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Abstract—Poly (ether sulfone)-(PES) based mixed-matrix nanofiltration (NF) membranes were fabricated by incorpo-
rating carbon nanofibers (CNFs) through solution casting technique. Scanning optical microscopy (SOM), scanning
electron microscopy (SEM) and surface roughness analysis were carried out in membrane characterization. Water
uptake, contact angle, tensile strength, and porosity measurements, as well as water flux, salt rejection and antifouling
experiments were used. SEM images showed more porous structure for the blended membranes compared to virgin
membrane. Finger-like pores was also observed for the modified membranes. SOM image showed uniform surface for
the prepared membranes relatively. Surface roughness also showed decreasing trend by increase of CNF ratio. Water
contact angle was reduced from 67.8° for pristine membrane to 54.6° for the blended membranes. Salt rejection also
increased from 66.49% for bare membrane to 86.4% for the blended membrane containing of 0.1 wt% CNFs. The
membrane porosity, water content, water flux and tensile strength were enhanced by using CNFs into the membrane
body. Blended PES-CNFs membranes showed high fouling resistance compared to the virgin membrane. The flux
recovery ratio was measured up to 79.20% for the modified membranes.
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INTRODUCTION

Membranes have a key role in various industries and different
kinds of separation processes [1-3]. Membrane separation technol-
ogy has gained much attention due to low energy consumption
[4,5]. Among the various types, reverse osmosis (RO), microfiltra-
tion (MF), ultrafiltration (UF), nanofiltration (NF), membrane distil-
lation (MD) and pervaporation (PV) are frequently used in water
filtration [6]. NF membranes have a nominal molecular weight
cut-off from 100 to 1,000 Da approximately [7-9]. Several features,
including high ability in multivalent ion removal, low operating
pressure, reduced cost, and low rejection for monovalent ions make
it interesting for water purification. They are also used in variety of
fields, including molecular separation of organic solvents [10], phar-
maceutical and biotechnology [11], food processing [12], waste
treatment [13] as well as desalination [1]. So, development of NF
membranes with excellent permeability and selectivity is an im-
portant step in their further applications [14]. The wide application
of NF membranes in water treatment [15] and desalination [16]
causes to produce a large number of polymeric membranes. They
have been used to remove different substances such as nitrate and
sulfate [19-23], xenobiotics [1], pesticides [17] and heavy metals
[18,19] from water.

Different polymers are used in the preparation of NF membranes
such as polyetherimide (PEI), polysulfone (PS), cellulose acetate
(CA), polyethersulfone (PES), polyimide (PI), polyamide (PA), poly-
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vinylidene fluoride (PVDEF), and poly (phenylene ether ether sul-
fone) (PEES) [20-23]. Various features of PES such as formability,
thermal stability, and outstanding mechanical strength lead to its
application in many membrane separation processes. However, PES-
NF membranes have some disadvantages, including high fouling
tendency and low permeability because of low hydrophilicity. There
are different approaches to increasing the separation properties of
PES membranes, such as surface grafting polymerization, blending
with hydrophilic polymers, and use of inorganic fillers in mem-
brane body [24-27]. In recent years, application of nanomaterials
in membrane fabrication has increased sharply. Different nanostruc-
tures, such as metal/metal-oxide nanoparticles, zeolites, carbon nano-
materials, MOFs and many more, have been used in water filtra-
tion [28-34]. Among them, carbon-based nanoparticles, including
carbon nanotubes (CN'Is), graphene oxides (GO) and carbon nano-
fibers, have attracted much attention in membrane fabrication and
modification due to their extraordinary potential [35]. Shao et al.
[36] applied aminated graphene oxide nanoplates in fabrication of
thin film NF membranes. The prepared membranes showed high
water flux and separation performance related to Na,SO, solution.
Wang et al. [37] also studied (attapulgite/graphene oxide) compos-
ite membranes for water treatment. Membranes exhibited high
water flux besides ~100% dye rejection. In another study function-
alized GO nanoplates [38] were utilized in fabrication of PES-NF
membrane for CrSO, removal from water. The salt rejection mea-
sured ~95% along with two times flux increasing. In another study
Yi et al. [39] prepared pH-responsive (RGO-gCNT) membrane.
These membranes showed good separation performance in a wide
pH range. Gong et al. [40] also investigated thin film composite NF
membrane by including CNT through interfacial polymerization.
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The prepared membranes showed long-term stability and excel-
lent separation performance with high rejection of Na,SO, and
MgSO,. Guo and colleagues [41] also studied mixed matrix mem-
branes filled with oxidized CNTs and GO. The produced mem-
branes showed good anti-fouling characteristic as well as high pure
water flux.

The high aspect ratios, specific surface areas, excellent mechani-
cal properties, interconnected fiber structure, tunable fiber diame-
ter, high chemical stability, partial negative charge and adsorption
behavior of carbon nanofibers (CNFs) make it an appropriate can-
didate in membrane application [42-48]. The earlier studies reported
that utilizing CNFs in modification of polymeric membranes led
to an improvement in their physico-chemical properties, mechani-
cal stability and separation performance even at low additive con-
centration. The results also showed a high capacity for natural
organic matter (NOM) removal, antifouling property besides high
permeate flux for them [49,50]. In the literature, few researches
were found on the fabrication of polymeric nanofiltration mem-
branes filled with CNFs. The literature is also silent on characteris-
tic and separation performance of PES-based nanofiltration mem-
branes incorporated by CNFs in water treatment. So, in the cur-
rent study, PES-based nanofiltration membranes were modified by
CNFs. The effect of different CNFs ratios on physico-chemical,
separation and antifouling properties of the blended PES-CNFs
membranes were studied. Scanning optical microscopy; scanning
electron microscopy, 3D surface images, water uptake, contact angle,
tensile strength, and porosity measurements as well as water flux,
salt rejection and antifouling studies were used in characterization
of membranes.

MATERIALS AND METHODS

1. Materials

Polyethersulfone (PES) was supplied by Badische Anilin- and
Soda Fabrik (BASF) (Ultrason E6020B, M,,: 58,000). The N, N
dimethylacetamide (DMAc, M,,: 87.12 g/mol) was also provided
by Merck Inc., Germany. Polyvinylpyrrolidone (PVE, My,: 25,000)
supplied by Merck Inc., Germany also was used as pore former
and. Carbon nano fibers (CNFs, Length: 5-50 um, SSA>18 m’/g,
OD: 200-600 nm, 2.1 g/cm’) were provided by US Research Nano-
materials, Inc., USA. All other chemicals were supplied from Merck
Inc., Germany. Distilled water was also used during the experiment.
2. Preparation of Blended PES-CNFs Membrane

The blended CNFs/PES membranes were prepared by solution
casting technique. For the aim, PES and PVP were dissolved ini-
tially in DMAc and stirred with mechanical stirring with 200 rpm
for 1h. CNFs with different concentrations were added into the
polymeric solution and stirred with mechanical stirring for 4h. The
solutions were then placed in an ultrasonic bath for 1 h and were
stored for 24 h to remove the air bubbles at 25°C. The solutions
were cast using an applicator with a thickness of 150 pm on glass
plates. Immediately; the plates were dipped in distilled water at 25 °C.
To complete the removal of DM Ac, the membrane was immersed
in distillate water for 24 h. Finally, membranes were placed among
two filter paper sheets at 25 °C for 24 h. The composition of poly-
meric solution is shown in Table 1.
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Table 1. The composition of used polymeric solutions in this study

Metbranes PES PVP DMAc  CNFs
(Wt%) (wt%) (wt%) (wt%)

M1 18 1 81.00 0.00
M2 18 1 80.95 0.05
M3 18 1 80.90 0.10
M4 18 1 80.50 0.50
M5 18 1 80.00 1.00

3. Membrane Characterization
3-1. Membrane Morphology

Scanning electron microscopy (SEM, Seron Technology Inc.
Korea) and scanning optical microscopy (SOM, Olympus, and
model IX 70) were applied to explore the membrane structure.
Surface roughness of membranes was investigated by 3D surface
image provided using optical microscopy along with SPIP software
(version 6.4.1).
3-2. Water Content and Contact Angle

For determining the membrane water content, pieces of mem-
brane were soaked in distilled water for 24 h. Then, they were re-
moved from water and placed between two filter papers to remove
extra surface water. They were weighed immediately (OHAUS, Pio-
neer TM, Readability: 10™* g, OHAUS Corp, USA). Next, the mem-
branes were dried in an oven for 4h at 60°C. The amount of
water content was determined using the following Eq. (1) [51,52]:

Ww_wd

Water content (%) = x 100 ®

where W,, and W, are the weight of wet and dry membranes.
Surface wettability of prepared membranes was examined by
water contact angle measurements using a contact angle measur-
ing instrument. Deionized water as also used as probe liquid. Three
different locations were considered to measure the contact angle
and to decrease the experimental error.
3-3. Porosity and Pore Size of Membrane
Eq. (2) was applied to determine the average porosity of pro-
duced membrane (¢) [2,19]:

C(W,-W,
&(%) _( Pl )x 100 )
where p is the water density (kg/m3 ), A is the membrane effective
area (m”), and [ is the thickness of fabricated membranes (m).

Eq. (3) was applied to calculate the mean radius of membrane’s
pore (r,,) [19,51]:

o - [E T )
EAAp

where Q is the water flow rate (m’/s), 77 is the water viscosity (8.9x
10" Pa-s) and AP is the operating pressure (MPa).
3-4. Flux and Salt Rejection

The dead-end stirred cell (Fig. 1) was employed for study the
separation properties of the membranes. The effective area of this
cell was 11.94 cm’. The fabricated membranes were initially pres-
surized with deionized water for 30 min to achieve a steady pure
water flux prior to filtration test. Then, filtration tests were done at
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Fig. 1. Schematic diagram of used filtration dead end cell in this
study.

a steady pressure (4.5 bar) at ambient temperature. Permeation flux
was determined by Eq. (4) as follows [53,54]:
-

= Axt @
where J, (L/m’h) is permeation flux, Q (L) is the amount of per-
meated water, A (m?) is effective surface area of membrane and t
(h) is the time.

For the determining the salt rejection, a 1,000 ppm Na,SO, aque-
ous solution was used as feed solution. The following formula was
employed for salt rejection calculation:

C
R(%)= (1— E:J;) x 100 5)

where C, is concentration of ionic solution of permeate and C; is

Fig. 2. SEM cross-sectional images of the produced membranes with different dosage of carbon nanofibers.
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concentration of ionic solution of feed.
3-5. Mechanical Property of Membrane

The mechanical tensile strength of the fabricated membranes
was studied as described elsewhere [55]. For this purpose, mem-
branes were cut into small sizes and the maximum tolerable load
of membranes was reported.
3-6. Antifouling Study of Prepared Membranes

First, the pure water flux J,,; (kg/m” h) was measured within the
cell for 60 minutes. Powder milk solution at a dosage of 8,000 mg/
L, as a fouling factor in the stirred cell, was replaced and pressur-
ized for 60 min again. The membranes were then washed and im-
mersed in deionized water for 20 min. Finally, the amount of water
flux of washed membranes J,,, (kg/m’h) was measured another time.

The amount of flux recovery ratio (FRR%) was used to study
the antifouling ability of membranes as follows [56]:

FRR%:GW—’Z)X 100 ©)

w, 1

Usually, a higher FRR% indicates a better antifouling property for
the membranes.

RESULTS AND DISCUSSION

1. Membrane Morphology

Fig. 2 shows the provided cross-sectional SEM images of the
fabricated membranes. All membranes showed a porous sub-layer
and a dense top layer. As seen, utilizing of CNFs caused the for-
mation of finger-like pores in the membrane sub-layer. As seen,
the increasing of CNFs concentration led to an increase of mem-
brane porosity. The porosity of membrane increased from 31.4%
for the virgin PES membrane to 67.19% for the blended mem-
brane (M4) with 0.5wt% CNFs (Table 2). Some decrease of poros-
ity for M5 with 1.0 wt% CNFs is related to possible accumulation
of CNFs into the pores at high CNFs concentration. The possible
migration of carbon nanofiber into the membrane surface due

Fig. 3. SOM images of fabricated membranes.
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Table 2. The porosity and mean pore size of produced membranes

Membranes Porosity (%) Mean pore size (nm)
M1 31.40 1.50
M2 65.70 0.99
M3 65.07 0.86
M4 67.19 0.69
M5 58.42 1.01

to their low density during the phase inversion process provides
smoother surface [58] along with more porous structure for the
upper layer of membranes. This accelerates the exchange rate be-
tween solvent/nonsolvent during the phase inversion process by
conducting the water molecules though the upper channels. More-
over, by migration of CNFs into the membrane surface, the thick-

1.00 pm
" 0.30 pm

M1; Ra=24.3nm

M3; Ra=13.7nm

0.88 ym
0.44 pm

ness of the upper layer enhanced that has an important role in
separation performance [2,59-62].

SOM images were used to study the uniformity of the mem-
brane surface. The images (Fig. 3) indicated relatively uniform sur-
face for the prepared membranes. Increase of dark spots for M4
and M5 is related to the possible accumulation of CNFs at high
additive concentrations.

3D surface images were utilized to study the membrane sur-
face roughness. As shown in Fig. 4 lowest average roughness (R,)
was obtained for M3. The R, was reduced from 24.3 nm for M1
to 13.7 nm for M3. This is because of CNFs locating on the mem-
brane surface during the phase inversion process, which creates a
smooth surface and fills the valleys. Increase of average roughness
for M4 and M5 is also due to the possible accumulation of carbon
nanofiber on the membrane surface at high additive concentration.

M4; Ra=35.9nm

1.00 pm
0.11 pm

M5; Ra=65.0nm

Fig. 4. 3D surface images and surface roughness the for fabricated membranes.

Table 3. Water content for the fabricated membranes

Membranes Water content (%) Water contact angle (°)
M1 67.9 67.8
M2 75.06
M3 73.38 54.6
M4 71.7
M5 72.7 59.3

Korean J. Chem. Eng.(Vol. 39, No. 9)
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2. The Effect of Carbon Nanofiber Dosage on Water Content
and Contact Angle

The effect of different carbon nanofiber dosage on the water
content of membranes was investigated. As given in Table 3, all of
blended membranes showed a greater amount of water content
than the unmodified sample, which can be described by increase
of porosity as well as structural heterogeneity that accommodates
more water molecules. The water content increased from 67.9% in
M1 to 75.06% for M2 due to the increment of membrane poros-
ity. Some reduction of water content at higher CNFs' dosage may
be due to pore blocking phenomenon by the CNFs.

According to Table 3, by addition of CNFs into the membrane
body the contact angle was reduced. This may be due to smoother
surface for the blended membranes that would produce more hydro-
philic surface. Some increase in water contact angle at high CNFs
ratios is because of CNFs aggregation on the membrane surface
[22,63.64].

3. The Mechanical Tensile Strength of Membrane

The results of mechanical strength of the prepared membranes
are indicated in Fig. 5. As shown, the mechanical strength of blended
membranes, including M2, M3 and M4, is higher than that of the
unmodified membrane (M1). It can be concluded that CNFs act
as a physical crosslinking factor and thus clinging polymer chains
and reduces the slip of polymer chains on each other [65-67]. The
mechanical strength of M5 is less than other membranes; this can
be due to the aggregation of CNFs in this sample [68]. Besides,
reducing of mechanical strength at high CNFs ratio for M5 can be
due to increase of channel size for M5 that results in loose mem-
brane structure and reduces the membrane's mechanical strength
[60].

4. Effect of CNFs’ Ratios on Salt Rejection and Permeability

Permeability and salt rejection are significant factors in deter-
mining membrane performance. The effect of CNFs' concentra-
tion on flux and rejection is shown in Figs. 6 and 7, respectively.
As shown in Fig. 6, the addition of CNFs increased the amount of
flux from 3.54 L/m’h for unmodified membrane to 8.37 L/m’h for
M5 at 1 wt% of CNFs. The increase of membrane porosity and
surface hydrophilicity for modified membranes led to increase of
flux.

300 - 280.4 279.9 275.06
2479

100 - 89.81

Tensile strength (Kpa)

M1 M2 M3 M4 M5
Membrane No.
Fig. 5. The mechanical strength behavior of membranes with dif-
ferent CNFs’ concentration.
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Fig. 6. The effect of carbon nanofiber ratios on the water flux.
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Fig.7. The effect of carbon nanofiber concentration in member
body on salt rejection.

The rejection was increased initially from 66.49% for the bare
membrane to 864% for M3 with 0.1 wt% CNFs and then decreased
to 53.99% for M5 with 1 wt% CNFs. The adsorption property of
CNFs would promote deep filtration during the separation process.
At high additive concentration, increase of membrane surface rough-
ness caused a decrease of salt rejection due to improving the polar-
ization affects. Furthermore, at high CNFs concentration the possible
accumulation of CNFs reduces their active surface area, which

%FRR
3

M3 M4

Membrane No.

Fig. 8. The amount of FRR% for the fabricated membranes.
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Table 4. A typical comparison between prepared membranes in this study with some researches

Membrane Feed concentration Pressure Water Flux (L/m”h) Rejection Ref
PES-CNFs 1,000 (mg/1) 4.5 bar 3.3-84 53.9-86.4 This study
PEI-TiO, 1,000 (mg/1) 4.5 bar 11.9 69 (3]
PEI-L.POSS.TiO, 1,000 (mg/]) 4.5bar 7.9 72 3]
PI84-GO 0.050 M 15 bar 13.07 >99 [34]
declines the rejection. ical strength. The blended membranes also showed high antifoul-

5. Antifouling Performance

Separation performance and useful lifetime of the membrane is
directly related to the membrane fouling. The membrane flux may
reduce with factors like the plugging or blockage of pores inside
the membrane as well as the concentration polarization on the
membrane surface. The reasons for fouling in membrane are com-
plex. The membrane antifouling feature is usually related to the mem-
brane surface properties [69]. To promote the antifouling property
of membranes, many efforts were made to improve membrane
surface hydrophilicity [70-72]. To investigate the membrane anti-
fouling properties, the membrane PWF before and after filtration
of powder milk solution was compared. The flux recovery ratio
(FRR%) was calculated for the aim. The higher amount of FRR%
means better membrane antifouling property. The results of FRR%
are shown in Fig. 8. The minimum FRR% (16.66%) was measured
for the unmodified membrane and the highest amount of FRR%
(79.20%) found for M3. The FRR% results were significantly cor-
related with the membrane hydrophilicity. More hydrophilic sur-
face can adsorb more amounts of water molecules that form a layer
on the membrane surface and reduce the adsorption of fouling
agents consequently. Besides, as discussed, decrease of membranes
surface roughness would reduce the possibility of formation of
stagnant layer on the surface that could reduce the fouling deposi-
tion on the membrane surface.

A typical comparison between separation performance of fabri-
cated membranes in this study with some reported researches is
given in Table 4. As seen, the prepared membranes in the current
study are comparable with that of other reported ones.

CONCLUSION

Blended PES-CNFs nanofiltration membranes were fabricated
by solution casting technique. The effect of different CNFs concen-
trations on physico-chemical, separation and antifouling properties of
membranes were studied. SEM images exhibited more porous
structure for the modified membranes compared to virgin mem-
brane. Finger-like pores were also observed for the blended mem-
branes. SOM image showed uniform surface for the fabricated
membranes relatively. Surface roughness was decreased by use of
CNF ratios up to 0.1 wt% into membrane matrix and then increased
by more additive content. The membrane water uptake, porosity
and surface hydrophilicity as well as water flux were increased by
embedding CNFs into the membrane matrix. Salt rejection was
enhanced from 66.49% for the virgin PES-membrane to 86.4% for
(PES-0.1 wt% of CNFs) blended membrane. Furthermore, the use
of CNFs in membrane body had a significant effect on their mechan-

ing ability compared to the pristine membrane.
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