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ABSTRACT: The aim of this study was to develop the water flux and antifouling properties of a polyamide (PA) nanofiltration mem-
brane. A nascent PA membrane was prepared with an interfacial polymerization technique and modified with 2,5-diaminobenzene
sulfonic acid (2,5-DABSA) as a second modification. The effects of the 2,5-DABSA monomer concentration and the modification
time on the membrane performance were investigated. The chemical structure, morphology, roughness, hydrophilicity, molecular
weight cutoff, and antifouling properties of the membranes were characterized by Fourier transform infrared spectroscopy, scanning
electron microscopy, atomic force spectroscopy, contact angle measurement, poly(ethylene glycol) tracers, and cetyl trimethyl ammo-
nium bromide filtration, respectively. The PA membrane with optimized performance was shown to have a greater than 44% higher
water permeate flux with a change in the salt rejection in the order RNa,SO, > RCaCl, > RNaCl to RNa,SO, > RNaCl > RCaCl,. The
improvement of the hydrophilicity led to excellent antifouling properties in the new PA membranes and illustrated a promising and
simple method for the fabrication of high-performance PA membranes. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43583.
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INTRODUCTION

The polymeric membrane process is a desired technology for
water and wastewater treatment because it does not require a
phase change to make a separation and has a low energy con-
sumption.”* Nanofiltration membranes exhibit separation per-
formance in the intermediate range between reverse osmosis and
ultrafiltration processes; this performance was expanded in the
1980s on the basis of reverse osmosis membranes by Cadotte and
coworkers.”™ It has received much interest because of many its
advantages, including a high permeate flux, high salt rejection,
intermediate operating pressure, low primary investment and
operating costs, and wide applicability, such as in water softening,
dye removal, organic removal, and chemical and biological oxy-
gen demand reduction. It has a variety of uses in pharmaceuti-
cals, semiconductors, paper, and the dairy and food
industries. ' Nowadays, the interfacial polymerization technique
is considered a general method that is widely used for the fabri-
cation of polyamide (PA) nanofiltration and reverse osmosis
membranes.'" Increasing the water permeate flux of PA nanofil-
tration membranes reduces the operation pressure and time and
leads to a decrease in the energy consumption and a longer life.
However, one of the major challenges to the widespread applica-
tion of PA nanofiltration membranes is surface fouling during
the filtration time.'> In the fouling process, foulants (solute or
particles) in feed solutions are deposited onto the PA surface or

© 2016 Wiley Periodicals, Inc.

M&‘«\;Fli"s WWW.MATERIALSVIEWS.COM
]

43583 (1 of 10)

pores, so the membrane performance is degraded; this results in
the decline of the water permeate flux and salt selectivity. Mem-
brane fouling increases the resistance that occurs during filtration
by the reversible and irreversible deposition of components in the
feed solution on the hydrophobic membrane surface.'>'* Mem-
brane fouling arises from two origins: (1) the physicochemical
properties of the membrane surface, such as the hydrophilicity,
roughness, electrostatic charge, and morphology and (2) solute
type in water or wastewater, including organic, inorganic, colloi-
dal, and biological agents.'>'®

Hence, a large number of studies have been carried out to
develop antifouling properties and produce high-performance
and resistant membranes. Different techniques have been applied
to improve the antifouling properties of PA membranes; these
include the use of new monomers and additives in the interfacial
polymerization reaction, physical methods (surface adsorption
and surface coating), chemical methods (hydrophilization, radical
grafting, chemical coupling, plasma polymerization and initiated
chemical vapor deposition), and preparation of hybrid PA mem-
branes with inorganic particles.'”* New monomers with higher
polar properties or functional groups can be created by a new PA
layer with a smoother surface roughness, higher hydrophilicity,
and different surface charge. It is well known that compounds
containing sulfonic acid groups are effective monomers for the
development of the water permeate flux, antifouling properties,
and surface charge of the membrane.”> Wang et al.** prepared PA

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43583


http://www.materialsviews.com/

ARTICLE

nanofiltration membranes with two types of novel sulfonated
aromatic diamine monomers, 2,5-bis(4-amino-2-trifluoromethyl-
phenoxy)benzene sulfonic acid and 4,4’-bis(4-amino-2-trifluoro-
methyl phenoxy)biphenyl-4,4’-disulfonic acid. The lower diffusion
rates of the two types of sulfonate diamines and the swollen PA
active skin layer led to a negative membrane performance.
Because the molecular weight growth of the PA was restricted
because of the lower diffusion and steric hindrance of the sul-
fonic acid groups, this resulted in a low density degree and weak
active skin layer of PA. Freeman et al®® synthesized a PA mem-
brane with disulfonated bis[4-(3-aminophenoxy)phenyl]sulfone.
The resulting membranes had a lower sodium chloride (NaCl)
rejection and reduced chlorine tolerances with a little higher
water permeate flux. The use of new monomers affected the
interfacial polymerization reaction and PA layer properties,
including the PA polymer molecular weight growth, diamine dif-
fusion, kinetics and reaction rate, density of the PA layer, pore
size, morphology, roughness, and hydrophilicity. In general, the
use of a sulfonated monomer in an interfacial polymerization
reaction will result in some positive (higher hydrophilicity or per-
meate flux) and negative (higher roughness, swelling, and lower
rejection) effects. Zhang et al® carried out interfacial polymer-
ization with m-phenylene diamine, m-phenylene diamine-5-
sulfonic acid (SMPD), and trimesoyl chloride (TMC). The NaCl
rejection of the reverse osmosis membranes decreased, and the
water flux increased when the weight ratio of SMPD increased.
The linear part of the PA polymer with pendant —COOH
increased with enhanced SMPD concentration and led to a
smoother membrane surface.

In this article, we report a promising strategy for using sulfonic
acid effects and developing hydrophilicity and antifouling prop-
erties by the secondary modification of a PA membrane. The
PA membrane was prepared with the interfacial polymerization
between piperazine (PIP) and triethylamine (TEA) in the aque-
ous phase and TMC in the organic phase. Then, fresh PA mem-
brane was immersed immediately into 2,5-diaminobenzene
sulfonic acid (2,5-DABSA) monomer in an aqueous solution for
second modification reaction. The water permeate flux and dif-
ferent salt rejections of the membranes were examined with a
crossflow filtration device. Changes in the membrane chemical
compositions were studied by Fourier transform infrared
(FTIR) spectroscopy. The surface morphology and roughness
were determined by scanning electron microscopy (SEM) and
atomic force spectroscopy (AFM) analysis, respectively. The
hydrophilicity of the membrane surfaces was investigated by the
determination of the contact angles of the membrane surfaces.
Also, the molecular weight cutoffs (MWCOs) of the PA mem-
brane before and after modification with the 2,5-DABSA mono-
mer was traced through the different molecular weights of
poly(ethylene glycol) (PEG). The antifouling properties of the
PA nanofiltration membranes were tested with a cetyl trimethyl
ammonium bromide (CTAB) aqueous solution (1500 ppm).

EXPERIMENTAL

Materials
Polysulfone (PSf; number-average molecular weight = 17,000 g/
mol, molecular weight =35 kDa) was manufactured by Sigma
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Aldrich Co. N,N-Dimethylformamide (DMF) was used as a PSf
solvent. TMC was used as the active monomer in the organic
phase. PIP was used as the active monomer in the aqueous
phase. 2,5-DABSA was used as the active monomer the for sec-
ond modification. TEA was used as a proton acceptor. n-Hex-
ane, CTAB, NaCl, sodium sulfate (Na,SO,), calcium chloride
(CaCl,), and PEGs (molecular weights = 1000, 2000, 3000, and
6000 Da) were obtained from Merck Chemicals (Germany) and
were used without further purification.

Preparation of the Membrane

Preparation of the PSf Substrate. The PSf asymmetric sub-
strates were prepared by the classical immersion precipitation
phase inversion method. A homogeneous PSf casting solution
was prepared by the dissolution of PSf (18% w/w) and PEG
6000 Da (8% w/w) in DMF (74% w/w) solvent with stirring at
500 rpm for 24 h at 80 °C. All casting solutions were held
under air conditions at room temperature for 2 h to remove
the air bubbles. The polymer solutions were cast uniformly
onto a glass substrate with a hand-casting knife (gap =250 um)
and immediately immersed in a coagulating water bath with at
a temperature of 25* 1 °C. The substrate remained at least
overnight until most of the DMF solvent and PEG (as a pore
former) were removed, and the PSf substrate frame was com-
pletely formed. The PSf substrates were then washed thoroughly
with deionized water and stored in water at room temperature
until they were tested.

Fabrication of the PA Membrane. The active skin layer of PA
was created on the PSf substrate through a conventional interfa-
cial polymerization method. The PSf substrate was soaked in an
aqueous phase solution containing 2% w/w PIP and 0.6% w/w
TEA for 2 min. The diamine-loaded PSf substrate was drained
with a soft rubber roller until the bubbles and excess solution
were eliminated from the PSf substrate surface and, finally, no
liquid from the diamine solution remained. After the bubbles
and excess solution were drained, the PSf substrate was clamped
between two Teflon frames. Subsequently, the organic phase
solution of 0.1% w/v TMC in n-hexane was poured into the
frame. After a predetermined interfacial polymerization reaction
period (60 s), the organic phase solution was drained off. Then,
the prepared PA membranes were washed and stored in deion-
ized water (4 = 1 °C) before the evaluation studies.

Second Modification of the PA Surface with 2,5-DABSA

For the second modification of the PA membranes, a 2,5-
DABSA monomer solutions were used with different concentra-
tions (0.1, 0.5, and 1% w/w) and coagulation times (5, 10, and
15 min). After interfacial polymerization, the prepared PA
membranes without washing were immediately immersed into
the 2,5-DABSA monomer solution to react with the free acyl
chloride groups with new diamines as a second modification.
Then, these new PA membranes were washed and stored in
deionized water at 4 £ 1 °C for further experiments.

Membrane Performance Test

Experimental experiments were carried out with a batch cross-
flow system with a membrane module with a 21-cm? effective
surface area. The water permeate flux (*£1.5 L m 2 h™!) and
salt rejection of NaCl (*1), Na,SO, (*2), and CaCl, (*2)
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were measured with a total concentration of 1000 ppm of salts
at 25 = 1 °C (the feed solution temperature was fixed by a cool-
ing system), a 3-bar pressure, and a 6 L/min flow rate for all of
the tests. The water flux (J; L m™ 2 h™") values of the PA mem-
branes were determined by the direct measurement of the water
permeate volume, which was calculated by the following
equation:

J=V/(At) (1)

where V is the volume of permeated water (L), A is the effective
membrane surface area (m?), and t is the filtration time (h).
The solute concentration of permeation flux was measured by a
conductivity meter and the standard calibration curve of each
salt. The membrane rejection was calculated with the following
equation to evaluate its desalination performance:

Rejection (%) = [1—(C,/Cy)] X 100 (2)

where C, and Cyare the permeate and feed solution concentra-
tions (mg/L), respectively. To minimize water flux and salt con-
centration measurement error, all of the experiments were
carried out three times, and the average value was reported.
Also, the water permeate flux and salt rejections were recorded
for all of the membrane samples when their performance
reached steady state.

Characterization of the Membranes

The chemical properties and structures of the synthesized PA
membranes were characterized by FTIR spectroscopy (Nicolet
MagnalR 550) in the region 400-4000 cm™'. The membrane
surface morphological properties were determined by SEM
(SEM KYKY-EM 3200, China) and AFM (Park Scientific Instru-
ment, CP Auto Probe). We obtained the SEM images by coating
the surface membranes with gold before imaging. The surface
AFM images were obtained over different areas of every sample.
In this analysis, tapping mode of the AFM apparatus was used,
and the same tip was applied when we scanned the surfaces of
all of the membrane samples. All of membrane samples were
prepared in the same way (same temperature, air medium, and
scale) to obtain the AFM images. The average roughness (S,),
root mean square of the Z data (S,), and maximum point
height (S,) were determined over an area of 2 X 2 um®

The hydrophilicity of the PSf substrate and PA membrane surfa-
ces were determined by the measurement of the pure water con-
tact angle with a contact angle goniometer from Drop Shape
Analysis (DSA 100 KRUSS GMBH, Hamburg) at room temper-
ature. At least five measurements at different locations were
obtained for each membrane, and these were averaged to deter-
mine the contact angle values. To measure the membranes con-
tact angles, 4 pL of deionized water was poured onto the
surface with a microsyringe. The image of the water and mem-
brane was recorded after 3 s, and the contact angle value was
measured.

The MWCO is a membrane pore characteristic that is achieved
by neutral organic compounds. Usually, PEG is used to measure
the MWCO value because it has a wide range of molecular
weights and at least interacts with itself and the membrane sur-
face. A set of reference PEG compounds with different molecu-
lar weights (1000, 2000, and 3000) was chosen.”?> Wherever PEG
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rejection by the membrane reached 90%, the MWCO was meas-
ured, and the membrane pore size was calculated from the rela-

tionship between the molecular weight of PEG and its Stokes
28,29,

hya= (3 [n]MMPEG) ; 3)

radius as follows

4neN

1] = 4.9 X 10~ %(MMpgg)"*" (4)

where [n] is the intrinsic viscosity of the solution (m3/g),
MMpgg is the molecular weight of PEG on the border of 90%
(g/mol), & is the constant proportionality of the PEG polymer
molecule between the equivalent sphere and the gyration radius,
and N is Avogadro’s number (mol™ ). The PEG concentrations
in the permeate and feed solutions were calculated with BaCl,
and L,/KI reagents and a UV-visible absorption spectrophotom-
eter at 535 nm.> Also, standard calibration curves were drawn
for each PEG molecular weight with the Causserand method.

The antifouling properties of the PA nanofiltration membranes
were investigated by filtration of a 1500-ppm CTAB feed solu-
tion. The flux recovery ratio (FRR), reversible fouling ratio (R,),
irreversible fouling ratio (R;,), and total resistance (R,) of each

membrane were calculated as follows®"%:
FRR = (J,2/kw1) X 100 (5)
R(%) = [(Jwa=Tp)/Jw1] X 100 (6)
Riy(%) = [Uw1=Tw2)/Jw1] X 100 (7)
R,=R,+R,; (8)

where ], is the water permeate flux (L m 2 h™!) calculated
with eq. (1) and J, is the permeate flux of the CTAB feed solu-
tion during 4 h. Next, the membrane was washed with deion-
ized water for 10 min, and the permeate water flux of the
cleaned membranes was measured again as illustrated by J,,..

RESULTS AND DISCUSSION

Feasibility of the PA Membrane Modification

In this study, a PIP aliphatic monomer as a reactant, TEA as an
acid acceptor in the aqueous phase, and TMC as an aromatic
monomer reactant in the organic phase were used for the inter-
facial polymerization reaction onto the PSf substrate surface.
Since, the PA active skin layer determined the final specifica-
tions of the composite membrane, including the water permeate
flux, selectivity, morphology, roughness, hydrophilicity, and
antifouling properties, to improve the membrane performance,
a second modification was necessary. Therefore, the feasibility
of a second modification with 2,5-DABSA monomer onto the
PA layer was examined. The investigation of the interfacial poly-
merization mechanism showed that diamines from aqueous
phase diffusion passed among the formed PA layer and, in the
organic phase, reacted with the TMC monomer.’>*> When the
reaction time was increased, the thickness of the PA layer
increased, and the diamine diffusion rates into the organic
phase decreased. This phenomenon led to more reminders of
free acyl chloride groups on the nascent PA layer. As shown in
the schematic in Figure 1, immediately after the interfacial poly-
merization reaction, the membrane surface contained a large
number of free acyl chloride groups; these could be used for the
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Figure 1. Scheme of interfacial polymerization and second modification. [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]

second modification of the PA membrane surface. In this step,
the 2,5-DABSA monomer with two amine groups was used for
the reaction with acyl chloride groups and one sulfonic acid
group to increase the properties and performance of PA nanofil-
tration membranes. The formation of the PA layer was done by
a classical interfacial polymerization technique without any
changes in the reaction conditions, PA thickness, length of PA
polymer chain, morphology, or roughness. Increasing the water
permeate flux, hydrophilicity, and antifouling properties were
goals of this study.

Optimization of the 2,5-DABSA Concentration

The PA membranes were prepared by interfacial polymerization
between PIP (2% w/w) and TEA (0.6% w/w) in the aqueous
phase and TMC (0.1% w/v) in the organic phase at 60 s. The
reached PA membranes showed acceptable performance with a
143 L m~ > h™" water permeate flux and 25.5, 87.1, and 55.2%
salt rejections of NaCl, Na,SO, and CaCl,, respectively. The nas-
cent PA layer contained a large number of free acyl chloride
groups; as a result, it was possible to modify the PA layer with
2,5-DABSA monomer. Different concentrations of 2,5-DABSA
monomer (0.1, 0.5, and 1% w/w) were used for the second
modification of the PA membrane surface. Also, the modifica-
tion time of the PA membrane for all of the samples in this
step was 5 min. The PA membranes were thoroughly immersed
in the 2,5-DABSA monomer solution and shaken several times
until all of the bubbles were removed. The effects of the 2,5-
DABSA monomer concentrations on the water permeability flux
are shown in Figure 2. As shown, the 2,5-DABSA monomer
concentration extensively affected the water permeability when
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compared with the primary PA membranes. When the 2,5-
DABSA monomer concentration was increased, the water per-
meate flux was enhanced from 14.3 L m > h™" in the PA mem-
brane without the second modification to 189 L m > h™" at a
0.5% w/w 2,5-DABSA monomer concentration; this was a 32%
enhancement over the unmodified PA membrane. The higher
water permeate flux was attributed to the higher polarity and
hydrophilicity of the sulfonic acid groups in the 2,5-DABSA
monomer structure, which played an important role in the
membrane performance and properties. The presence of

25 - 120
20 - - 100
= -8 ¥
4 15 s
= el
510* £
= -40 @
5 - 20
0 T T T T 0

0 0.1 05 1

2,5-DABSA (wt%)
Figure 2. Effects of the 2,5-DABSA monomer concentration on the (- - -)
pure water flux, NaCl (X) flux and (O) rejection, Na,SO, ([ ]) flux and
(A) rejection, and CaCl, (*) flux and (<) rejection. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3. Effects of the modification time on the (—) pure water flux,
NaCl (X) flux and (O) rejection, Na,SO, ([]) flux and (A) rejection,
and CaCl, (*) flux and (<) rejection. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

sulfonic acids on the PA membrane surface resulted in the
enhanced adsorption of water molecules onto the PA layer and
an increase in the water permeate flux. However, with a further
increase, the 2,5-DABSA monomer was not shown to change
considerably with respect to the water permeate flux because no
more acyl halide groups existed on the PA membrane surface
for the reaction. The nascent PA layer had two chemical struc-
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Figure 4. FTIR spectra of the (a) PSf substrate, (b) PA membrane, and
(c) modified PA membrane. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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tures: (1) a crosslinked PA polymer, which consisted of three
amide bonds with PIP, and (2) a linear PA polymer, which con-
tained two amide bonds and a free pendant acyl chloride.’® Free
acyl chloride groups allowed the second modification of the PA
membrane surface only with reactive chemical compounds
because the high reactive acyl halide groups present when it was
exposed caused the water molecules to be hydrolyzed to carbox-
ylic acid groups. According to the relatively slow process of the
hydrolysis reaction, the nascent PA layer was immediately modi-
fied with the reactive 2,5-DABSA monomers.”’

The NaCl, Na,SO,, and CaCl, permeate fluxes and salt rejec-
tions are shown in Figure 2. The influence of the 2,5-DABSA
monomer concentration was observed at 0.5%, and the greater
concentration effects on the water permeate flux and salt

KYKY-EM3200 SN:0692

26 KV 2,00KX 10um

-

s e

KYKY-EM3200

SN:0692

26 KV 2,00 KX 10um KYKY-EM3200 SN:0692

Figure 5. Surface SEM images of the (a) PSf substrate, (b) PA membrane,
and (c) modified PA membrane. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Surface AFM images of the (a,b) PSf substrate, (c,d) PA membrane, and (e,f) modified PA membrane. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

rejections were not significant. With increasing water permeate
flux, the NaCl and Na,SO, salt rejections increased considerably.
NaCl and Na,SO, rejections of 25.5 and 87.1% in the PA mem-
brane increased to 46.1 and 97.5% at a 0.5% 2,5-DABSA mono-
mer concentration. However, the CaCl, salt rejection decreased
from 55.2 to 31.2%; this indicated changes in the membrane
surface charge.”® The presence of sulfonic acid groups on the
membrane surface led to the induction of negative charge
effects. As a result, the order of salt rejection changes from
RNa,SO, > RCaCl, > RNaCl for the PA membrane to RNa,.
SO, > RNaCl > RCaCl, for the modified PA membrane.**** The
new salt rejection order indicated that the charges on the mem-
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brane surface after modification were changed to a negative
charge because the anionic salt (Na,SO,) rejection increased,

Table I. Surface Roughness Parameters of the PSf Substrate, PA
Membrane, and Modified PA Membrane

Sq (nm) Sq (nm) S, (nm)
PSF substrate 0.47 0.65 4.58
PA membrane 12.85 15.42 83.08
Modified PA membrane 13.46 16.74 96.45

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43583
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(b) - 37 + 1.6°

Figure 7. Contact angle images of the (a) PSf substrate, (b) PA mem-
brane, and (c) modified PA membrane. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

whereas the cationic salt (CaCl,) rejection decreased. The sec-
ond modification of the PA membrane with a 2,5-DABSA
monomer containing sulfonic acid groups led to higher water
permeability and monovalent and divalent anionic salt
rejections.

Optimization of the Reaction Time

At a 0.5% w/w 2,5-DABSA monomer concentration, the modifi-
cation time of the PA membranes was varied to 5, 10, and 15
min until optimized conditions were achieved for the second
modification. The water permeate fluxes and salt rejections of
NaCl, Na,SO,4, and CaCl, are illustrated in Figure 3. As shown
in Figure 3, with increasing modification time to 10 min, the
water permeate flux reached 20.6 L m™> h™'; this indicated an
increase of more than 44% in the pure water flux. At a 0.5% w/
w concentration and with a 10-min modification time, the max-
imum number of acyl chloride groups reacted with the 2,5-

105 -
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= 75 -
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B
2 60
Q
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45 -

30

1000 2000 3000
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Figure 8. Rejection of PEGs of different molecular weights with the ((])
PA and (O) modified PA membranes. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. Fouling experiments: (O) PA and ([_]) modified PA membranes.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

DABSA monomer or were hydrolyzed by water and neutralized.
At the same 2,5-DABSA monomer concentration, rejections of
NaCl and Na,SO, salt increased and reached 54.7 and 99.2%,
respectively. Similarly, CaCl, salt rejection decreased to a mini-
mum value of 22.9%; this indicated that the PA membrane
modification reached to the highest possible level. Because at
the further modification time (15 min) no significant changes
were observed in the water permeate flux and salt rejection, the
10-min modification time was considered to be the optimized
time.

Investigation of the Chemical Composition of the Membranes
The FTIR spectra of the PSf substrate, PA membrane, and
modified PA membrane are shown Figure 4. The PSf substrate
spectra displayed peaks of the stretching vibrations of C—H ali-
phatic and aromatic bonds at 2967 and 3084 cm '.*' Two
strong peaks at 1493 and 1584 cm™ ' were related to the C=C
bonds in the straining vibrations of the benzene rings. The sym-
metric and asymmetric stretching vibrations of S=O bonds
were observed at 1153 and 1321 cm™ ', respectively. Also, the
sharp peak at 1244 cm™' corresponded to ether bonding
(C—0—C) of the PSf structure. Two peaks at 836 and
869 cm ™' were assigned to the para situation of benzene rings
in the PSf chemical structure.

Figure 4(b) illustrates FTIR analysis of the PA nanofiltration
membrane; this consisted of three new peaks at 1621, 1735, and
3418 cm™'; these were attributed to the C=O stretching vibra-
tions of carboxylic acid and amide groups and O—H bonds of
carboxylic acid groups, respectively.*> The FTIR spectra of the
PA membrane confirmed that interfacial polymerization was
successfully carried out on the surface of the PSf substrate.

The modified PA membrane spectrum is shown in Figure 4(c);
it showed new peaks attributed to the 2,5-DABSA monomer.
Two peaks at 1156 and 1330 cm ™' were assigned to S=O sym-
metric and asymmetric stretching vibration bonds in the 2,5-
DABSA monomer and PSf structures that shifted to higher
wavelengths.*’ The stretching vibrations of the S—O bond of
the sulfonic acid group were observed seen at 631 cm™ ', and
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Table II. Performance of the PA and Modified PA Membranes in the Presence of a CTAB Solution

Membrane Jwi Lm™2h™? JplLm2h™Y Juz L m™2h71 FRR (%) R; (%) R, (%) R:
PA membrane 13.8 6.6 47.8 521 10.1 62.2
Modified PA 211 16.3 18.8 89 11.8 10.9 22.7
membrane

the hydroxyl groups of sulfonic acid showed a broad peak at
3393 cm™'. These peaks proved that the 2,5-DABSA monomers
modified the PA nanofiltration membrane surface.

Membrane Surface Morphology

SEM. Figure 5 shows SEM images of the PSf substrate, PA
nanofiltration membrane, and modified PA membrane at
2000X magnification. The PSf substrate image illustrates the
smoothness and integrity of the surface; this proved that the
casting of the polymer solution and phase-inversion process
were properly done. However, in Figure 5(b), a completely dif-
ferent morphology is shown; this confirmed that the interfacial
polymerization reaction occurred on the PSf substrate, and the
PA layer formed uniformly. Over the SEM image, there was a
nodular structure with different sizes of nodules. Also, the
modified PA membrane [Figure 5(c)] illustrated that the same
dispersion and morphology covered the surface entirely. The
2,5-DABSA monomers had a molecular size, and free acyl chlo-
ride partially was dispersed over the PA membrane surface. As a
result, the PA membrane surface morphology was unchanged
after the second modification.

AFM. The two- and three-dimensional AFM images obtained
for the PSf substrate, PA membrane, and modified PA mem-
brane are presented in Figure 6. Also, different parameters, such
as S, S, and S, of the samples were quantified from the AFM
data, as presented in Table I. As shown in Figure 6, the surface
morphology of the PA membrane was quite different from that
of the PSf substrate, and it showed a homogeneous finely struc-
ture over the surface. Also, the roughness parameters, S, S,
and S, of the PA membrane increased from 0.47, 0.65, and
4.58 nm to 12.85, 15.42, and 83.08 nm, respectively. The higher
roughness parameters of the PA membrane were due to the
formed three-dimensional crosslinked PA polymer with regard
to the spatial arrangement of the TMC monomer. As shown in
Figure 6(ef), the second modification of the PA membrane
with the 2,5-DABSA monomer did not lead to significant
changes in the surface morphology, and a fine structure evenly
covered the modified PA surface. Also, the modified PA surface
roughness increased only 0.61 nm, which was negligible. The
results prove that the study of sulfonic acid on the PA layer
with this method did not lead to a swollen PA active skin layer.

Hydrophilicity of the Membranes

The dry membranes used to determine the contact angle by the
sessile drop technique are illustrated in Figure 7. A lower con-
tact angle indicated a higher hydrophilicity because a greater
tendency for water molecules to wet the membrane surface
existed. The PSf substrate exhibited a contact angle of 69 = 2.3%
this indicated initial resistance against the water molecules and
relatively hydrophobic properties. After interfacial polymeriza-
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tion, the PA membrane hydrophilicity was improved, and it
decreased to 37 * 1.6% this indicated that the PA layer was
moderately hydrophilic. Functional groups, such as such as
amide, amine, carboxylic acid, and sulfonic acid groups, in the
PA membrane structure had major effects on the hydrophilicity.
However, with the second modification of the PA membranes
with the 2,5-DABSA monomer, the contact angle reached
22 = 1.3° The lower contact angle of the modified PA mem-
brane indicated very hydrophilic properties and existed because
of the presence of polar and hydrophilic groups of sulfonic
acids in the 2,5-DABSA monomer structure. The results of the
PA and modified membranes showed good agreement with the
permeability data and confirmed that a higher hydrophilicity
was achieved with modification by the 0.5% w/w 2,5-DABSA
monomer.

MWCO

Three low-molecular-weight PEGs (1000, 2000, and 3000 Da)
were used in MWCO determination by Causserand’s protocol.
Figure 8 shows the rejections of the prepared PA and modified
PA membranes to different molecular weight PEGs. As shown
in Figure 8, rejection increased with the growth of the PEG
molecular weight from 1000 to 3000 Da. From the rejection
behavior (corresponding to a rejection of 90%), we found that
the MWCOs of the PA and modified PA nanofiltration mem-
branes were about 1909 and 1953 Da, respectively. Also, with
egs. (3) and (4), the average membrane pore sizes measured for
PA and modified PA membranes 1.81£0.2 and
1.83 £ 0.2 nm. A slight change in the membrane pore size after

were

the second modification proved interaction between the sulfonic
acid groups and a swelling phenomenon. In this method, the
PA layer formed in normal chemical processes with the high-
molecular-weight PA polymer was established on the PSf sub-
strate. The appropriate distribution of free acyl chloride over
nascent PA enabled a second modification with minimum phys-
icochemical property changes.

Fouling Experiments

CTAB with a hydrophobic chain and hydrophilic and cationic
head was used as a contaminant in the fouling experiment with
a negatively charged membrane surface by absorption or ionic
To investigate the influence of the 2,5-DABSA
monomer on the fouling properties of the PA and modified PA
membranes, we obtained the R, R;, R, and FRR values, as
shown in Figure 9 and Table II. As shown, the FRRs of the PA
and modified PA membranes decreased when CTAB (cationic
surfactant, 1500 ppm) was used as the feed solution. As shown,
the modified PA membrane showed relatively better antifouling

interaction.”

properties because of the presence of sulfonic acid groups on
the PA layer surface. Despite the higher negative charge of the
modified PA membrane compared to the PA membrane and the
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higher absorption of the CTAB contaminant on the membrane
surface, R, was lower. This phenomenon was probably due to
the lower contact angle and higher hydrophilicity of the modi-
fied PA membrane, which conquered the membrane surface
charge. The results in Table II reveal that FRR of the modified
PA membrane increased 41.2%, whereas R, of this membrane
decreased 39.5%. Also, R, of the modified PA membrane
increased partially by 1.7% and R;, decreased by 41.2% after the
second modification; this indicated an important change in the
membrane fouling properties.

CONCLUSIONS

In this research, we focused on the development of PA mem-
brane permeability and antifouling properties with the grafting
of 2,5-DABSA monomer with a simple and novel idea. The PA
membrane was successfully modified with PIP and TMC mono-
mers in an interfacial polymerization reaction. The free acyl
chloride groups of the nascent PA layer were used for a second
modification by the 2,5-DABSA monomer; this included two
amines for the amidation reaction and one sulfonic acid group
for the promotion of the PA membrane permeability, charge,
and antifouling properties. The pure water flux of the modified
PA membrane was enhanced as the 2,5-DABSA monomer con-
tent and modification time were increased, and it reached more
than 44% for the PA membrane. The modification of the PA
membrane led to a higher negative charge and a change in the
salt rejection sequence from RNa,SO,>RCaCl, >RNaCl to
RNa,SO, > RNaCl > RCaCl,. The SEM and AFM images indi-
cated that the novel modification of the PA membrane mor-
phology did not significantly change, and there was no sign of
swelling. Also, the MWCOs of the PA and modified PA mem-
branes were 1909 and 1953 Da; there was no significant differ-
ence. The study of the hydrophilicity indicated that the
modified PA membrane, with a contact angle of 22°, has a great
hydrophilicity, and this phenomenon led to a higher permeabil-
ity flux. The modified PA membrane generally demonstrated an
improved R, to the CTAB cationic surfactant. R, decreased from
52.5 to 22% because of the dispersion of sulfonic acid groups
over the PA layer surface. As a result, this work offers the use of
monomer-carrying sulfonic acid to increase positive -effects
(water permeate flux, hydrophilicity and antifouling properties)
and to minimize of negative results (swelling, roughness, mor-
phological conversion, and lower rejection). It is believed that
the PA membranes modified by 2,5-DABSA monomer have
great potential in the fabrication of PA nanofiltration mem-
branes with high permeability and good antifouling properties.
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