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ABSTRACT

In this study, the influence of functionalized multi-walled carbon nanotube (F-MWCNT),
sodium dodecyl sulfate (SDS) on the characteristic and performance of polyacrylonitrile
(PAN) membrane was studied. The mixed matrix membranes were prepared via solution
blending and phase inversion methods. MWCNTs were acidified and then functionalized
by amino group using microwave. Three dosage of F-MWCNT, i.e. 0.5, 1 and 2 wt.%, and
two dosage of SDS, i.e. 2.5 and 5 wt.%, were used to prepare mixed matrix membranes. The
as-prepared membranes were characterized by scanning electron microscopy (SEM), field
emission scanning electron microscopy (FESEM), atomic force microscopy (AFM), contact
angle, and Fourier transform infrared spectroscopy. The hydrophilicity and pure water flux
increased with addition of both additives. Separation performance of Bovine serum albumin
(BSA) was investigated in three different pHs (5, 7 and 9). The results showed that both
additives enhanced performance parameters of pure PAN membrane. From the results it is
found that 0.5 wt.% of F-MWCNT and 2.5 wt.% of SDS, are the optimum values to achieve
maximum permeate flux and BSA rejection, respectively.

Keywords: Polyacrylonitrile; SDS surfactant; Ultrafiltration membrane; Functionalized carbon
nanotube; Hydrophilicity

1. Introduction

In the recent decades, ultrafiltration membrane
technology has gained importance to solve a lot of
separation problems in different industries [1,2]. One
of the restrictions which ultrafiltration polymeric
membranes encounter is fouling. Fouling declines the
permeate flux and rejection of membrane over a
period of operation as a result of the undesirable

adsorption of solute onto the surface or into pores of
membrane [2–4]. Surface morphology and physico-
chemical properties of membrane affect their fouling
resistance characteristic [5]. Generally, hydrophilic
membranes are more resistant to fouling, but they
show poor mechanical and chemical stability. One of
the commercial membranes which commonly used for
ultrafiltration process is polyacrylonitrile (PAN) mem-
branes. PAN membrane depicts relatively hydrophilic
chemistry with appropriate stability to hydrolysis and
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oxidation. Nevertheless, the PAN UF membranes still
suffer from significant fouling [6,7]. In this case, modi-
fication of the membrane material and morphology
seems to be essential.

One approach to improve properties of polymeric
(especially PAN) membrane is the use of bulk modifica-
tion technique. In this method, polymer is blended with
one or more additives as modified materials to prepare
casting solution [8]. Among the various additives
which can be applied as modifier, MWCNTs have
attracted a lot of consideration because of their extraor-
dinary properties such as high special surface area,
easy functionalization, chemical stability, mechanical
strength, and thermal conductance [9,10]. However,
they have been surrounded by some problems like their
tendency to aggregate in polymer matrix and absence
of interfacial holding due to their molecularly smooth
surface. Hence, homogeneous scattering and solid
interfacial collaboration are key issues in augmenting
the preference of CNTs fortification [10]. Besides,
surfactants constitute the most important group of
detergents which are generally used to improve
hydrophilicity and structure of UF membranes owing
to their special structure (composed of a hydrophobic
tail which attached to a hydrophilic head) [11].

There are some researches which have been devel-
oped to change the surface properties of PAN mem-
brane using bulk modification method. Zhi et al. [12]
used poly (N,N-dimethylaminoethyl methacrylate)-
grafted silica nanoparticles as hydrophilic additives to
modify PAN membrane. They observed that composite
membrane had higher porosity, pure water flux and
BSA rejection than pure PAN membrane. This result
was attributed to increasing hydrophilicity of composite
membrane. Majeed et al. [13] modified PAN ultrafiltra-
tion membrane by incorporation of oxidized-MWCNTs
(O-MWCNTs) into polymer matrix and observed that
the hydrophilicity and pure water flux increased by add-
ing O-MWCNTs. Su et al. [14] stated that grafting PEG
to PAN led to formation of membrane with hydrophilic
properties and increased its antifouling capability. Yang
and Liu [15] illustrated that using CaCl2 as an additive
in PAN ultrafiltration membrane enhanced its perme-
ability. Shekarian et al. [16] added IGEPAL as surfactant
to PAN polymeric membrane. The surface morphology
and hydrophilic properties of prepared membrane was
evaluated using scanning electron microscopy (SEM)
and contact angle (CA) measurement. Their results
showed that addition of surfactant increased water flux
and decreased protein rejection percentage.

To the best of author’s knowledge, the modifica-
tion of PAN UF membrane using amine-functionalized
MWCNT or sodium dodecyl sulfate (SDS) as additives
is not investigated previously.

In this study, mixed matrix UF membranes includ-
ing nanomaterials and/or surfactant as additive were
prepared, characterized and used in BSA recovery.
MWCNT were acidified and then modified by ethy-
lene diamine (EDA) to ensure appropriate adhesion
between polymer chains and functionalized multi-
walled carbon nanotube (F-MWCNT). Fourier trans-
form infrared spectroscopy (FTIR) was performed to
characterize F-MWCNT. To modify the PAN mem-
brane, the F-MWCNT, and SDS were used as nanoma-
terials and surfactant, respectively. The as-prepared
UF membranes were characterized using SEM, field
emission scanning electron microscopy (FESEM),
atomic force microscopy (AFM), FTIR, and CA tests.
Beside, the rejection of BSA and permeate flux of
mixed matrix membranes were investigated.

2. Material and methods

2.1. Materials

PAN (MW = 150,000 g/mol), nitric acid (HNO3),
sodium hydroxide (NaOH), Methanol (CH3OH) and
hydrochloric acid (HCl) was supplied by Sigma-
Aldrich. N,N-dimethylformamide (DMF), SDS
(MW = 288,000 g/mol), and sulfuric acid (H2SO4) was
purchased from Merck. MWCNTs (95% purity) with
an average length of 30 μm and 10–20 nm in outer
diameter were provided by Shenzhen Nano-Tech Port
Company. EDA from Guangdong Guanghua chemical
factory was used as functionalizing agent. Bovine
serum albumin (BSA) was purchased from Pan Reac
Applichem ITW reagent (Germany). PTFE membranes
(pore size of 0.2 μm) were obtained from Whatman
Company.

2.2. Preparation of functionalized MWCNTs

At first, in order to treat MWCNTs, 1 g of raw
MWCNTs was added to 80 mL of mixture of H2SO4/
HNO3 (3:1 in vol. %) and heated at 70˚C for 8 h with-
out stirring. Then solution was diluted with 1 L of
deionized water and filtered through a PTFE mem-
brane. The oxidized MWCNTs were rinsed with
deionized water. After that, O-MWCNTs were dried
in an oven at 60˚C for 24 h. The resulted O-MWCNTs
were functionalized with amine groups according to
the protocol presented by Amiri et al. [17]. Briefly,
0.2 g of the O-MWCNTs was sonicated with 20 mL of
EDA for 30 min at 50˚C. Then the prepared suspen-
sion was poured into a teflon reaction vessel, placed
in microwave chamber (LG-4284TCR) and was heated
in microwave up to 90˚C for 15 min with output
power of 500 W. Afterward, the resulted suspension
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was cooled to room temperature, and filtered through
a PTFE membrane. Finally, F-MWCNT were washed
more than seven times with DMF and methanol to
remove any un-reacted EDA and then dried for 48 h
at 50˚C.

2.3. Preparation of mixed matrix membrane

PAN/F-MWCNTs, PAN/SDS, and PAN/F-
MWCNTs/SDS mixed matrix membranes were pre-
pared by phase inversion method. To use the first
additive, different dosage (0–2 wt.%) of the F-
MWCNTs was dissolved in DMF and sonicated for at
least 30 min to form proper dispersion of nanoparti-
cles. Then PAN was gradually added into dispersed
solution of MWCNTs to get 15 wt.% of polymer in
dope solution. The dope solution was mixed at 70˚C
with magnetic stirrer at 200 rpm for 30 h. After degas-
sing at room temperature, the solution was cast on
glass plate using adjustable casting bar (NEU-
TEK22812059, Spain) with 200 μm thickness. Finally,
the casted film immersed in the water bath for at least
24 h.

To prepare PAN/SDS membrane, different dosage
(2.5 and 5%) of SDS was added to PAN/DMF solution
of 15 wt.%, and then stirred at 70˚C with magnetic
stirrer at 200 rpm for 48 h. Then the solution was
casted on glass plate and immersed in water bath to
prepare PAN/SDS membrane. All the as-prepared
membranes were nominated based on the additive
dosage in the casting solution (Table 1).

2.4. Membrane characterization

2.4.1. FTIR spectroscopy

The FTIR spectra were applied to investigate the
grafted groups onto the surface of F-MWCNTs.
Results for pristine, acidified and amine-functionalized
MWCNTs were obtained using FTIR Avater 370 Nico-
let Spectrometer.

2.4.2. SEM and FESEM analysis

The morphologies of pure PAN and modified
membranes were observed by scanning electron
microscope (SEM, LEO1450VP, Zeiss, Germany) at
20 kV. Membranes were fractured in liquid nitrogen
to obtain clean cut for cross sectional view. All sam-
ples were sputtered with a thin layer of gold-palla-
dium using SC7620 (Quorum Technologies England)
prior to analysis. Besides, the presence of F-MWCNTs
on the surface of modified membrane was directly
observed by FESEM (ZIGMA/VP, Zeiss, Germany).

2.4.3. Atomic force microscopy

Surface roughness of pure and PAN/F-MWCNTs
membranes was acquired using AFM (Easyscan2 Flex
AFM, Switzerland). All analysis were conducted at
scan size of 10 × 10 μm and roughness parameter of
fabricated membranes including the average arith-
metic roughness (Ra), root mean square (Rq), and the
mean difference between the highest and lowest areas
(Rz) was evaluated.

2.4.4. CA measurements

To determine the hydrophilicity of fabricated mem-
branes, the CA of membranes were measured by CA
measuring instrument (OCA15 plus, 196Data physics,
Germany). Deionized water was utilized as the test
fluid for the estimations. The reported results are the
average CA of three measurements on each sample.

2.4.5. Water flux and membrane separation

A cross flow membrane setup with a membrane
effective area of 9.61 cm2 was used to determine pure
water flux and BSA rejection. Ultrafiltration test was
evaluated under condition of 25˚C and 0.2 MPa with
deionized water. Permeate flux was calculated as
follows (Eq. (1)):

Table 1
Composition of casting solution for prepared membranes

Membrane code PAN (wt.%) F-MWCNTs (wt.%) SDS (wt.%) DMF (wt.%)

PAN0 15 0 0 85
PAN-C0.5 15 0.5 0 84.5
PAN-C1 15 1 0 84
PAN-C2 15 2 0 83
PAN-S2.5 15 0 2.5 82.5
PAN-S5 15 0 5 80
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Jw1 ¼ V

A � Dt (1)

where Jw1 represents flux of membranes (L/(m2 h)), V
is the permeate volume (L), A is membranes effective
surface area (m2), and Δt is the time (h).

BSA solution as a feed and fouling agent was
selected for investigating performance of as-prepared
membranes. The concentration of BSA in feed solution
was set to 1 mol/L. The feed was prepared in three
pH, i.e. 5, 7, and 9, using HCl and NaOH solutions
(2 M) and was measured by a pH meter apparatus
(HANNA Instruments). Feed and permeate concentra-
tion Cf and Cp, respectively, was measured by
UV-2100 spectrophotometer and BSA rejection (R) was
calculated according to Eq. (2):

R %ð Þ ¼ 1� Cp

Cf

� �
� 100 (2)

3. Results and discussion

3.1. Characterization of F-MWCNTs

The FTIR spectra of pristine, acidic, and amine-
functionalized MWCNTs are shown in Fig. 1. The
FTIR spectra of pristine MWCNTs shows the charac-
teristic band at 1,515 cm−1 which is attributed to C=C
bond. This result proves the presence of carbon at
the pristine MWCNT [18,19]. For oxidized MWCNT,
the bands at 1,708 and 3,418 cm−1 are corresponded
to COOH and OH functional groups after acidifica-
tion of MWCNTs [9,18]. These bounds reveal that
raw MWCNT is successfully oxidized by concen-
trated acid mixture. Moreover, the FTIR spectra of
F-MWCNT shows change when compared with FTIR
spectra of raw and oxidized MWCNT. The band at

1,553 cm−1 is corresponded to bending of NH2 bond
on the surface of amine-functionalized MWCNTs. At
3,448 cm−1 OH group overlapped NH2 stretching
bond of amine group [9,18]. New bond at 1,624 cm−1

attributed to C=O groups overlapped with C=C band
[16]. The results indicate that amine functional
groups are located on the surface of MWCNTs after
functionalization.

3.2. Characterization of mixed matrix membranes

3.2.1. Membrane morphology

Fig. 2 shows surface morphology of mixed matrix
membranes with different filler dosage. As illustrated
in Fig. 2(a)–(d), the surface morphology of PAN/F-
MWCNT membranes has drastically been changed
when compared with the surface of pure PAN mem-
brane. In this case, the pore-like structure on the sur-
face of pure PAN membrane has disappeared by
incorporating F-MWCNT into polymer matrix. When
F-MWCNT nanoparticles are added to polymer solu-
tion, they increase the viscosity of casting solution.
Therefore, the void formation on surface of prepared
membrane is suppressed due to delayed demixing
[20,21]. The F-MWCNT may also block the pores
attributed to their hindrance effect. Nevertheless, the
presence of hydrophilic F-MWCNT particles acceler-
ates DMF-water exchange and as a consequence the
instantaneous demixing may occur. In this case, it
seems that the effect of filler on solution viscosity
overcome its effect on solvent-nonsolvent exchange
rate during phase inversion process.

The SEM images of PAN/SDS membrane surface
are presented in Fig. 2(e)–(f). As can be seen, for
membrane with 2.5 wt.% of SDS in the casting solu-
tion, the top surface become denser when compared
with that one of pure PAN membrane. Further
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Fig. 1. FTIR spectra of (a) pristine MWCNT, (b) Acidic MWCNT, and (c) Amine-functionalized MWCNT.
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increase in SDS dosage to 5 wt.% promotes the forma-
tion of pores on the membrane surface. Since critical
micelle concentration of SDS is lower than SDS
dosage, micelles could form with non-polar group out-
side and polar group inside the micelles. These free
micelles drive out from the top layer of membrane
during solvent–nonsolvent exchange and consequently
leave voids in the membrane surface [22]. However, it
seems that pore size of surface of PAN-S5 is fairly
lower than that one of PAN membrane due to higher
viscosity of PAN/SDS solution in comparison with
pure PAN solution.

The FESEM images of surface morphology of pure
PAN and PAN-C2 membranes are presented in Fig. 3.
From this figure, it can be found that F-MWCNTs are
presented on the surface of PAN-C2 mixed matrix
membrane. Besides, as illustrated in Fig. 3, there is no
defect in polymer-MWCNT interface due to proper

compatibility between the F-MWCNTs and polymer
chains. Indeed, the interaction between NH2 group of
F-MWCNT surface and nitrile group of PAN matrix
causes an appropriate PAN-F-MWCNT adhesion [23].
It has also observed that MWCNTs are well dispersed
into polymer matrix.

The cross-sectional morphology of the pure PAN
and modified membranes are shown in Fig. 4. Cross-
sectional view of as-prepared membranes demonstrate
asymmetric structure including skin top layer and fin-
ger-like sublayer. This structure is a result of rapid
exchange between DMF as solvent and water as non-
solvent in phase inversion process [18]. According to
Fig. 4(a)–(d), the size of macrovoids of sublayer have
been changed and finger-like cavities were fully devel-
oped through sublayer with increasing MWCNTs
dosage from 0 to 2%. Indeed, the presence of hydro-
philic F-MWCNTs in PAN matrix accelrates

Fig. 2. Surface morphology of (a) PAN0, (b) PAN-C0.5, (c) PAN-C1, (d) PAN-C2, (e) PAN-S2.5, and (f) PAN-S5.

200 nm

(b)(a)

200 nm

Fig. 3. FESEM images of surface of (a) PAN0 and (b) PAN-C2.
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solvent-nonsolvent exchange which promotes instanta-
nous demixing during immersion of film in coagula-
tion bath. It seems that this is dominant factor which
affect morphologty of sublayer. The same influence of
addition of MWCNTs into polymer matrix were
observed by Celik et al. [24].

Also, Fig. 4(e)–(f) shows PAN membrane blended
with SDS in 2.5 and 5 wt.%. The SEM images depict
that the addition of SDS as a hydrophilic additive into
PAN matrix causes formation of less porous structure.
In addition, more regular finger-like cavities has
observed in the sublayer. By increaseing SDS content,
the size of finger-like cavities of sublayer has slightly
changed. The effect of SDS on membrane structure
can be explained as follows. The presence of SDS in
polymer matix diminishes the rate of solvent
exchange. Additionally, SDS molecules decreases the
interaction between PAN chains due to the formation
of polymer-surfactant complex. This both phenomena
leads to delay demixing [25,26].

3.2.2. Surface properties of the prepared membranes

Fig. 5 illustrates the three dimensional AFM
images for the surface of pure PAN and PAN/F-
MWCNTs membranes. These images include light and
dark areas that represent highest regions and valleys
(or pores), respectively. Additionally roughness
parameters of fabricated membranes are presented in
Table 2. Two trends can be observed among surface

roughness parameters with increment of F-MWCNT
dosage. At first, by adding 0.5 wt.% of F-MWCNTs
into polymer matrix, surface roughness of membrane
reduces when compared with pure PAN membrane.
This reduction is attributed to altering surface mor-
phology and formation of smaller pores for PAN-C0.5
[27,28]. Further increasing F-MWCNTs dosage to 1
and 2 wt.% lead to the increase of the root mean
roughness (Rq) from 4.79 nm for PAN-C0.5 to 7.31 nm
for PAN-C1 and 9.64 nm for PAN-C2. It seems that, at
higher dosage of F-MWCNT (>0.5 wt.%), the ionic
interactions between polymer chains enhance due to
presence of more amine groups on the surface of
membrane. This leads to shrinking of polymer chains
and subsequently rougher surfaces [27,28].

Table 2 also shows the surface CA of prepared
membranes. According to the results, the highest CA
has been observed for PAN0 membrane. As can be
seen, the addition of F-MWCNTs and/or SDS into
polymer matrix decrease CA. For PAN/F-MWCNTs
mixed matrix membranes, hydrophilicity of mem-
branes increases by increasing F-MWCNT dosage
from 0.5 to 2 wt.%. This is attributed to the hydrophi-
lic nature of F-MWCNTs owing to its hydrophili-
camine group (NH2) [17]. Moreover, the CA value of
PAN/SDS mixed matrix membrane declines from
47.5˚ to 39.5˚ when SDS dosage increases from 0 to 5
wt.%. Indeed, hydrophilic region of SDS as anionic
detergent is the reason for the reduction of CA of
PAN/SDS membrane.

Fig. 4. Cross-sectional view of (a) PAN0, (b) PAN-C0.5, (c) PAN-C1, (d) PAN-C2, (e) PAN-S2.5, and (f) PAN-S5.
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3.3. Membrane performance

3.3.1. Pure water flux

Fig. 6 shows pure water flux of prepared mem-
branes. As illustrated, all membranes have higher
pure water flux than PAN0 membrane. For PAN/F-
MWCNT mixed matrix membranes, the addition of
0.5 wt.% F-MWCNT into polymer matrix increases
pure water flux, considerably. The water flux
improvement can be explained by surface properties
and morphology of as-prepared membranes. As
described before, PAN/F-MWCNTs membrane (PAN-
C0.5) has more hydrophilic surface than that of the

pure PAN membrane. In addition, the finger-like
macrovoids have elongated across the PAN-C0.5.
Besides, opened pores of F-MWCNT provide a new
pathway for permeation of water molecules through
PAN/F-MWCNTs membrane. On the other hand, sur-
face of membrane become denser than that of pure
PAN membrane. In this case, the effect of surface
hydrophilicity of PAN-C0.5 decreases F-MWCNT
influences on the top-layer structure and thus pure
water flux increases [13,29–31]. By increasing F-
MWCNT content, pure water flux first decreases and
then increases. When concentration of F-MWCNTs
increases from 0.5 to 1%, surface hydrophilicity

(a) (b)

(c) (d)

Fig. 5. AFM analysis of (a) PAN0, (b) PAN-C0.5, (c) PAN-C1, and (d) PAN-C2 membranes.

Table 2
Surface properties of the prepared membranes

Membrane code Contact angle (˚) Rq (nm) Ra (nm) Rz (nm)

PAN0 47.5 ± 1.4 6.30 0.87 9.24
PAN-C0.5 44.1 ± 1.2 4.79 0.66 8.36
PAN-C1 42.4 ± 0.8 7.31 1.01 11.45
PAN-C2 36.3 ± 0.9 9.64 1.34 12.14
PAN-S2.5 41.0 ± 1.1
PAN-S5 39.5 ± 0.1
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increases slightly and the key influence of hydrophilic-
ity on the enhancement of water flux of PAN-C1
reduces. As F-MWCNT dosage reaches to the 2%, CA
of prepared membrane decreases from 42.4 ± 0.9 for
PAN-C1 to 36.3 ± 0.9 for PAN-C2 (about 6˚). While the
CA of PAN-C0.5 is 44.1 ± 1.2 (about 2˚ higher than
PAN-C1). According to the results it seems that, for
PAN-C2, surface hydrophilicity and new path way of
water due to porous structure of F-MWCNTs are
dominant factors which influence pure water flux.
Anyhow, the maximum value of pure water flux is
obtained at 0.5 wt.% of F-MWCNT.

In the case of PAN/SDS membrane, pure water
flux increases by increment of SDS content from 0 to 5
wt.%. This trend has observed due to the change of
hydrophilicity and surface morphology of PAN/SDS
membranes [25]. At 2.5 wt.% of SDS dosage, mem-
brane hydrophilicity increases while the size of macro-
voids decreases. It seems that hydrophilic surface of
PAN-S2.5 compensates the effect of pore size on trans-
port rate of the water molecules through PAN-S2.5.
For PAN-S5, both hydrophilicity and surface pore size
of membrane are increased and as a result pure water
flux is increased.

3.3.2. The effect of solution pH on the BSA rejection
and permeate flux

The effect of the negative charge (from low to
high) on the BSA rejection and permeate flux were
investigated. For this objective, three pHs were
selected to set the BSA solution higher than its isoelec-
tric point (IEP, 4.8 at 25˚C) [32]. Table 3 shows BSA
rejection of all as-prepared membranes in three differ-
ent solution pHs. The results allow studying the effect
of additives and solution pH on the rejection of BSA.
As can be seen, the BSA rejection enhances when BSA
solution pH increases from 5 to 9 for PAN0. The aug-

mentation of rejection can be explained as follows.
When solution pH increases, negative charge of BSA
molecules enhances. Consequently, the electrostatic
repulsion force between BSA and PAN0 surface
increases. In this case, the transport rate of BSA mole-
cules through the pores decreases and BSA rejection
increases [33]. For PAN/F-MWCNTs membranes, the
explanation of results becomes more complicated. In
this case, in addition to BSA charge, rejection may be
influenced by morphology and surface properties of
mixed matrix membranes. When F-MWCNTs are
incorporated into the polymer matrix, amine group
(NH�

2 ) on F-MWCNTs increase negative charge of
membrane surface. On the other hand, BSA molecules
may pass through membrane during transportation of
water molecules due to high water flux of PAN-C0.5
[13,33]. This phenomenon overcomes repulsion force
and as a result the BSA rejection of PAN/F-MWCNTs
membranes increases when compared with the one for
PAN0 membrane at the same solution pH. From
Table 3, it has also observed that the BSA rejection of
PAN-C0.5 decreases from 86.94 ± 2.6 to 80.30 ± 1.15%
when solution pH increases from 5 to 7 due to high
water flux. While, for solution pH of 9, the repulsion
force prevail the high water flux of PAN-C0.5 and
thus, BSA rejection increases to 93.06%. When F-
MWCNT dosage is higher than 0.5% (1 and 2 wt.%),
the BSA rejection becomes independent of solution
pH.

As shown in Table 3, the rejection of PAN/SDS
blend membranes reduces by increasing SDS concen-
tration at the same pH value. Similar behavior was
observed by Rahimpour et al. [34] who blended PES
membrane by different concentration of SDS. They
illustrated that the protein rejection declined at high
SDS concentration due to exclusion of micelles that
created membrane surface defects at higher concentra-
tion of SDS. According to the surface images of PAN/
SDS membranes (Fig. 3(e)–(f)), voids are extended to
the surface of PAN-S5. These voids create pass way
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Fig. 6. Effect of MWCNTs and SDS on the pure water flux
of all fabricated membranes.

Table 3
BSA rejection of prepared membranes at three different
pHs

Membrane code pH 5 pH 7 pH 9

PAN0 82.16 ± 1.45 95.20 ± 1.1 97.26 ± 0.8
PAN-C0.5 86.94 ± 1.6 80.30 ± 1.15 93.06 ± 1.8
PAN-C1 94.95 ± 2.3 94.66 ± 0.99 93 ± 0.75
PAN-C2 97.21 ± 0.13 97.7 ± 1.9 97.46 ± 1.25
PAN-S2.5 98.1 ± 0.85 97.66 ± 1.01 98.5 ± 0.73
PAN-S5 92.6 ± 2.3 93.11 ± 1.56 96.16 ± 1.75
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for BSA molecules and decline BSA rejection of PAN-
S5 when compared with PAN-S2.5. For PAN-S5, by
the increment of solution pH, BSA rejection increases
due to electrostatic repulsion between membrane and
BSA.

Fig. 7 presents the permeate flux of pure PAN and
mixed matrix membranes at different pHs. As can be
seen, the permeate flux of pure PAN and PAN/F-
MWCNTs membranes increase with increasing solu-
tion pH except for PAN-C2. The electrostatic repulsion
between BSA molecules and membrane surface is the
key motivation for increasing permeate flux. By aug-
menting solution pH, the repulsion force increases
which prohibits adsorption of BSA molecules on the
surface of membrane [33]. Beside, as reported by
Vatanpour et al. [32], the hydrogen bonds is formed
between hydrophilic groups (–NH2/–COOH) and
water molecules for PAN/F-MWCNTs membranes.
This bond prevents the adsorption of protein due to
formation of hydration layer and steric exclusion
effect. In this case, fouling resistance decreases and
consequently permeate flux increases. For PAN-C2
membrane, reduction of the permeate flux has
observed with increasing the solution pH from 7 to 9.
This irregular trend has been interpreted as follows.
Kopac et al. [35] stated that, three dimensional struc-
ture of BSA molecule would denature at high pHs.
This leads to precipitation of BSA molecules and
therefore decreases permeate flux.

As can be seen in Fig. 7, permeate flux of each
PAN/SDS membranes increases by increasing solution
pHs. In fact, presence of the SDS molecules on the top
surface of membranes negatively charged membrane
surface. Furthermore, as mentioned before, negative
charge of BSA molecules increases with increment of
solution pH. In this case, adsorption of BSA molecules
decreases, which diminishes thickness of concentration
polarization layer. Accordingly, the permeate flux
increases for PAN/SDS membranes by increasing
solution pH [36]. Moreover, by increasing SDS dosage

from 2.5 to 5%, both negative charge and pore size of
membrane surface increase which enhance the perme-
ate flux.

According to the results, one can conclude that 0.5
wt.% of F-MWCNTs and 5 wt.% of SDS are the best
dosage of each additive. Beside, from Fig. 7 and
Table 3, the maximum rejection and appropriate per-
meate flux is achieved at pH 9.0 for all as-prepared
membranes.

4. Conclusion

To investigate the effect additives on the
hydrophilicity and morphology of pure PAN mem-
brane, SDS and F-MWCNTs were used and mem-
branes successfully prepared by phase inversion
process. FTIR analysis was conducted to assure pres-
ence of the grafted acidic (COOH) and amine (NH2)
surface groups onto the surface of F-MWCNTs. The
proper dispersion of MWCNTs on polymer matrix
was confirmed by FESEM. The as-prepared mem-
branes were also characterized by SEM and CA analy-
sis. SEM images showed change in pores structure by
incorporating each additive. CA measurements and
pure water flux showed that the addition of
F-MWCNTs and SDS led to the increase in membrane
hydrophilicity. The permeate flux and rejection of BSA
solution increased by increasing BSA solution pH. The
best results for permeate flux and BSA rejection was
approximately obtained by solution pH of 9. Accord-
ing to the results, 0.5 wt.% of F-MWCNTs and 2.5
wt.% of SDS are the best dosages.
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