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Abstract—A new facile, cost-effective and safe approach is introduced for the modification of polyacrylonitrile (PAN)
membrane surface by a polymerization process in order to improve hydrophilicity and antifouling. For this purpose,
membrane activated by IR-initiated, and acrylic acid (AA) as a monomer was successfully grafted on the membrane
surface. The surface properties of membranes were characterized by means of various techniques: infrared spectros-
copy, zeta potential, water contact angle, atomic force microscopy (AFM), and scanning electron microscopy (SEM).
The experimental results indicate that the membrane surface becomes more hydrophilic by reducing the contact angle
from 67.1° to 52.5°. The existence of hydrophilic chains on the membrane surface facilitates the creation of a negative
charge on the membrane surface unto —2.99 mV (from 3.51 mV in based-membrane). The separation performance of
the modified membrane showed a desirable yield. For a membrane photografted for 25 min with acrylic acid solution
(2 wt%), the retention of Na,SO,, MgSO,, NaCl, and CaCl, was in the order of 81%, 67%, 34%, and 28%, respectively.
The membrane retention is expressed the values of 90.37%, 87.17%, and 79.5% for Acid Blue 92, Acid Red 114, and
Tbuprofen. The optimized NF membrane showed a permeability factor (Lp) of 6.48 L-m *-h™'-bar '. Furthermore, the
surface modification of the PAN membrane via the IR-induced graft polymerization exhibits an enhancement of the
membrane antifouling property.

Keywords: IR-Induced, PAN Membrane, Surface Modification, Acrylic Acid (AA), Graft Polymerization, Photoinitia-

tor, Azo Dye

INTRODUCTION

Among the challenges that have appeared with the evolution of
industries, is the entrance of chemical pollutants into the environ-
ment in diverse ways [1]. Recently, many studies have been ac-
complished to eliminate these pollutions and many investments in
this field reveal the importance of this issue [2]. In this regard,
membrane-based processes have been developed for separation,
fractionation, and purifications of materials in various situations,
and there is a significant expansion in this range due to the perfor-
mance and facility of utilization [3]. Nanofiltration (NF), a pressure-
driven membrane process, is extensively applied in various activi-
ties, including water purification, pharmaceutical, and chemical
industries [4]. The surface of the membrane in the nanofiltration
process has an ionic charge and these membranes are particularly
employed in the separation of ionic compounds. Its advantages
include low work pressure, high retention of multivalent ions, ap-
proximately low investment, cost-effective operational and preser-
vation cost. Surface modification until formation nanofiltration range
seems necessary to increase the efficiency of membranes and cre-
ate desirable properties. So far, various methods, including chemi-
cal and physical, have been developed for this purpose [5]. The
chemical method is done by blending polymers with more proper
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properties or joining polymer layers on the active surface of the
membrane [6]. Chemical modification is usually an intricate pro-
cess with expensive devices and requires a variety of materials and
solvents. In addition, this method often leads to destruction or
change in the porous structure of the membrane [7]. Physical modifi-
cations are the most promising method to improve the surface prop-
erties of membranes. Graft polymerization includes flame exposure,
radiation, plasma, and ion beams, which can be efficiently modi-
fied by attaching the polymer layer to the surface [8]. Photochemi-
cal reactions are a class of reactions induced by the absorption of
ultraviolet or visible beams. In these groups, the reactants are excited
by light stimulation and transfer the highest energy level. Actually,
it can be said that light in these reactions provides the required activa-
tion energy to perform the reaction. Then the excited state is inac-
tivated by chemical processes and the expenditure of excess energy
[9]. Photochemical modification of the surface of ultrafiltration (UF)
membranes via UV photograft, by creating a new layer of polymer
with unique and desired properties, reduces the size of membrane
pores and can add electrical charges to the membrane surface. This
increases membrane retention for salts and small organic molecules
[10]. By graft polymerization of various monomers on the mem-
brane surface, membranes with unique properties can be prepared.
In this opinion, the kind of monomer employed is really import-
ant and can manage the size of the pores and the surface charge
[11]. Herein, acrylic acid (AA) was used as a monomer. Acrylic
acid is a hydrophilic monomer that holds an extensive field of em-
ployment in the linking process because of its C=C. Bequet et al.
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by using photo-induced grafting of AA on the surface of polysul-
fone ultrafiltration membrane developed nanofiltration membranes
in the formation of plates and hollow fibers that were applied in
water desalination [12]. Zhu et al. modified polyethersulfone mem-
brane surface by Corona-treatment graft polymerization of AA
and they improved permeability and antifouling characteristics of
the membrane [13]. Employing plasma-initiated and acrylic acid
grafting, Staro et al. were able to improve the grafting degree of
polypropylene (PP) membranes as separators in alkaline electroly-
sis [14]. In this work, the polyacrylonitrile (PAN) was studied for
the preparation of the nanofiltration membrane by the graft polymer-
ization of AA. Polyacrylonitrile membranes include a family of
porous products. Compared with conventional commercial mem-
branes that are made usually by a polyamide on the top of poly-
ethersulfone or polysulfone supports, PAN-based membranes have
great potential for use in filter membranes due to their controlled
porosity, high thermal and chemical stability, resistance to most
organic solvents, and low cost [15-17]. No toxicity has been identi-
fied for PAN in TOXNET Database [18]. In addition, the nitrile
group acts as an electron acceptor and increases the ability to acti-
vate the base membrane against high wavelength radiation. In fact,
this group helps to create radicals in the polyacrylonitrile base
membrane and facilitates the polymerization reaction. The polyac-
rylonitrile used in this study is a textile waste that is inexpensive
and available. Therefore, employing it as a desirable application is
an advantage. Physical ways, which include a variety of monomer
graft procedures on the membrane surface, have received more atten-
tion due to the simplicity and speed of the procedure. Plasma treat-
ment [19-22] and the photopolymerization process [23-27] are the
most widely employed techniques for vinyl monomer grafts. Most
of these methods increase manufacturing cost and are also dan-
gerous and destructive, so developing new initiating systems upon
longer, safer, and cost-effective wavelength irradiation is a great chal-
lenge. In this study; a new method is introduced to modify the sur-
face of the membrane by utilizing infrared radiation (IR). Electro-
magnetic radiation is classified into different spectral regions such
as X-rays, UV, visible, and IR radiation. IR radiation ranging from
760 nm to 1 mm is non-ionizing radiation located ‘below the red’
adjacent to the red part of the visible radiation range and extend-
ing up to the microwave range. Extensive research has been car-
ried out on thermal IR radiation. Some research has pointed out
that infrared radiation (IR) heating in blanching, cooking, frying,
food peeling, disinfection, and pest management could be able to
improve the quality retention of food materials [28-30]. In another
study, the effect of short and medium infrared radiation has been
reported in the food drying industry [29,31]. IR radiation has been
applied to the intensification of Reutealis trisperma biodiesel pro-
duction with efficient productivity and less energy consumption
[32]. However, few efforts have been reported for activation of reac-
tion under infrared light, i.e., polymerization and modification of
membrane. Infrared radiation is responsible for about 50% of the
energy coming from the sun and is commonly used for different
optical and biological applications, but ignored in industries such
as membrane fabrication and separation. Infrared usually causes
molecular vibrations and rotations due to rising temperatures [26].
Therefore, it is not normally able to react and modify the mem-
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brane surface. Here we developed a simple and easy way to pro-
vide this capability for infrared. Given the low beam intensity and
the lack of photoactivity of the base polymer, a material that could
both act as photoinitiator and enhance the intensity of the beam
emitted was required. A photoinitiator in polymerization is a mol-
ecule in trace quantities that creates free radicals under the influ-
ence of light to start the reaction. Using a light absorption system
that leads to the formation of active species is essential to initiate
light polymerization [34]. Already dyes are used in a variety of appli-
cations as light-sensitive compounds [35]. Azo dye was appointed
for this purpose. Azo dyes are a class of compounds containing N=N
that can absorb visible light [36]. In this research, the surface of
virgin membrane was modified with grafting via acrylic acid as
the monomer. For this purpose, infrared radiation was used in a
new idea. By adding Acid Red 114 (AR114) as an azo dye to the
membrane, the connection of the monomer to PAN by infrared
radiation is possible. Finally, the effect of monomer concentration
and irradiation times on the performance of the modified mem-
branes was evaluated (see Fig. 12).

EXPERIMENTAL

1. Materials

Polyacrylonitrile (PAN) is a fiber made from textile waste and
used as a membrane material. Dimethylformamide (DMF) from
Chem Lab (Belgium) as solvent without further purification and
polyethylene glycol (PEG) with average molecular weight from 600
to 3,000 Da from Merck (Germany) was applied. Acrylic acid (AA)
supplied by Merck was used as a monomer for PAN modification.
Acid Orange 7, acid red 114, and acid blue 92 from Yazd Alvan
and other chemicals also were purchased from Merck company.
2. PAN-based Membrane Preparation

In this research, the flat sheet PAN-based membrane was pre-
pared through phase inversion method. Initially, homogeneous poly-
meric solution containing PAN (18 w/w%), PEG2000 (4 w/w%),
and DMF (78 w/w%) was mixed by a magnet stirrer at the rate of
250 rpm and heated at 65 °C for 24 hours in reflux system. Note
that PEG2000 was added as a pore former. Finally, the dope solu-
tion was ultrasonically treated for about 15 minutes to remove bub-
bles and cast on a flat glass using an adjustable casting knife with a
thickness of 255 pm. The basis of this research involves adding azo
dye in an aqueous solution as non-solvent during the phase inver-
sion process. The polymer film is immersed in a water bath con-
taining 50 ppm AR114 for coagulation and remains for 24 hours.
Here, the exchange between the solvent and nonsolvent in the water
leads to the formation of the porous asymmetric PAN membrane.
The permeability factor of virgin membranes (M,) above 185L.
m -h™".bar ' was continuously measured.
3. Treatment of Polymer Membranes by IR-Irradiation

The IR system used in this study is PHILIPS/250W lamp, Korea.
In the grafting polymerization step, prepared membrane contain-
ing the azo dye (membrane surface=374 cm®) was dried and then
dipped in a monomer (AA) solution at different concentrations.
The virgin membrane was modified by IR-assisted grafting polymer-
ization in the presence of AA. The samples were irradiated under
IR lamp for 25 minutes at room temperature. The distance between
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Table 1. Different polymerization conditions of membranes

AA Irradiation Azo dye
Membrane concentration time concentration
(Wt%) (min) (ppm)

M, - R -

M, 1 15 50
M, 2 15 50
M, 3 15 50
M, 4 15 50
M, 2 10 50
Mg 2 20 50
M, 2 25 50
M, 2 30 50
M, 3 25 50
M, 2 25 40
M, 2 25 70
M,, 2 25 100

the reaction solution and the light source was 30 cm. We used AR114
azo dye as photoinitiator. Various concentrations of AA (1, 2, 3,
and 4 wt%), irradiation time (10, 15, 20, 25 and 30 min) and dye
concentration (40, 50, 70, 100 ppm) were investigated and presented
in Table 1 by M,. The experimental conditions, such as monomer
concentration, the distance between the IR source and the mem-
brane and irradiation time, can influence the grafting rate. There-
fore, situations must be constant and reactions controlled to de-
termine the optimal monomer concentration and irradiation time.
After irradiation, the modified membranes were immersed in water.
4. Filtration Measurements

Water permeation and retention of soluble ions are two import-
ant parameters in describing the performance of nanofiltration
membranes. The filtration experiments were conducted in a cross-
flow filtration system. The active membrane was placed inside the
cell, and pure water or ionic solution with a specific concentration
was filled in the feed tank. The filtration was carried out at pressure
of 3bar and room temperature (25°C). After enough time and
when the amount of permeation flux (F) was stable, the amount
of output water was measured in units of time. The pure water
flux (F) and permeability factor (L,) were measured according to
Egs. (1), 2):

Y 2

F=——(l/m h) (D
L —i(L/mZ-hbar) )
PT AP

The surface area of the membrane (A) was about 22 cm” and the
pressure (AP) was 3 bar at room temperature (25 °C), where V is
the volume of permeated water (liter) in 5 minutes.

To express membrane retention, the feed solution was prepared
from 80 ppm of drugs and 60 ppm of dyes calculated according to

the following equation:
Ro,ﬂ(%):(l—%)x 100% 3)

where R, is the observed retention of the solute, Cr and C, are
the feed and the permeate solution concentration, respectively. Reten-
tion of salts is an important parameter for evaluation of the mem-
brane performance. Retention of 0.01 M NaCl, CaCl,, Na,SO,, and
MgSO, solutions was conducted using Eq. (3).
5. MWCO Measurement

The molecular weight cut-off (MWCO) is a key parameter for
describing the efficiency of nanofiltration (NF) membranes. It refers
to the molecular weight (Mw) of a solute having 90% retention
[37]. Here PEG solute used for measurement of MWCO and ana-
lyzed by UV-Visible spectrophotometer (GBC Scientific Equip-
ment Ltd., - Cintra 101 - UV-visible spectrometer, Australia) at a
wavelength of 535 nm according to the method of Sabde et al. [38].
6. Characterization of the Membrane Surface

FT-IR analysis was done to detect the presence of functional
groups and chemical structure of membranes before and after
photopolymerization. FI-IR IBB Bomem MB-100, Canada was
used for this purpose. Scanning electron microscopy (SEM, MIRA3
TESCAN) and atomic force microscopy (AFM, CP II/Veeco, USA)
were used to evaluate the surface structure of the modified mem-
branes and then compared with primary membranes. From AFM
images were extracted morphological parameters and roughness
value. To compare information about the hydrophilicity of the mem-
branes, the contact angle was measured between water and mem-
brane surface (Camera Model CAG-20). To determine the surface
charge of membranes and describe their function, the zeta potential
after grafting was measured (BROOKHAVEN OMNI/nano-book).

RESULT AND DISCUSSION

M, with the highest rate of salt retention provides the optimal
conditions (2 wt% of AA under 25 min of IR irradiation, 50 ppm
of Azo dye). Consequently; this membrane was employed to investi-
gate parameters affecting the performance of modified membranes
and analysis.

1. FT-IR Study

IR analysis was used to evaluate the structural characterization
before and after membrane modification. The adsorption peaks
presented in Fig. 1(a) are recorded for the research of the sublayer
membrane before the joining of dye molecules. The notable peaks
for the stretching vibrations of the -CH, -C=N, -C=0, -C=N, and
OH groups, respectively are present around 2,932 cm™, 2,243 cm’,
1,736 cm™’, 1,628 cm ™', and 3,628 cm ™' and also the peak at 1,449
cm' assigned as the bending vibration of the -CH, group. The
appearance of peaks related to carboxyl and hydroxyl groups in
the support membrane spectrum also indicates the presence of
carboxylic groups in the polyacrylonitrile polymer chain. This means
the impurity of the primary polymer fibers, which is really expected
owing to its industrial quality. It is clear from the spectra of the
grafted membrane that an increase in transmission peak intensity
at 1,628 cm™' and 3,629 cm™" (Fig. 1(b)), is correlated to -C=0 and
OH functional groups in the monomer. These changes during the

Korean J. Chem. Eng.(Vol. 39, No. 10)
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Fig. 1. FTIR spectra of virgin PAN (a) and IR treated PAN with 2%wt AA (b).
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Fig. 2. Molecular structure of reactant utilized in the graft polymerization.

grafting of AA on the PAN membrane indicate successful photo-
polymerization.

During this method, the following reactants with the molecu-
lar structure displayed for graft polymerization were applied:

o Polyacrylonitrile (PAN) (Fig. 2(a)) as the base membrane.

o Acrylic acid as a hydrophilic monomer (Fig. 2(b)) to modify
the membrane.

o Acid Red 114 dye (Fig. 2(c)) as a photoinitiator.

According to the following, it can be considered that AR114
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can stimulate the base polymer in the presence of light by creat-
ing stable and multiple active groups as an effective initiator:

1. The behavior of azo (-N=N-) groups in the structure, which
is easily broken down and produces free radicals.

2. Due to its color feature, it can increase the amount of radia-
tion absorbed per unit area and enhance the light intensity [39,40].

3. The presence of OH group and methyl substitution on the
dye compound assists to absorb longer wavelengths [39].

By irradiating the AR114 molecule, it absorbs infrared waves,
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Fig. 4. The provisional mechanism of grafting AA as monomer on PAN membrane.

breaks them down, and creates free radicals according to Eq. (4):
A+hv—>A° (4)

where A denotes the ground-state molecule, hv the absorbed pho-
ton, and A’ the molecule in an electronically excited state with an
extra energy hv (as the equation indicates). A" can be created in
one of the radical forms of Fig. 3:

A" as an energy-rich species excites polyacrylonitrile within a
short period of time and grafting of monomer on the membrane
surface according to Fig. 4.

The evidence below confirms the provisional mechanism of
reaction drawn in Fig. 4.

o Analysis of the IR spectrum of the modified and unmodified
membrane shows that the nitrile group peak has not changed. So
this group has not been attacked.

o By comparison of the spectra of the membranes before and
after IR-irradiation treatment enhanced peak intensity is visible and
considering no reaction was performed in the absence of mono-
mer, it can be maintained that the acrylic acid reacted with the
substrate membrane.

o Additionally, peaks related to the color functional groups are
not observed in the IR spectrum of the modified membrane, and
this confirms the dye used acted as a photoinitiator.

o Discoloration of the membrane after irradiation is another
reason to prove that the azo dye is degraded and acts as a pho-
toinitiator.

2. SEM Images

Membrane morphological changes before and after graft polym-
erization were probed by scanning electron microscope (SEM) and
Fig. 5 demonstrates typical images at different magnifications. It is
the most commonly used means for direct observation in the study

on the modification of membrane.

In Fig. 5, the modified membrane (b) after the formation of PAA
new layer seems more cohesive and monotonic than the virgin
membrane (a).

The images received from the cross-section of the membranes
prepared through the grafting method are presented in Fig. 6(b).
A porous and finger-like structure with a dense top layer is ob-
served for the treated membrane. With graft polymerization, incre-
ment in agglomeration of PAA on the top and wall surface of the
membranes, formation of denser skin-layers with increased thick-
ness, organization of spongy canals and sub-layers with lower porosi-
ties are obvious. In addition, the uneven layer on the surface of the
substrate membrane (Fig. 6(a)) is also arranged and evened.

3. AFM Analysis

AFM was used to characterize the changes in the roughness of
surface morphology by the effect of graft polymerization, which is
one of the best parameters for comparing different membranes.
Roughness parameters can be correlated with membrane perfor-
mance and surface properties, such as membrane fouling, pore size
distribution and pure water flux. Two and three-dimensional images
of unmodified and modified membranes are illustrated in Fig.
7(a) and 7(b), respectively. According to the presented figures, it
can be reasoned that by IR-irradiation on the membrane, the sur-
face roughness has significantly decreased. The virgin membrane
prepared has rougher surfaces, whereas the treated membrane shows
less roughness and smoother surfaces. During the grafting process
and coverage of the PAA, the membrane had a noticeable reduction
in roughness value from 39.15nm to 19.92 nm. These variations
are evidence of a reduction in membrane pore size that is propor-
tional to the roughness [41,42]. The height of surface peaks, depth
of valleys, and membrane roughness decrease with the polymer-

Korean J. Chem. Eng.(Vol. 39, No. 10)
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Fig. 6. SEM of cross-section of virgin membrane (a) and modified membrane with 2%wt AA (b).
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Fig. 7. AFM images of virgin and modified membranes: (a) PAN and (b) PAN-Irradiated.
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ization of AA onto the pore surface and walls of the membrane.
This event was clear by 3-dimensional AFM images up.
Decreasing membrane roughness has a great influence on reduc-
ing membrane fouling. According to a study by Chen et al. [43]
about the effect of membrane roughness toward fouling, they resolved
that the surface of the rough membrane enhances the tendency
for surface fouling. Thus, the lower the surface roughness, the less
likely it is that the fouling will adhere to the membrane surface.
Liu et al. [44] also proved that soft membranes increase the resis-
tance to fouling. Therefore, with the grafting of monomer on the
membrane surface and a significant reduction in surface rough-
ness, it can be expressed the anti-fouling property of the mem-

(b)
Fig. 8. Changes in the contact angles of water droplets on the virgin PAN membranes (a) and modified membrane (b).

brane has improved.
4. Contact Angle

Contact angle analysis was used to evaluate the hydrophilicity
of the membrane surface. As seen from Fig. 8, the modification of
the membrane surface is associated with a decrease in the contact
angle (from 67.1° in unmodified to 52.5° in modified PAN mem-
brane). This indicates the hydrophilicity of membrane was increased
after the modification process. The presence of carboxyl as hydro-
philic groups in the monomer improves the interaction with water
molecules and reduces the contact angle.
5. Zeta Potential of Membranes

One of the great purposes for developing the membrane sur-

Korean J. Chem. Eng.(Vol. 39, No. 10)
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Table 2. The measurement of zeta potential

Membrane Zeta potential (mV) pH
M 3.51 5.697
M, -2.99 5.815
50
=
"d« 40 X M1
2
%30 . mMm2
z M3
= 20 |
= X M4
g
g 10
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Fig. 9. Effects of acrylic acid concentration at constant exposure time
on permeability factor (L,).

face in this project is creating a negative charge on the membrane
surface. For this, the zeta potential for base membrane and modi-
fied membrane with IR-radiation was measured and the out-
comes are displayed in Table 2. The final results of the calculations
obtained from the measurement of zeta potential show a negative
charge on the membrane surface after surface modification. Since
the linked monomer (AA) contains anionic groups that lead to
high density of negative charges on the polymer surface, as expected,
the value of zeta potential is negative.
6. Pure Water Flux Performance and Permeability Factor
Decrease of the pore size of the membrane results in reduced
pure water flux and permeability factor. The effects of monomer
concentration and irradiation time were investigated during the
grafting process to optimize these properties. Initially, to optimize
the concentration of acrylic acid, the irradiation time was set at
15 minutes and the permeability of the membrane at different con-
centrations of monomer was examined. Fig. 9 shows the effect of
acrylic acid (AA) concentration with constant IR irradiation time.
The results of this study indicate that at constant irradiation
time, the permeability factor at a concentration of 2%wt (M,) gives
a more favorable outcome. It appears that grafting is performed at
high concentrations with lower intensity, which can be due to the
less absorption of radiation by the membrane at high concentra-
tions. If the concentration of the solution exceeds 2%wt, the radia-
tion is absorbed by the solution and limits the reaching of the
radiation across the surface of the membrane entirely, so the num-
ber of radicals created in the vicinity of the membrane surface is
reduced. On the other hand, by extra reducing the concentration
of the solution, the interaction between the membrane surface and
the monomer is decreased and complete polymerization is not
achieved, therefore increasing the pure water flux. After defining
the optimal concentration of monomer, the influence of irradia-
tion time on the permeability of pure water in several membranes
was studied. Fig. 10 displays the effect of irradiation time on the
permeability of pure water at constant AA concentration. While
the duration of IR irradiation on the membrane surface increases,
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Fig. 11. Effects of the dye concentration on coagulation bath on
permeability factor (L,).

the monomer graft on the aperture and flank of the cavity advances,
the cavity strait and the pure water flux decreases. At the constant
concentration of monomer, the best IR activation time is 25 and
30 minutes (M, and M). Due to the suitability of short irradia-
tion time, M, was considered optimal (The permeability factor of
M,=above 185 L-m >h"-bar ).

The consequences of Figs. 9 and 10 indicate that irradiation time
and monomer concentration are two significant and powerful agents
in membrane modification. M, and M, membranes exhibit the
most suitable permeability factor for pure water, but since both
membranes show an equal range of permeability, the M, mem-
brane with more compressed irradiation time was chosen to con-
tinue working. Since azo dye was used as a photoinitiator in this
work, the effect of dye concentration in coagulation bath was also
examined and the results are shown in Fig. 11. It was observed that
concentration higher than 50 ppm has the opposite effect on the
reaction. Actually, the reason can be recognized as essentially a ste-
ric hindrance created by excess molecules and disturbed in the
polymerization reaction, with the membrane surface. Therefore,
the optimal color concentration was considered to be 50 ppm (The
permeability factor of My=above 185 L-m *h"-bar"').

7. Salt Retention Performance

In terms of retention, feed solutions of Na,SO,, MgSO,, NaCl,
and CaCl, were selected. The pore flow in the membrane process
can occur in the ion transfer mechanism or ion retention mecha-
nism. In the transfer mechanism, the value of ion retention is based
on the pore size, so that with larger pore size, the ion retention rate
decreases. In the ion rejection mechanism, common ions with
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Fig. 12. Retention of membranes to different electrolytes (Na,SO,, MgSO,, NaCl, and CaCl,).

charges similar to the membrane surface are rejected by the mem-
brane and equivalent number of counter-ions are retained to sat-
isfy electroneutrality [24]. According to Fig. 12, the membrane
modified with acrylic acid shows appropriate retention for salts
and it can be seen the highest and lowest salts retention relates to
Na,SO, and CaCl, respectively. Generally, electrolyte solutes with
higher anionic charge density (SO >CI) and with lower cationic
charge density (Na">Ca®>Mg"™") retain more efficiently in nega-
tively charged NF membrane.

In Fig. 12, the impacts of monomer concentration and irradia-
tion time also are displayed. As shown, M, (2%wt of AA, 25 min
of IR-irradiation, 50 ppm of dye) provides the best performance in
the retention of salts. This efficiency in membranes with different
concentrations or different irradiation times is reduced. For exam-
ple, My (3%wt, 25 min, 50 ppm) or Mg (2%wt, 20 min, 50 ppm)
show a noticeable reduction in salt retention. The reduction of
retention in membranes with differences in both concentration and
irradiation time (ie., M) is significantly less than the others. It can
be concluded that M, provides the optimal conditions that have
the highest rate of salt retention. Solute retention behavior of mem-
branes is determined by charge effects and size pores. Therefore,
by changing the irradiation time and concentration of the mono-
mer from the optimal amount (2%wt of AA, 25 min of IR-irradia-
tion, 50 ppm of dye), the surface of the membrane is not completely
modified and due to the presence of incomplete grafting and larger
pores, less retention in the membrane is observed. From separa-
tion graphs it is observable that salt retention is more sensitive to
the monomer concentration rather than to the irradiation time
(for example, salt retention rate in M, is lower than in M).

Under the same conditions, M, coated with 2wt% of AA under
25 min of IR irradiation had an extraordinary ability for salt reten-
tion of PAN membrane. Consequently, this membrane was em-
ployed to investigate parameters affecting the performance of these
membranes and analysis.

8. MWCO Measurement
According to the definition of MWCO, filtration tests mem-

100
= 80 ——M7
"E 60 ==M6
§ 40 M3
S 20 M9
0

0 1000 2000 3000 4000
MW of PEG (Da)

Fig. 13. MWCO of different membranes.

branes with the retention of different MW of PEG (1,000 ppm) were
performed. To MWCO measurement, four M, (Optimal mem-
brane in terms of salt retention), My (with different irradiation
time), M, (with different concentration), and M, (with differences
in both concentration and irradiation time) modified membranes
in the presence of AA were selected. The reason for selecting M,
M,, and M, is higher salt retention in membranes with differences
in monomer concentration and irradiation time than the optimal
value. Although predictions based on MWCO do not reflect the
actual characteristics of the pores, however, a comparison among
the membranes prepared in Fig. 13 explicates that M, with a con-
centration of 2%wt and irradiation time of 25 minutes has the best
result with MWCO of approximately 2,500 Da. Retention behav-
ior of modified membranes was studied and the effects of photo-
polymerization conditions like monomer concentration and irra-
diation time, on MWCO were measured. M, with a lower irradia-
tion time and M, with a higher concentration did not show the
desired results in MWCO measurements.
9. Membrane Performance Evaluation

To express the performance of the modified membranes, the
retention rate of several pollutants with anionic group randomly
was measured. The characteristics and conditions of the feed solu-
tions used to determine retention are shown in Table 3.

Korean J. Chem. Eng.(Vol. 39, No. 10)
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Table 3. The characteristics and conditions of the feed solutions

Name of sample Formula Molecular structure Molar mass (g-mol’l) Concentration (ppm)
H
Aspirin CyHO, 180.159 80
OH
o
Acetaminophen  C;H;NO, )k 151.165 80
N
H
CHy
Tbuprofen CH,,0, o . 206.285 80
o
Acid Red 114 CoHoeN N2, 0,08 O 6 830.8 60
(AR114) 374 1284 N4 210V3 .
NaO3S
Acid Orange 7 Q
(AO7) C,H;;N,NaO,S —-N 350.32 60
SO3H
tsogNa
NaO3
Acid Blue 92 P,
(ABS2) CyeH,N,Na, 0,055 t 695.58 60

NaO3S

Initially, solutions of each sample with defined concentration
were employed for the filtration process through 3 bar pressure.
Later, the absorption rate of feed solution and permeate solution
collected in any test was estimated using a UV-VIS absorption spec-
trophotometer and, eventually, their retention percentage was cal-
culated. The results for the solutions mentioned above are presented
in Fig. 14.

According to the given results, the retention in the membrane
modified with acrylic acid has significantly increased. Because of
large pores and besides the lack of electrical charge on the surface
of unmodified membranes, we see extremely limited retention. But
after the membrane is exposed to radiation and photopolymer-

100
80 = AR114
x 1 AO7
T 60
2 = AB92
g 40 Acetaminophen
3
&~
20 Ibuprofen
 aspirin
0
MO M7 Meé
Membrane type

Fig. 14. Retention of different membranes.
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ized, retention is effectively increased. Consequently, the perfor-
mance of the modified membrane in eliminating anionic cont-
aminants based on the Donnan effect [45] can be well observed.
Acid Blue 92, despite having a lower molecular weight than Acid
Red 114, records higher retention due to the larger number of func-
tional groups (in AB 92, three groups of available sulfonic acid are
observed in contrast to two groups of that in AR114). Acetamino-
phen has the lowest retention because of its lower molecular weight
and the presence of an amino group in the structure. In addition,
it is recognized that M, is also optimized for retention. The foul-
ing phenomenon is one of the most serious limiting factors in the
performance of membrane separation processes, which makes the
use of this technology effective in terms of performance and lifes-
pan. Changes in the separation achievement and a decrease in the
amount of flux passing through the membrane during the separa-
tion process are due to the effects of fouling [46]. In surface modi-
fications, antifouling properties of the membrane surface are en-
hanced. To prove this point, 60 ppm solutions of AR114 and AQ7
and 80 ppm of Ibuprofen were selected, and then the filtration
process was performed for 180 minutes at 3 bar pressure and 25 °C.
The results of this experiment are presented in Fig. 15 (The per—
meability factor of M, for all reagents=above 185 L-m >h™"-bar *).
While it is observed, a decrease in flux and also permeability
coefficient due to precipitation of the particles on the membrane
surface has occurred, but this fouling rate amount is really slight,
and despite the time of 180 minutes later, there is no notable de-
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Fig. 15. Permeability coefficient of AR114 (60 ppm), AO7 (60 ppm)
and Ibuprofen (80 ppm) as a function of time for M.
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Fig. 16. Permeability coefficient of AR114 (60 ppm) Compared to
once and twice washing and reuse.

crease in flux. With increasing molecular weight, more flux drop is
seen, so that the AR114 exhibits more flux decline than the oth-
ers. Note that since the amount of flux and consequently the per-
meability coefficient in the crude membrane is extremely high,
measuring the fouling test for it seems pointless. According to the
achieved outcomes, it can be recognized that modifying the mem-
brane surface with this method improves the antifouling proper-
ties of the membrane and the membrane will not have a great flux
decline over time. To clean the membrane, it was removed from
the cell and immersed in distilled water for 20 minutes, and the
contaminated surface was lightly washed. After rinsing the mem-
brane, the fouling test was performed again in the same first way
for Acid Red 114. This process was repeated for the second time
and the results indicate that the membrane did not have many
changes in the permeability coefficient even after being washed and
reused twice.

As displayed in Fig. 16, the membrane exhibits only a 3% reduc-
tion in permeability factor for Acid Red 114 with a single wash
and a 5% double wash.

CONCLUSION

So far, the membrane has been modified using various meth-
ods such as UV irradiation, plasma treatment, and gamma irradi-
ation. In the meantime, it seemed necessary to use a safe method
of radiation treatment that has low energy and at the same time

can lead to great consequences. We started a new method to develop
via IR-induced polymerization processes for rising membrane per-
formance. To achieve this, it was important to create some changes
in the membrane, for which purpose organic colored compounds
in anti-solvent were utilized. The grafting process to AA concen-
tration is more sensitive than irradiation time. Free radicals are
created during irradiation and polymerization is initiated in the
presence of a low amount of monomer. Monomer concentration
(acrylic acid) and grafting time as grafting parameters were con-
sidered. Based on the checked parameters, sample number 7 (M)
had the best result in this work. Increased hydrophilicity of the
modified membrane, reduction of surface roughness which is associ-
ated with reduced membrane fouling, and enhanced retention of
anionic drugs and dyes are the appropriate effects of this research.
As mentioned, higher molecular weight molecules and more numer-
ous anionic groups have more retention, so that among the cho-
sen compounds, Acid Blue 92 with 90.37%, the highest, and
Acetaminophen with 52% recorded the lowest retention rate. The
optimized parameters were 2 wt% of AA and 25 min of IR activa-
tion time. The retention percentages obtained for Na,SO,, MgSO,,
NaCl, and CaCl, solutions were 81, 67, 34, and 28, respectively. A
reduction in the contact angle value from 67.1 to 52.5 indicates an
improvement in the hydrophilicity of the modified membrane.
Additionally, the creation of a negative charge on the membrane
by grafting with the change of zeta potential from 3.51 to —2.99 is
quite noticeable. Therefore, surface analysis and evaluation of the
performance of the modified membrane prove the development
of membrane characteristics after the graft polymerization process
by this method.

ACKNOWLEDGEMENT

The authors are grateful for the support of Khatam Al-Anbia
Aran and Bidgol Physiotherapist Center with the management of
Ibrahim Hasan Shiri.

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.

REFERENCES

1. N. W. Jern, Industrial wastewater treatment, Imperial College Press,
London (2006).

2.N.S. Alharbi, B. Huy, T. Hayat, S. O. Rabah, A. Alsaedi, L. Zhuang
and X. Wang, Front. Chem. Sci. Eng., 14, 1124 (2020).

3. G. Srikanth, Membrane separation processes: Technology and busi-
ness opportunities, Water Conditioning & Purification, 1-4 (2008).

4.H. Karimnezhad, A. H. Navarchian, T. Tavakoli and S. Zinadini,
React. Funct. Polym., 135, 77 (2018).

5.K. C. Khulbe, C. Feng and T. Matsuura, J. Appl. Polym. Sci., 115,
855 (2010).

6.]. A. Pinem, A. K. Wardani, P. T. P. Aryanti, K. Khoiruddin and L. G.
Wenten, Conf. Ser:: Mater. Sci. Eng., 547, 012054 (2019).

Korean J. Chem. Eng.(Vol. 39, No. 10)



2860 Z. Khani-Arani and A. Akbari

7.H. Chen, L. Kong and Y. Wang, J. Memb. Sci., 487, 109 (2015).
8.D.S. Wavhal and E. R. Fisher, Langmuir, 19, 79 (2003).
9.V. Balzani, P. Ceroni and A. Juris, Photochemistry and photophys-
ics, Wiley-VCH, Weinheim (2014).
10. T. Goma-Bilongo, A. Akbari, M. J. Clifton and J. C. Remigy, . Membr.
Sci., 278, 308 (2006).
11. A. Akbari, S. Desclaux, J. C. Rouch, P. Aptel and J. C. Remigy, J.
Memb. Sci., 286, 342 (2006).
12.S. Bequet, T. Abenoza, P. Aptel, ]. M. Remiigy and A. Ricard, Desali-
nation, 131, 299 (2000).
13.L.P. Zhu, B.K. Zhu, L. Xu, Y.X. Feng, E Liu and Y. Y. Xu, Appl.
Surf. Sci., 253, 6052 (2007).
14. L. Stano, M. Stano and P. Durina, Int. J. Hydrog. Energy, 45, 80
(2019).
15.C. Qiu, Q T.N. L. Zhang and Z. Ping, Sep. Purif. Technol,, 51, 325
(2006).
16. M. Abedi, M. Pourafshari Chenar and M. Sadeghi, Fibers Polym.,
16, 788 (2015).
17.P. Ry$4nek, O. Benada, J. Tokarsky, M. Syrovy, P. Capkové and J.
Pavlik, Mater. Sci. Eng. C, 105, 110151 (2019).
18.L. Pérez-Alvarez, L. Ruiz-Rubio, I. Moreno and J.L. Vilas-Vilela,
Polymers, 11(11), 1 (2019).
19. T. Chittrakarn, Y. Tirawanichakul, S. Sirijarukul and C. Yuenyao,
Surf. Coat. Technol., 296, 157 (2016).
20.K.S. Kim, K. H. Lee, K. Cho and C.E. Park, J. Membr. Sci., 199,
135 (2002).
21.W. Wang, X. Huang, H. Yin, W. Fan, T. Zhang, L. Li and C. Mao,
Biomed. Mater., 10, 065022 (2015).
22.L.1. Kravets, A.B. Gilman and G. Dinescu, Russ. J. Gen. Chem.,
85, 1284 (2015).
23.Y.T. Chung, L. Y. Ng and A. W. Mohammad, J. Ind. Eng Chem.,
20, 1549 (2014).
24.H.Y. Yu, Z.K. Xu, H. Lei, M. X. Hu and Q. Yang, Sep. Purif. Tech-
nol., 53, 119 (2007).
25.V. Vatanpour, M. Esmaeili, M. Safarpour, A. Ghadimi and J. Adabi,
React. Funct. Polym., 134, 74 (2019).
26. M. Homayoonfal, A. Akbari and M. R. Mehrnia, Desalination, 263,
217 (2010).
27.H. Helin, L. Na, W. Linlin, Z. Hui, W. Guangxia, Y. Zonghuan, L.

October, 2022

Xiangwei and T. Lianyi, J. Environ. Sci., 20, 565 (2008).

28.D. Huang, P. Yang, X. Tang, L. Luo and B. Sunden, Trends Food
Sci. Technol., 110, 765 (2021).

29.D. A. Delfiya, K. Prashob, S. Murali, P. V. Alfiya, M. P. Samuel and
R. Pandiselvam, J. Food Process Eng., 45(6), €13810 (2022).

30.S. A. Aboud, A. B. Altemimi, A. R. S. Al-Hilphy; L. Yi-Chen and E
Cacciola, Molecules, 24(22), 1 (2019).

31.B. Alaei, N. Dibagar, R. Amiri Chayjan, M. Kaveh and E. Taghine-
zhad, Quality Assurance and Safety of Crops and Foods, 10(4), 371
(2018).

32.A.S. Silitonga, T.M.I. Mahlia, E Kusumo, S. Dharma, A.H.
Sebayang, R. W. Sembiring and A. H. Shamsuddin, Renew. Energy,
133, 520 (2019).

33.S. M. Schieke, P. Schroeder and J. Krutmann, Photodermatol. Pho-
toimmunol. Photomed., 19, 228 (2003).

34.M. Rahal, B. Graff, ]. Toufaily, T. Hamieh, M. Ibrahim-Ouali, E
Dumur and J. Lalevée, Catalysts, 11, 1269 (2021).

35.L. Breloy, O. Yavuz, L Yilmaz, Y. Yagci and D.-L. Versace, Polym.
Chem., 12, 4291 (2021).

36.Y. Li, B. O. Patrick and D. Dolphin, J. Org. Chem., 74, 5237 (2009).

37.C.]J. Davey, Z.X. Low;, R. H. Wirawan and D. A. Patterson, J. Membr:
Sci., 526, 221 (2017).

38.A.D. Sabde, M. K. Trivedi, V. Ramachandhran, M. S. Hanra and
B. M. Misra, Desalination, 114, 223 (1997).

39.B. W. Gung and R. T. Taylor, J. Chem. Educ., 81, 1630 (2004).

40.E.O. Moradi Rufchahi, H. Pouramir, M.R. Yazdanbakhsh, H.
Yousefi, M. Bagheri and M. Rassa, Chinese Chem. Lett., 24, 425
(2013).

41. K. C. Khulbe, C. Y. Feng and T. Matsuura, Synthetic polymeric mem-
branes characterization by atomic force microscopy, Springer Labo-
ratory Manuals in Polymer Science (2007).

42. A. Bessiéres, A. Meireles, M. Coratger, R. Beauvillain and V. San-
chez, | Membr. Sci., 109, 271 (1996).

43.L. Chen, Y. Tian, C.-q. Cao, J. Zhang and Z.-n. Li, Water Res., 46,
2693 (2012).

44. C. Liu, L. Chen and L. Zhu, Water Res., 119, 33 (2017).

45. A. Schifer, A. G. Fane and T. D. Waite, Nanofiltration principle and
application, Elsevier Publication. Oxford (2005).

46.H. H. P Fang and X. Shi, J. Membr. Sci., 264, 161 (2005).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.03333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


