore size, hence improving the separa-
tion of Red 3BS. Membranes with low polymer
concentration have high porosity due to the high
interconnectivity of the membrane as discussed in
Section 3.1.1. According to Miloud, the interconnection
between pores has been identified to significantly
affect the permeability of solutes [27]. Besides, large
pore sizes of membrane are preferable in the SLM
system because large amounts of organic liquid can be
retained in the membrane. Thus, diffusion of the

desired solute will increase because large amounts of
carriers in the organic liquid will bind with the solute
and thus will transfer through the membrane.

However, further increase in the extraction time,
the volume of feed and the strip solution tends to
fluctuate the extraction process. At this moment, both
membranes might suffer from the breakage problem.
Membrane (a) broke after 90 min of extraction,
whereas membrane (B) broke after 120 min of extrac-
tion. It was found that membrane (A) experienced
breakage earlier than membrane (B) due to the higher
porosity compared to membrane (B). The membrane
with higher porosity exhibits lower mechanical
strength and tends to crack, which reduces the mem-
brane performance. The percentage of extraction and
recovery decreased significantly after experiencing
rupture on the surface of the membrane. During
breakage, the liquid membrane inside the pore mem-
brane is washed out and replaced by the aqueous
phase in the pores of the membrane support, hence
decreasing the efficiency of removal and recovery as
shown in Fig. 6.

The results seem to explain that membrane with
10 wt% polymer concentration does not have sufficient
strength for the SLM process since it tends to break
and results in the failure of the process. From the
visual observation, the volume of the feed phase
depleted after the membrane rupture due to the high
flow rate of the feed phase and repelled the feed phase
solution into the strip phase. Besides, the colors of both
phases also changed due to the transfer of solutions.

Fig. 5. Performance of removal and recovery of Red 3BS using fabricated membrane support with 10 wt% polymer
concentration quench (a) at 29˚C, (b) 7˚C (Experimental condition: Red 3BS: 50 ppm, TDA = 0.1 M, SA = 0.1 M,
NaOH = 0.1 M).
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3.2.3. Performance of membrane with 15 wt% polymer
concentration

Fig. 7(a) and (b) show the performance of removal
and recovery of Red 3BS using 15 wt% of polymer
concentration quenched at 29 and 7˚C, respectively.
Meanwhile, Figs. 8 and 9 show the concentration time
profile of Red 3BS using 15 wt% of polymer concentra-
tion quenched at 29 and 7˚C, respectively. It was
observed that the percentage of extraction for mem-
brane (A) and membrane (B) increased drastically,
with 77 and 72% of removal within 30 min of extrac-
tion, respectively. At this point, the concentration of
Red 3BS in feed phase reduced drastically from 50 to
18 ppm for membrane (A) and 21 ppm for membrane
(B) as shown in Figs. 10–12, respectively. This notice-
able increase may be explained by the fact that at this
stage, there are many empty pores that are still not
filled with the dye ions. This condition enhances the

Fig. 6. Mechanism of instability of membrane support.

Fig. 7. Performance of removal and recovery of Red 3BS using fabricated membrane support with 15 wt% polymer
concentration quench at (a) 29˚C, (b) 7˚C (Experimental condition: Red 3BS = 50 ppm (pH 3), TDA = 0.1 M, SA = 0.1 M,
NaOH = 0.1 M).

Fig. 8. Concentration of Red 3BS in feed and strip for
360 min using fabricated membrane support with 15 wt%
polymer concentration quench at 29˚C (Experimental
condition: Red 3BS = 50 ppm (pH 3), TDA = 0.1 M,
SA = 0.1 M, NaOH = 0.1 M).
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permeation rate of dye ions into pores. After 60 min
of extraction, the removal for both membranes
increased gradually until 100% removal within
360 min of extraction. Both membranes performed
well in the extraction process by successfully remov-
ing all dye ions within the time given. For recovery
performance, it can be observed that the percentage of
recovery for both membranes increased gradually with
time as shown in Fig. 7(a) and (b). Membrane (a)
exhibited high percentage of recovery with around
58% of Red 3BS was recovered. The remaining 42% of

dye ions accumulated and trapped in the pores of the
membrane. Meanwhile for membrane (B), 56% of Red
3BS was recovered and around 44% of dye ions were
still remained and accumulated in membrane pores.
The clogging phenomena occur due to the instability
of membrane support and liquid membrane. The
membrane support should have high hydrophobicity
and well-interconnected pores [28]. Unconnected pores
can cause the accumulation of the dye ions inside the
membrane. The stability of membrane support can be
enhanced by applying dense gelation layer at the
interface of feed phase. Gelation layer can be formed
by chemical cross-linking with the polymer support.
Neplenbroek et al. found that gelation technique could
enhance the stability of SLM process for up to
80 weeks [29].

Mass balance for the transported dye in membrane
(A) and (B) are shown in Eqs. (6)–(9) below:

For membrane (A)

Cfeed ¼ Cstrip þ Caccumulate in pore (6)

50 ppmfeed ¼ 30 ppmstrip þ 20 ppmaccumulate in pore (7)

For membrane (B)

Cfeed ¼ Cstrip þ Caccumulate in pore (8)

50 ppmfeed ¼ 28 ppmstrip þ 22 ppmaccumulate in pore (9)

Fig. 9. Concentration of Red 3BS in feed and strip for
360 min using fabricated membrane support with 15 wt%
polymer concentration quench at 7˚C (Experimental condi-
tion: Red 3BS = 50 ppm (pH 3), TDA = 0.1 M, SA = 0.1 M,
NaOH = 0.1 M).

Fig. 10. Performance of removal and recovery of Red 3BS using fabricated membrane support with 20 wt% polymer
concentration quench (a) 29˚C, (b) 7˚C (Experimental condition: Red 3BS = 50 ppm, TDA = 0.1 M, SA = 0.1 M,
NaOH = 0.1 M).
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From the mass balance in equation it is identified that
some dyes have been clogged in the pores of the
membrane. This blockage occurs mainly due to
the high concentration of polymer, which leads to the
enhancement of membrane mechanical resistance, thus
increasing the permeation resistance of the solute. As
a consequence, solutes failed to diffuse out to the strip
phase and become stuck in the pores of the mem-
brane. However, membrane (A) shows good perfor-
mance in the recovery of dye ions compared to
membrane (B) due to the high porosity and pore size
of the membrane. The high porosity of the membrane
has well-interconnected pores, which provide a con-
tinuous path for the movement of dye ions assisted by
the carrier from the feed phase to the strip phase.
Hence, this reduces the occurrence of accumulation
and enhances the recovery of dye ions. According to
Le-Clech et al. small pore size of the membrane
hinders the transport of solute and induces fouling
problem [30]. In this case, the fouling problem refers
to the accumulation of dye ions on the surface of
membrane, which restricts the removal and recovery
of dye ions processes.

In addition, the permeability values for both mem-
branes are also presented in Table 5. It was found that
membrane (A) exhibited good performance of extrac-
tion with higher permeability value, 103 cm3/cm2 min
compared to membrane (B) with a permeability value
of 94 cm3/cm2 min. The result indicates that the
permeation of Red 3BS ions through the pores of
membrane (A) was higher and easier than membrane
(B), which might be due to the well-structured and
interconnected pores of membrane (A). As discussed
earlier in the previous section, according to Miloud,
permeability is highly dependent on the intercon-
nected pores within a membrane [27].

3.2.4. Performance of membrane with 20 wt% polymer
concentration

Fig. 10(a) and (b) illustrate the percentage of
removal and recovery of Red 3BS using 20 wt%

polymer concentrations quenched at (a) 29 and (b)
7˚C, respectively. Meanwhile, Figs. 11 and 12 show
the concentration time profile of Red 3BS using 20 wt
% of polymer concentration quenched at 29 and 7˚C,
respectively. It was observed that the removal percent-
age for membrane (A) and (B) increased significantly
to 65 and 79%, respectively, within 60 min of
extraction. At this point, the concentration of Red 3BS
in the feed phase dropped drastically to 17 ppm for
membrane (A) and 10 ppm for membrane (B) as
shown in Figs. 11 and 12. Further increase in the
extraction time resulted in a gradual increase in the
removal efficiency until the efficiency achieved 100%
after 360 min.

For recovery process, it can be observed that both
membranes exhibited low performance of recovery
throughout the time. In the first 90 min, no recovery
of dye ions was observed for both membranes. At this
point, the possibility of diffusion of dye ions into the
pores of a membrane is low due to the compact
arrangement and dense structure of pore membrane.
High polymer concentration is likely to produce
membrane with low interconnectivity between cellular
pores and small pore size as discussed by Wu et al.
[21].

Consequently, dye ions hardly diffuse into the
membrane, thus reduces the permeation rate of dye
ions. However, the dye ions began to recover after
270 min of extraction for both membranes. After
360 min of extraction, only 28% of dye ion was suc-
cessfully recovered by membrane (A). At this stage,
around 72% of Red 3BS still remained and trapped in
the pores of membrane support. Meanwhile for
membrane (B), only 33% of dye was recovered and

Table 5
Permeability coefficient value of 15 wt% polymer concen-
tration as a function of quenching temperature

Quenching
temperature (˚C)

Permeability value
(P × 105 cm3/cm2 min)

15 wt% 20 wt%

29 103 104
7 94 128

Fig. 11. Concentration of Red 3BS in feed and strip for
360 min using fabricated membrane support with 20 wt%
polymer concentration quench at 29˚C (Experimental
condition: Red 3BS = 50 ppm (pH 3), TDA = 0.1 M,
SA = 0.1 M, NaOH = 0.1 M).
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67% of dye ions were deposited onto the pore walls,
thus reducing the pore size. The reduction of the pore
membrane size reduced the permeability of dye ions.
As a result, the dye ions were unable to diffuse out
and trapped within the pores, which leads to the
recovery inefficiency. This is in line with the findings
obtained by Lin et al. and Khayet and Matsuura
[14,20]. Mass balance for the transported dye for
membrane (A) and (B) is shown in Eq. below:

Membrane (A)

Cfeed ¼ Cstrip þ Caccumulate (10)

50 ppmfeed ¼ 14 ppmstrip þ 36 ppmaccumulate (11)

Membrane (B)

Cfeed ¼ Cstrip þ Caccumulate (12)

50 ppmfeed ¼ 16 ppmstrip þ 34 ppmaccumulate (13)

At the end of experiment, it was found that the
concentrated red precipitation was observed on the
surface of membrane support. From the mass balance
equation, it stated that almost 36 ppm of dyes was
clogged in membrane (A) and 34 ppm in membrane
(B). This can be explained by the fact that lots of dye
ions clogged the pores and failed to diffuse out of the
membrane.

The permeability values for both membranes are
presented in Table 5. The permeation rate of dye ions
in membrane (B) of 128 cm3/cm2 min was higher

compared to membrane (A) with the permeability
value of 104 cm3/cm2 min. This result is in contrast
with the earlier explanation, which indicates that the
membrane with high porosity leads to the high
removal efficiency, but in this case the membrane with
lower porosity leads to the high removal efficiency.
This might be explained by the presence of many
small pores on the surface of membrane near the feed
side that can increase the extraction rate, hence
increasing the permeability of dye ions through the
membrane. However, many of the dye ions failed to
diffuse through the membrane due to the unconnected
pores in the surface of the membrane near the strip
side. As a result, the dye ions accumulated inside the
pores of the membrane, which decreased the recovery
efficiency.

Overall, it can be concluded that the membrane
with 10 wt% polymer concentration was found to be
unsuitable as a membrane support due to insufficient
tensile strength and integrity structure. The membrane
suffers breakage on the membrane surface, which
restricts the application of SLM process. Membrane
with 20 wt% polymer concentration has successfully
removed 100% of Red 3BS from an aqueous solution.
However, it reduced the recovery efficiency due to the
membrane fouling problem. Membrane fouling is a
process where solute or particle deposits onto mem-
brane pores and degrades the membrane performance.
In contrast, the fabricated membrane with 15 wt%
polymer concentration quenched at 29˚C shows excel-
lent performance in SLM process with 100 and 58% of
removal and recovery of Red 3BS, respectively, within
6 h. Besides, the membrane remains stable without
suffering any rupture on membrane surface during
SLM process. Thus, the fabricated membrane with
15 wt% polymer concentration quenched at 29˚C is
feasible to be used as a membrane support for the
removal and recovery of Red 3BS using SLM process.

3.3. Stability of membrane support in SLM process

The SLM process is rarely applied in the industrial
scale due to insufficient stability of membrane
support. This means that the stability of membrane
support is very crucial in SLM process. Therefore, the
stability of the fabricated membrane was tested in this
study. The fabricated membrane with 15 wt% polymer
concentration quenched at 29˚C was selected since it
provides high performance in the SLM process
compared to the other fabricated membranes. The sta-
bility of membrane support was examined using the
same membrane support repeatedly without further
impregnation in liquid membrane. Fig. 13 exhibits the
stability of the membrane support of the fabricated

Fig. 12. Concentration of Red 3BS in feed and strip for
360 min using fabricated membrane support with 20 wt%
polymer concentration quench at 7˚C (Experimental condi-
tion: Red 3BS = 50 ppm (pH 3), TDA = 0.1 M, SA = 0.1 M,
NaOH = 0.1 M).
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membrane with 15 wt% polymer concentration
quenched at 29˚C under optimum condition of SLM
process. For the fabricated membrane, it was observed
that the membrane support remained stable until the
fourth run (after 25.5 h) of extraction. The first run
required 6 h to completely remove almost 100% of
reactive dye from the feed phase. In the second run,
the efficiency of the extraction decreased slightly to
99% of reactive dye removed within 6 h of extraction.
The third and fourth runs were considered to be
stable with high percentage of removal of 98 and 97%,
respectively. The process can be considered stable
since high percentage of dye removal was achieved
even after 25.5 h of continuous run without reimpreg-
nated the membrane support in the liquid membrane.
The stability test was stopped after the fourth run
although the fabricated membrane still showed high
stability performance. Compared to the commercial
support used by previous research as shown in
Table 6, it was found that the fabricated membrane is
more superior in terms of stability and chemical
resistance. Therefore, the fabricated membrane sup-
port has a big potential to be used in the industrial
process and its stability value is found to be sufficient

to meet the operation hour of the textile industrial
process since it operates 12 h per day.

It is proven that the fabricated membrane demon-
strated high stability in separation of Red 3BS, and
performed well as a polymeric support in SLM
system. This can be due to the appropriate morphol-
ogy structure with high tensile strength and chemical
resistance.

4. Conclusion

The fabricated PP membrane prepared using TIPS
method is proven as an effective membrane support
in SLM process for the separation of reactive Red 3BS
from an aqueous solution. Almost 100 and 58% of Red
3BS was successfully removed and recovered using
15 wt% polymer concentration (air cooling) as a
membrane support, respectively. The fabricated mem-
brane also demonstrated high stability for up to 25.5 h
toward the separation process, hence the membrane is
feasible to be applied in the industrial scale.
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