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ABSTRACT

In this article, a simple and cost-effective way introduce to modify polyacrylonitrile membranes
and increase their efficiency. In the new method, the laser beam effect is used to graft
2-hydroxyethyl methacrylate monomer to prepare nanofiltration membranes. Azo dye is used
as a visible light photoinitiator to absorb the radiation and create free radicals during the mem-
brane modification. The laser-modified membrane analysis is performed by infrared spectros-
copy, atomic force microscopy, scanning electron microscopy, contact angle, and zeta potential
analysis. A significant decrease in the membrane charge from 1.17 to —6.91 mV indicates the
proper performance of this method. Improvement surface hydrophobicity could be detected
by contact angle measurement. The separation performances of salts proved that membranes
are associated with charged nanofiltration separation behavior. The modified membrane has
reached a suitable value in salts separation performance (83% Na,SO,, 71% MgSO,, 36% NaCl,
and 31% CaCl,) and organic compounds separations of 94.3% Acid Blue 92, 89.4% Acid Orange 7,
88.9% ibuprofen, and 82.1% cefixime. As far as has been investigated, this process has not been
used for the preparation of nanofiltration-based membranes up to now. It may open up new
opportunities to introduce a different class of membrane materials.

Keywords: Polyacrylonitrile membranes; Nanofiltration; 2-hydroxyethyl methacrylate (HEMA);

Laser; Graft polymerization; Visible light photoinitiator

1. Introduction

Among the conventional methods for wastewater treat-
ment, separation processes using membrane technology
as one of the most promising technologies have become
very important in recent years and for reasons such as easy
construction, ease of operation, and less energy consump-
tion, widely used in the chemical industry, pharmaceutical
companies, energy storage, energy conversion and also in
environmental protection [1,2]. In general, polymeric mem-
branes play a vital role in various areas from health care to
water production, and considerable research has been done
to understand their nature and improve their performance

* Corresponding author.

[3]. Nanofiltration (NF) is a useful pressure-driven tech-
nique for molecular separation and its applications extended
to different industrial fields such as food processes, petro-
leum, and pharmaceutical separations [4]. Most NF mem-
branes are thin-film composite (TFC) membranes made of
an active layer on top of porous support that determines the
membrane separation function [5]. Numerous methods for
membrane surface modification considered for the prepa-
ration of TFC NF membranes include interfacial polymer-
ization [6], surface coating [7], layer-by-layer self-assembly
[8], graft polymerization [9,10], etc. Membrane surface
modification is a perfect advance to produce a membrane
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with better performance [11,12]. Surface modification by
graft polymerization is a valuable process for the improve-
ment of membrane surface properties by binding polymer
chains onto a polymer membrane [13-15]. In graft polymer-
ization, the monomer reacts with a membrane surface that is
activated, thus improving the existing polymer membrane
with new characteristics such as hydrophilicity, adhesion,
anti-fouling, and conductivity [16]. The functional groups
in the graft are introduced into the polymer substrate by
irradiation and then establish a chain with the polymer
through a chemical reaction or bonding of free radicals [17].
Therefore, the membrane surface can be modified arbitrarily
through surface grafting modification with the desirable
group. Various technologies are applied to surface modifi-
cation of the membrane through the graft method, including
plasma, electron beam-irradiated, and photopolymeriza-
tion [18-21]. Excimer lasers with a wavelength of less than
400 nm have been worked so far [16,22-24]. At present, the
use of LASER (light amplification by stimulated emission
of radiation) with unique features, has penetrated almost
all fields [25]. Its applications in medicine for the diagno-
sis and treatment of diseases [26], in communication and
telecommunication devices [27], in cutting [28], carving
[29], and in other parts of the industry, are unavoidable.
By laser excitation, a molecule can absorb photons and
excited state A* is formed. In different ways, when [A*] > [A]
stimulated emission occur [Eq. (1)] [30].

A*+ho—> A +2hv 1)

But so far radiation with a wavelength longer than
400 nm has not been practiced to improve the membrane
surface and grafting. For a high wavelength to be effective
in membrane surface modification, it seems necessary to
use a visible light photoinitiator. Generally, a photoinitia-
tor (PI) is a compound that can absorb ultraviolet (UV) or
visible light and convert light energy into chemical energy
to start a photopolymerization reaction in the form of initi-
ator species such as free radicals [31]. Visible light PlIs are
strong dye compounds that can act as a photosensitizer.
Recently, these structures with appropriate features such as
safety and controllability, considered and can be an alter-
native to ultraviolet light PIs [32,33]. Azo dyes are one of
the most important classes of synthesized organic dyes
that include versatile applications [34]. These compounds

Table 1
Materials and equipment used

contain a double bond N=N and are able to absorb visible
and near-infrared (NIR) light [35,36]. Acid Red 114 (AR114)
is a sort of azo dye with the ability to receive radiation in the
infrared field and besides having azo bonds can form radical
species [37,38] to start the reaction and facilitates the polym-
erization process on the membrane surface through IR waves.
In this work, AR114 was chosen as an initiator to modify the
surface of polyacrylonitrile (PAN) membrane. PAN-based
membranes have suitable properties such as hydrophilic-
ity, solvent stability, availability, and low cost in the pro-
cess and are widely used for various applications [39-42].
However, surface modification to improve performance
is still a challenge. Among monomers, 2-hydroxyethyl
methacrylate (HEMA) can use for this purpose because of
its hydroxyethyl pendant group. Therefore, it improves
hydrophilicity and fouling resistance in the membrane.
HEMA is known as a hydrophilic, non-toxic, and biocom-
patibility monomer [43] that is polymerized using various
methods such as free radical, anionic, and controlled/living
polymerization [44,45]. In this method, for the first time,
a high-wavelength physiolaser is employed for grafting
HEMA on PAN membrane via using azo dye as a visible light
photoinitiator and optimizing its performance. This method
has the great advantage of achieving modification in one
single step.

2. Experimental
2.1. Materials and apparatuses

All reactions were carried out under an inert atmo-
sphere. All chemicals used were of reagent grade. The mate-
rials and equipment used are listed in Table 1. This research
tried to use the least and most economical materials, so
discarded wastes were used to prepare the base membrane.

The influence of concentrations of HEMA (1, 2, 3, and
4 wt.%), number of pulses (1, 2, 3, and 4), and AR114 con-
centrations (30, 50, 70, 100 ppm) were investigated and were
denoted as M,;, where ijk are the corresponding HEMA
concentration, number of pulse and dye concentration,
respectively (presented in Table 2).

2.2. Fabrication of PAN membranes

First, the solution containing PAN fibers (18% (w/w)),
PEG2000 (4%) as pore former, and dimethylformamide

Designation Description Source

PAN Polyacrylonitrile Fibers made from textile waste
PEG (400, 600, 1000, 1500, 2000, 3000) Polyethylene glycol Merck, Germany

DMF Dimethylformamide Chem Lab, Belgium

HEMA 2-hydroxyethyl methacrylate Merck, Germany

AR114 Acid Red 114 Yazd Alvan, Iran

- Physiolaser Globus, Italy

Na,SO,, MgSO,, NaCl, CaCl,

Sodium sulfate, magnesium sulfate, sodium

Merck, Germany

chloride, calcium chloride
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Table 2
Membranes with different polymerization conditions and com-
positions

HEMA
concentration
(wt.%)
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concentration
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(DMF) as solvent was prepared under reflux conditions
and mixed by a magnet with a rate of 250 rpm for 24 h
at 75°C. Thereafter, the prepared polymer solution was
subjected to ultrasonic waves for 15 min and then cast
on flat glass plates with a thickness of 255 um by an
adjustable casting knife. As mentioned, to the effect of
laser in the grafting process, it is necessary to use visi-
ble light photoinitiator in an aqueous solution (as a non-
solvent). Therefore, the stretched polymer film is soaked
in an aqueous solution containing 50 ppm of AR114 for
24 h to prepare it for grafting by monomer. Water flux
and permeability factor for the unmodified membrane
(M,,,) were calculated higher than 555.55 L m™ h™' and
185 L m™ h™' bar™, respectively, and it showed a rejection
of less than 5%.

2.3. Laser-induced graft polymerization

The laser applied in this study has the following
characteristics:

Physiolaser 1000 (Globus) with the wavelength of
808 nm, power of 1,000 W, output energy equivalent to
12.8 ] cm™, and the radiation duration of each pulse was
2.7 min. Since the laser radiation is spot-on, a scanner with
a speed of 0.17 cm s™ is used to work on the membranes.
The membrane was dried and put in the monomer reser-
voir. Then the raw membrane was irradiated by different
pulses of the laser. Upon laser excitation, a graft reaction
is performed between the membrane and the monomer.
Afterward, the modified membranes were washed with
water and kept wet at room temperature.

2.4. Membrane morphological investigation

The surface properties of membranes were deter-
mined using SEM (scanning electron microscope, MIRA3
TESCAN) images. AFM (atomic force microscopy, CP II/
Veeco, USA) was also used to analyze the surface of mod-
ified membranes. The chemical structure of the PAN

membranes was analyzed by Fourier-transform infra-
red (FTIR, IBB Bomem MB-100, Canada) spectroscopy
measurements.

2.5. Membrane surface hydrophilicity study

The contact angle of water is usually used as an indi-
cator to express the hydrophilicity of the membrane sur-
face [46]. In this work, the contact angle was measured by
Camera Model CAG-20. The surface charge was calculated
by zeta potential (ZP) measurements (BROOKHAVEN
OMNI/nano-book).

2.6. Nanofiltration experiments

For the permeation experiments, a cross-flow filtra-
tion system was used to measure the performance of the
membrane. The operation pressure (AP) was 3 bar and
the surface area of the membrane (A) in the cell was about
22 cm? For measuring the water flux (F) and permeability
factor (L)) (according to Eqs. (2), (3) [47]), about 6 L of pure
water was added to the tank and filtrated with the modi-
fied membrane. After about 20 min, when the amount of
permeation flux was stable, water volume was measured
for 5 min. For report rejection of membrane, solutions
with a concentration of 80 ppm of drugs, 60 ppm of dyes,
and 0.01 M of salts are added, in the same way. Then the
rejection can be calculated as Eq. (4) [47].

vV (L
F:Axt[mz-hJ )

F L
L =—| ——— 3
y AP[m2~h-barJ )

The feed solution was pumped at 25°C and the applied
pressure of AP. V is the volume of flux collected over a period
of time (#) from the membrane.

R, (%)= (1 —EP] x100% 4

F

where C, and C, refer to the feed and the permeate
solution concentration to achieve retention rate (R).

The membrane performance can be characterized
by determining the molecular weight cut-off (MWCO).
The MWCO corresponded to 90% removal for poly-
ethylene glycol (PEG) solutes with different molecular
weights [48]. It was analyzed by a UV-Visible spectropho-
tometer (GBC Scientific Equipment Ltd., — Cintra 101 -
UV-Visible Spectrometer, Australia) at a wavelength of
535 nm according to the method of Sabde et al. [49].

3. Result and discussion
3.1. FTIR analysis

Fig. 1 shows the IR spectrum of the basic membrane
and the irradiated membrane with 2 pulses of laser.
The spectrum of the PAN membrane shows sharp peaks
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at 2,243; 1,736 and 1,628 cm™, which are for the stretching
vibrations of the -C=N, —-C=0, -C=N bands. The adsorp-
tion peaks at 2,932 and 1,449 cm™ are assigned to the
stretching and bending vibration of the -CH and the —-CH,
groups, respectively. The broad peak at 3,628 cm™ is due to
the stretching vibration of the OH group. The presence of
peaks related to carboxyl and hydroxyl in the spectrum of
the base membrane is due to the use of textile waste has a
mixture of PAN and PA in this work. However, the peaks
of these two functional groups can be clearly observed in
the spectrum of the modified membrane (Fig. 1b), which has
been grown due to their presence in the monomer (HEMA).

3.2. SEM images

Through laser irradiation of the membrane, the mono-
mer is attached to the surface of the membrane. SEM
micrographs of basic and modified membranes (Fig. 2)
confirm the formation of a thin and dense polymer layer
on the top of PAN. The prepared membranes observe a
finger like cross-section. In addition, while displayed in
Fig. 2b, the ablation of the surface by laser irradiation cre-
ates layer-by-layer structures that coat the surface of the
membrane and narrow the membrane pores.

The active layer and cross-section morphology of the
membranes are shown in Fig. 3. A smooth layer is formed
by laying the membrane in the monomer solution and
making polymerization on the surface. This layer covers
some of the membrane pores and reduces the porosity of
the membrane. With the formation of denser skin layers
with increased thickness, the surface of the substrate mem-
brane is arranged and evened.
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3.3. AFM results

Membrane roughness was evaluated by surface topo-
graphy with AFM analysis. Increasing the roughness leads
to an increase in membrane fouling, possibly because
it has higher chemical activity and reaction ability [50].
The results of AFM are presented in Fig. 4. The rough-
ness parameters express that a smooth surface with fewer
chances of fouling is achieved in presence of HEMA as
compared to the unmodified membrane. Raw membrane
roughness is 477.3 nm, while modified PAN shows a
unique surface structure with 74.05 nm roughness. After
polymerization onto the microporous support surface
homogeneous and fine structures formed. The results from
AFM parameters are consistent with the morphologies
observed by SEM images.

3.4. Contact angles

Decreasing the contact angle is one of the most signif-
icant results of this research. Reducing the contact angle
increases the hydrophilicity of the modified membrane sur-
face. Since by laser treatment, monomer hydrophilic func-
tional groups are attached to the membrane surface, the
hydrophilicity of the membrane surface raises and, as shown
in Fig. 5, the contact angle decreases from 66.7° to 54.0°.

3.5. Zeta potential

As negatively charged membranes lead to a higher
rejection of anion and additionally to avoid membrane
fouling, it is of major importance to create a negative
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Fig. 1. FTIR spectra of (a) basic membrane and (b) modified membrane.
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Fig. 2. SEM images of (a) basic membrane and (b) modified membrane.

Det: SE

BI: 10.00
View field: 41.5 pm  Date(m/dly): 0513121

4
SEM MAG: 5.00 kx

WD: 15.17 mm 10 pm

MIRA3 TESCAN] SEM MAG: 5.00 kx

View field: 41.5 pm  Date(midly): 05/31/21

Det: SE
WD: 11.45 mm BI: 10.00
ooyan lab www.chemilabs.ir

Fig. 3. Cross-section of morphology of (a) basic membrane and (b) modified membrane.

surface charge in the modified membranes with a reli-
able method. Zeta potential is capable of describing the
surface charge of the membrane and as surface charge
strongly influences the rejection of some compounds,
the zeta potential is an essential tool for modified mem-
brane characterization. Results from the measurement of

the zeta potential are presented in Table 3. The modified
membrane showed a clear shift between positive and nega-
tive surface charges from about 1.17 mV to about —6.91 mV.
The high density of negative charges on the surface of
the polymer is due to the presence of anionic groups in
the linked monomer.
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Fig. 4. AFM images of (a) basic membrane and (b) modified membrane.
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Fig. 5. Contact angle of water before and after laser treated on polyacrylonitrile membrane.

3.6. Provisional mechanism

In this research, since the laser wavelength utilized is
in the infrared range and cannot perform monomer grafts
on the membrane surface, Acid Red 114 (AR114) has been
used as a photoinitiator to create active species. Fig. 6 dis-
plays the molecular structure of employed reactants during
this method. Fig. 7 shows the possible radical structures
created after laser light on the AR114, which as a pho-
toinitiator, operates the reaction. Then, according to the
proposed mechanism presented in Fig. 8, the polymeriza-
tion process continues then the grafting on the membrane
surface is favorably performed.

The outcomes revealed that the photoinitiator sys-
tem including AR114, base membrane, and monomer has

satisfying efficiency for surface modification. So the use
of AR114 with the mentioned capabilities is one of the
possible solutions to produce active species in the reaction.

3.7. Separation performance of membranes

Reaction conditions for membrane synthesis were
studied in various treads. Fig. 9 shows the permeability
factor (L)) of membranes prepared at different HEMA con-
centrations through 2 pulses of laser. With the increase
of monomer concentration from 2 to 4 wt.%, the L_con-
tinuously increased from 12.03 to 16.66 L m™ h™' bar™.
The monomer solution absorbs more radiation at higher
concentrations and limits its proper absorption by the
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Fig. 6. Molecular structure of PAN (a), HEMA (b) and AR114 (c).
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Fig. 7. Radical structures of the AR114 after laser irradiation.

membrane surface. A suitable amount of monomer
is not available for the reaction at a concentration of
1 wt.%. So an increase in the coefficient is observed.

Laser exposure is a proper technique in the membrane
grafting process. As disclosed in Fig. 10, the best mem-
brane performance was observed for 2 pulses, at a constant
concentration of HEMA. The reason for this probably is
attributed to the degree of laser ablation. The long duration
of the laser exposure will destroy the membrane surface
and finally in an incomplete modification process.

Due to the presence of dye compounds in the mem-
brane solution as visible light photoinitiators, the dye con-
centration is also studied and exhibits the best result at a
concentration of 50 ppm (Fig. 11). Concentrations higher
than 50 ppm of the dye applied in the monomer polym-
erization pathway and chain formation interfere.

Checking results show the modification process is
altered the inner pore structure of the membrane which led
to a decrease in the membrane porosity and a decline in per-
meability factor (L)

Salt rejection was examined to determine the perfor-
mance of NF membranes. The separation performances of
the membranes depend on pore size, surface roughness,
hydrophilicity, and charge. The salt rejection behavior of
the optimized membrane was measured for solutions of
Na, SO, MgSO,, NaCl, and CaCl, as feed. NF membranes
for bivalent ions with similar charges exhibit comparatively
higher rejection than monovalent salts (502~ > CI") and vs.
do the opposite for dissimilar charges (Na* > Ca* > Mg*).

Table 3
Zeta potential measurement

Membrane Zeta potential (mV) pH
M40 1.17 5.697
M -6.91 5.815

The optimized membrane in Fig. 12, displayed the high-
est rejection of about 83% for Na,SO, and the lowest
rejection of 31% for CaCl,.

A comparison of the optimized membrane with other
membranes by different concentrations and irradiation
times shows that the optimized membrane records pro-
vided more salt rejection. This result revealed that the
effect of laser improved the rejection of salts in the presence
of 2 wt.% HEMA by 2 pulses.

3.8. Determination of the MWCO

For better comprehension of the effects of the mod-
ification on membrane properties, the rejection of dif-
ferent molecular weight substances was measured by
the membrane filter. For this purpose, 1000 ppm solu-
tions of PEG standards with different molecular weights
were used to determine the MWCO. The MWCO of the
surface-modified membrane by PEG rejection analysis was
obtained at about 2300 Da (Fig. 13).
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3.9. Measurement of performance of modified membranes

Separation tests of several organic compounds are per-
formed to evaluate the modified membrane performance.
Their physicochemical properties and chemical structure
are summarized in Table 4. As discussed, M2,2,2 have higher
performance. Hence, this modified membrane was intended
for rejection testing.
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Fig. 11. Effects of the azo dye concentration (AR114) in mem-
brane solution.
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Fig. 12. Rejection of different membranes to different electrolytes
(Na,SO,, MgSO,, NaCl, and CaCl,).

Chosen compounds with certain concentrations were
employed as feed to evaluate the rejection of the mem-
brane surface. Its surface absorption was observed before
and after the filtration process through 3 bar pressure by
UV-VIS absorption spectrophotometer.
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Fig. 13. MWCO of M, , , as optimal modified membrane.

Fig. 14 presents the rejection test of several pollutants
on the surface of the membrane after grafting. The order
in the rejection test is cefixime < ibuprofen < Acid Orange
7 (AO7) < Acid Blue 92 (AB92). The above order indicates
that AB92 is the most rejected from the membrane, while
cefixime is the least likely. The highest percent remov-
als observed of AB92, AO7, ibuprofen, and cefixime were
94.3, 89.4, 88.9, and 82.1, respectively. This result intimates
that the charge and sieving effect govern the separation of
the compounds. The rejection value during nanofiltration
relies on two parameters of pore size and ion charge [51].
AB92 due to the strong anionic groups and high molecu-
lar weight (MW) showed the highest rejection compared
to others. AO7 and ibuprofen show the same value despite
the different MW. This effect may be relevant to the pres-
ence of an amine group in AO7 that creates some positive
charge in the solution while ibuprofen has active nega-
tive groups. The amine groups in cefixime (cationic in
aqueous solutions), cause that in this molecule, even with
high MW, less rejection occurs. It is well established that
anionic pollutants absorb to membrane surfaces.

The fouling propensity of the treated membranes
shown in Fig. 15. One of the important problems in mem-
branes is fouling. Fouling is begun with the absorption of
foulants in the feed solution onto the membrane surface
and the internal structure, resulting in pore blocking and
cake layer formation [52-55]. The fouling experiments
were operated continuously for 180 min at 3 bar pressure
at room temperature. For this purpose, 50 ppm solution of
AB92 was selected as foulant. Then physical cleaning was
conducted with DI water flushing. The filtration measures
were continued in the second and third cycles for alike
another time by the previous method. It should be noted
that due to a large amount of flux and the permeability
coefficient in the raw membrane, measuring the fouling test
for it seems useless (the permeability factor of M for all
reagents = above 185 L m2 h™ bar™).

For permeate factor, steep flux decline behavior was
not observed for the treated membrane, indicating the low-
est fouling propensity. As can be detected from the data
in Fig. 15, after the first and second washes, only 3% and
6%, respectively, of the first time cycle, a decrease in per-
meability coefficient is perceived. Thus, properties changes
of the membrane surface by laser grafting polymerization
of HEMA resulted in less anionic fouling propensity.
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Fig. 14. Rejection of selected pollutants by modified membrane
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4. Conclusion

In this study, for the first time, raw PAN membranes
are modified by laser polymerization, which induced the
addition of HEMA hydrophilic as a monomer on the mem-
brane surface. For this purpose, Acid Red 114 is used as
a visible light photoinitiator to start photopolymeriza-
tion. Laser exposure pulse and monomer concentration
after optimization were 2 pulses and 2 wt.%, respectively.
Treated membranes showed significant performance
improvement in reducing the membrane fouling phenom-
enon. The NF process resulted in the removal of 94.3% of
AB92 and the removal of 88.9% of ibuprofen. TFC mem-
brane prepared with PAN substrate shows 83% Na,SO,
rejection. Before and after treatment, SEM and AFM
images of the membrane surface are provided as support
information. The obtained images show the formation of a
selectable and homogeneous thin layer, which reduces the
roughness of the membrane surface. The reduction of the
contact angle from 67.1° in the unmodified membrane to
52.5° in the modified PAN membrane indicates an increase
in hydrophilicity after treatment. Measurement of zeta
potential showed more negative surface charge (-6.91 mV)
than the membrane before surface modification (1.17 mV).
Due to the beneficial effect of this method on membrane
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Table 4

Properties of the selected compound for measurement of rejection rate

Name of sample Formula Molecular structure Molar mass (g mol™) concentration (ppm)
Ha2N S
\( /
N
Cefixi C, H.N.OS — 453.440 60
efixime 167715 57772 °
Rl
CH,
OH
Ibuprofen C,H,0, e 206.285 60
HiC
Acid O 7 :
Ac(ly i C,H,N,NaOS —N 350.32 50
(AO7) ,N-Qsoan
O H
ary
NaOsj ),
. N

Acid Blue 92 U O
(AB92) C,H,N,Na,O, S, { ) @ 695.58 50

properties and membrane performance, it is recommended
that they be further studied.
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