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Abstract

A new approach for modification of polyamid thin film composite membrane PA(TFC) using
synthesized ZnO nanoparticles (ZnO NPs) was shown to enhance the membrane performances for reverse
osmosis water desalination. First, active layer of synthesis PA(TFC) membrane was activated with an aqueous
solution of free radical graft polymerization of hydrophilic methacrylic acid (MAA) monomer onto the surface
of the PA(TFC) membrane resulting PMAA-g-PA(TFC). Second, the the PA(TFC) membrane has been
developed by incorporation of ZnO NPs into the MAA grafting solution resulting the ZnO NPs modified
PMAA-g-PA(TFC) membrane. The surface properties of the synthesized nanoparticles and prepared membranes
were investigated using the FTIR, XRD and SEM. Morphology studies demonstrated that ZnO NPs have been
successfully incorporated into the active grafting layer over PA(TFC) composite membranes. The zinc leaching
from the ZnO NPs modified PMAA-g-PA(TFC) was minimal, as shown by batch tests that indicated
stabilization of the ZnO NPs on the membrane surfaces. Compared with the a pure PA(TFC) and PMAA-g-
PA(TFC) membranes, the ZnO NPs modified PMAA-g-PA(TFC) was more hydrophilic, with an improved
water contact angle (~50 + 3°) over the PMAA-g-PA(TFC) (63 + 2.5°). The ZnO NPs modified PMAA-g-
PA(TFC) membrane showed salt rejection of 97% (of the total groundwater salinity), 99% of dissolved bivalent
ions (Ca%*, SO,°and Mg?*), and 98% of mono valent ions constituents (CI” and Na*). In addition, antifouling
performance of the membranes was determined using E. coli as a potential foulant. This demonstrates that the
ZnO NPs modified PMAA-g-PA(TFC) membrane can significantly improve the membrane performances and
was favorable to enhance the selectivity, permeability, water flux, mechanical properties and the bio-antifouling

properties of the membranes for water desalination.
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1. Introduction

Membrane separation is one of the most important tools for water desalination, as it offers high
efficiency, stability, easy operation, and low energy requirements [1]. Likewise, reverse osmosis is considered
the most promising technology utilized for water desalination [2]. The development of nanotechnology has
resulted in enhanced membrane performance via the addition of new functional groups through surface
modifications, and improvements to the membrane chemical structure [3]. Recent studies have demonstrated
grafting and nano-surface membrane modifications lead to improved membrane performance, with
improvements to: selectivity, bioantifouling properties, chemical stability, hydrophilicity, water flux, salt
rejection, and mechanical properties [4].

Recently, thin film composite (TFC) membranes are the most commonly used membranes for reverse
osmosis applications [5]. In typical TFC membranes, the thin skin barrier layer is created by interfacial
polymerization of polyamide (PA) between two reactive monomers resulting in a PA(TFC) on top of a
microporous supportive layer [6]. The most applicable supportive layer used in reverse osmosis is made of
polysulfone (PS) due to its high mechanical, chemical and thermal stability, which is related to the operating
pressure applied through the membrane. The PA(TFC) membrane surface characteristics could be modified by
combining with a hydrophilic modifier through graft polymerization using a water-soluble polymer or using
inorganic nanoparticles [7-9].

Graft polymerization is a common modification method used to improve the surface characteristics of
the PA(TFC) membranes [10]. The methacrylic acid (MAA) monomer was selected for grafting polymerization
in an aqueous solution by redox initiated radical grafting, resulting in a PMAA-g-PA(TFC) membrane. The
MAA is compatible with the PA membrane, has high water solubility [11], and excellent biocompatibility [12].
Furthermore, the MAA monomers have been previously used in graft polymerization of RO membranes, and
have shown a reasonable fouling reduction with no loss in water permeability. We demonstrate here that the
incorporation of zinc oxide nanoparticles (ZnO NPs), with an aqueous grafting solution of MAA, can be used to
modify the surface of a PA(TFC) membrane creating a ZnO modified PMAA-g-PA(TFC) membrane. The ZnO
NPs modified PMAA-g-PA(TFC) membrane has been characterized, and its performances has been tested and
compared with pure PA(TFC) and PMAA-g-PA(TFC) membranes. This comparison illustrates the impact of
nanoparticle incorporation for enhancing membrane performance, and improving antifouling properties and
mechanical characteristics. The ZnO NPs possess an —OH group on their surface, which links with the
carboxylic group in the MAA grafting monomer by a covalent or hydrogen bond [13,14] facilitating this
incorporation, and increasing the stability of the ZnO NPs on the membrane surface.

Recent advances in nanotechnology are greatly exploring ideas related to structures modifications and
morphologies of the PA(TFC) membranes, allowing improved membrane performance and antifouling
properties. Furthermore, many types of nanoparticles have been studied to enhance the membrane properties
focus on SiO, [15], carbon nanotubes [16], silver nanoparticles [17], zeolites [18], Al,O3 [19], ZrO, [20],
graphene oxide nanoparticles [21] and TiO, nanoparticles [22], which are relatively expensive for practical
application. Zinc oxide nanoparticles have also been used as additives for membrane modifications as they
possess unique physical and chemical properties, including; high chemical, thermal, mechanical and photo-

stability, and an ideal electrochemical coupling coefficient. ZnO NPs possess a crystallographic structure at the



nano level [23], and can easily absorb hydroxyl groups (-OH) to become hydrophilic, which enhances
membrane performance [24]. ZnO NPs are also a multifunctional material [25], with high ultraviolet resistance
and photocatalytic properties [26]. Furthermore, membrane fouling is one of the most persistent problems
impeding the practical application of membrane technology because it causes a decrease in salt rejection, water
flux, and increases in the operational cost of the system [27]. Fouling is caused by the adsorption of organic
compounds onto the membrane surface with many kinds of fouling possible, including; crystalline, organic,
particulate, and microbial [28]. Due to the antibacterial and antifungal characteristics of the ZnO NPs, they have
been widely used for the disinfection and decomposition of organic compounds [29], and consequently improve
membrane bio-fouling resistance.

In this work ZnO NPs incorporated with MAA grafting solution were successfully synthesized using
the hydrothermal technique, and then used as an additive to enhance the surface modification and application of
PA(TFC) membranes. The stability of the ZnO NPs incorporated into the surface of the ZnO NPs modified
PMAA-g-PA(TFC) membrane was investigated to assess the possible environmental risks of releasing ZnO NPs
at high load. Therefore, a batch test was carried out to chemically restrain ZnO NPs on the membrane surface,
and determine the release of the Zn?* ion into the contact solution of distilled water over long time periods. The
chemical composition and morphology of the ZnO NPs and the modified membrane were characterized through:
X-ray spectroscopy (X-ray), Fourier transform infrared spectroscopy (FTIR), Scanning electron microscope
(SEM), transmission electron microscopy (TEM), thermogravimetric analysis (TGA), assessments of
mechanical property, contact angle (CA) determination, and tests of ZnO NP stability on the membrane surface.
Through these experiments, the optimum amount of ZnO NPs was proposed, and the reaction mechanism of
preparation, separation of the natural groundwater, and bio-antifouling effect caused by additive ZnO NPs was
also examined.

The novelty of this research is the incorporation of the synthesized ZnO NPs with the grafting MAA
aqueous solution and the subsequent improvements to the performance of reverse osmosis technology in terms
of water flux, salt rejection, and bio-antifouling using E. coli as a model organism and potential foulant.

Furthermore, the stability of the ZnO NPs on the membrane surface over time will be examined.

2. Experimental
2.1. Materials

The membrane substrate was synthesized from PS (Udel P 3500 LCD MP7, MW= 77000, Mn =
22000) using N,N’-dimethylacetamide (DMAC) as a solvent via the phase inversion method. The PA active
layer was prepared using 1,3,5-benzenetricarbonyl trichloride (TMC) (>98%) and m-phenylenediamine (MPD)
(> 99%) by interfacial polymerization. Hexane was used as the solvent for preparing the TMC solution, and
distilled water was used as the solvent for the aqueous phase reactant. All chemicals were purchased from
Sigma—Aldrich. The potassium persulfate—sodium metabisulfite (Merck) was used in the redox polymerization
system, and acted as the initiator in the grafting process. Methacrylic acid monomer was also supplied by Sigma
Aldrich. Zinc acetate was used to synthesize the ZnO nanoparticles. Sodium hydroxide (NaOH; 98%; purchased
from El Motaheda) was used for pH adjustments, and sodium lauryl sulphate (SLS) was used as a surfactant.

Sodium chloride (NaCl) was used as a representative solute for salt rejection measurements



2.2. Synthesis and characterization of ZnO nanoparticles

The ZnO nanoparticles were synthesized using the hydrothermal method, which does not require the use
of organic solvents, and can be considered an environmentally friendly technique [30].

Three grams of zinc acetate was dissolved in 20 ml of distilled water. 16 ml of a 5 M NaOH solution
was added drop wise to the zinc acetate solution while gently stirring for a period of 10 min at 90°C (see Egn 1).
During this period, 1.5 g of SLS was dissolved in 15 ml of distilled water and was added to the zinc acetate
mixture. SLS, as a surfactant, plays an important role in the modification of the ZnO particles, and acts as an
insulator between the nanoparticles, allowing themto overcome the interacting forces between them to create a
homogeneous dispersion. A white precipitate appears immediately upon mixing the zinc acetate solution. The
mixture was moved to a Teflon stainless steel autoclave (volume 80 ml) and filled with deionized water up to
80% of the reactor volume for hydrothermal treatment at 120°C for 5 h. The autoclave was then allowed to cool
down naturally. The suspended ZnO nanoparticles were centrifuged at 6000 rpm for 15 min and collected as a
white precipitate. The precipitates were washed with distilled water and ethanol to remove impurities. They
were then dried at 50°C for 5 h, and stored.

ATempreature

Zn(CH5CO,),+ 2NaOH ———— ZnO + H,0 + 2NaCH;CO, @

2.3. Preparation of PA(TFC) and surface modification by ZnO nanoparticals incorporated with grafting
(MAA) membranes

The schematic diagram of the membrane fabrication process is shown in Figure 1. The surface grafted
PMAA-g-PA(TFC) and the ZnO modified PMAA-g-PA(TFC) membranes were synthesized as described below.

The microporous PS substrate was prepared by the phase inversion method. The PS membrane was
cast from a homogeneous polymer solution containing 15 wt. % PS and 85 wt. % DMAC, using a thin film
applicator (casting thickness 200 um) on a horizontal smooth plate. The PA(TFC) membrane was prepared
through interfacial polymerization between MPD (2 wt. %) and TMC (0.5 wt. %) on the surface of a PS support
layer. Finally, the resulting PA(TFC) membrane (compound I, Figure 1) was thoroughly washed and kept in

distilled water for surface grafting and ZnO NP modification.

The schematic diagram of the graft polymerization of MAA on the surface of the PA(TFC) membrane
is shown in Figure 1. The PA(TFC) membrane surface has carboxylic acid and primary amine groups on the
chain ends. The hydrogen atoms on the end groups and the hydrogen in the amide bond present possible grafting
sites for surface modifications via the redox grafting system. The grafting polymerization was carried out with
an aqueous solutions of MAA (2.0 wt. %). The redoxgrafting system, composed of potassium persulfate K,S,0g
(1.5 wt. % of monomer) and sodium metabisulfite Na,S,0s (0.33 wt. % of K,S,0g), was used to generate
radicals. The aqueous solution containing MAA, K;S,0g, and Na,S,05 was added to the active PA(TFC) surface
layer for 30 minutes at 25 °C without shaking. The PA(TFC) membrane has to be fixed in circular glass frames
to ensure contact between the reactant solution and the membrane layer. The resulting PMAA-g-PA(TFC)
membrane (compound IlI, Figure 1) was removed from the frames and washed thoroughly with distilled water

several times, and kept in distilled water for testing and characterization.



To prepare the ZnO modified PMAA-g-PA(TFC) membrane different amounts of synthesized ZnO
NPs (0.005, 0.05, 0.1, 0.2, 0.3, 0.4 as a wt. % of MAA monomer concentration) were dissolved with an aqueous
solutions of the MAA (2.0 wt. %), K,S,0g (1.5 wt. % of monomer) and Na,S,05 (0.33 wt. % of K,S,0g) in an
ultrasonic bath at 30-40 °C for at least 3h to facilitate the dispersion of the ZnO NPs. The aqueous solution was
added to the active PA(TFC) surface layer for 30 minutes at 25 °C without shaking. The resulting ZnO modified
PMAA-g-PA(TFC) membrane was removed from the frames and washed thoroughly with distilled water several
times and kept in distilled water for testing and characterization. The resulting ZnO NPs modified PMAA-g-
PA(TFC) membrane is shown in Figure 1. The schematic diagram in Figure 1 illustrates that the incorporation
of the ZnO NPs, with grafting MAA, onto the surface of a polyamide thin film composite membrane PMAA-g-
PA(TFC) could have been established through one of two processes. Firstly, the impact of moisture and
humidity may have led to the creation of hydroxyl groups on the surfaces of the ZnO NPs, so that, a covalent
bond formed through the chemical reaction of the COO- group of PMAA and the ZnO NPs -OH group [13]. The
second possible process is the creation of a H-bond between the surface hydroxyl groups of the ZnO NPs, and
the oxygen in the COO- group of PMAA [14].

To investigate the impact of ZnO NPs modification on the water flux, salt rejection, bio anti-fouling
and mechanical properties, the results obtained from the ZnO modified PMAA-g-PA(TFC) membranes were
compared with the pure PA(TFC) and PMAA-g-PA(TFC) membranes.
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Fig. 1: Schematic representation of PA(TFC) RO membrane, Surface modification via radical grafting
polymerization of MAA and surface modification by incorporation of ZnO NPs in the grafting solution.

2.4.Zn0O NPs and membrane characterizations and performance assessment

The prepared ZnO NPs were characterized by X-ray diffraction (XRD), transmission electron
microscopy (TEM), scanning electron microscopy (SEM) and Fourier transform infrared spectrophotometry
(FTIR).

The membranes were characterized by FTIR, X- ray diffraction, SEM, TGA, Mechanical properties
and the contact angle. FTIR analysis was carried out using a Gensis Unicam spectrophotometer. The X- ray
diffraction patterns of the modified membranes were determined with a Philips Model PW 3710 X-ray
diffraction instrument. The scanning electron microscope (SEM, Quanta FEG) was used to visualize the
membrane’s surface characteristics. To examine membrane cross-sections, membrane samples were prepared by

fracturing in liquid nitrogen. Thermal gravimetric analysis was carried out using a Shimadzu TGA system



(TGA-30). The mechanical properties of the membrane samples were measured with Universal Testing
Instruments (UTI, V4.5 A, DMA), where the dynamic strain and stress were measured at room temperature (25
°C). Tensile tests were carried out to assess the Young’s modulus and strain at fracture of samples at the rate of
10 mm/min. The membrane samples were cut into rectangles with a dimension of 20 x 13 x 0.15 mm, and fixed
perpendicular to one another in between two automatic gripping units of the sample, leaving a 3 cm sample
extent for mechanical loading. The thickness of the membrane samples was determined with an automatic
micrometer with a precision of 1 um. Young’s modulus (Mega pascal, M pa) was calculated using the following

equation:
Young’s modulus (Mpa) = :z:% 2
The hydrophilicity of the membrane surface was measured using a Tantec contact angle meter at 25°C.
A water drop was placed onto the membrane surface with a digital micro syringe with contact angle between the
water and the membrane measured when no further change was observed. On average, 8 measurements were
obtained for each membrane sample.

The degree of grafting (DG) was evaluated based on weight change per membrane surface area:
DG =2 &)
where Wy is the weight of the initial dry membrane sample, Wy, is the dry weight of the membrane after grafting
modification, and A is the surface area of the membrane.

The membranes ability to carry out water desalination was judged in terms of salt rejection (SR %) and
water flux (Jw, I/m.h), using a laboratory DDS reverse osmosis system (model LAB M20, Alfa Laval
Denmark). The effective membrane area was 18 cm’. Pure water flux was measured, followed by a reverse
osmosis test with an aqueous NaCl solution of 2000 mg/L. The dissolved salt in the feed and permeate water
were measured using a conductivity meter. The measurements of salt rejection and water fluxand were taken 30
minutes after filtration to ensure a steady state had been reached. In addition, a groundwater sample, with a total
dissolved solid concentration of 35264 mg/L collected from the Miocene aquifer in Sharm El Shiekh, Sinai,
Egypt, was used to examine and compare the membranes. The water fluxand salt rejection were calculated from

the following equations:

=3 @

R= (1—‘(3:—';) x 100 ©)
Where, J is the water flux (L/m’h), Vp the permeate volume (L), A the surface membrane area (m?), t the
filtration time (h), R the salt rejection, and Cp and Cf the concentrations of permeate and feed solution,
respectively.

The release of zinc ions from the surface structure of the modified membranes was evaluated via batch
experiments. In these experiments, the membrane sample was placed in distilled water (DI), where the ratio was
80 cm? membrane samples to 20 ml DI water. Samples were left on a shaker (Sk-O180-Pro; 120 rpm), and the
DI water was replaced every 24h. The collected water samples were acidified with 1% HNO3z and analyzed
using a Prodigy radial inductively coupled plasma optical emission spectrometer (ICP-OES) (Teledyne-

Leeman).



2.5. Antibacterial assessment of PA(TFC), PMAA-g-PA(TFC) and ZnO NPs modified PMAA-g-PA(TFC)
membranes.

Pre-cultures of Escherichia coli (E. coli) cells were prepared in 10 ml of Luria-Bertani (LB) medium (1
wt. % yeast and 1 wt. % NaCl in deionized water) at 37°C for 24 hours. The prepared solution was diluted with
purified water, and a dilute solution (20ml, total 670X10° cells) was pipetted onto the prepared membrane
surfaces PA(TFC), PMAA-g-PA(TFC), ZnO NPs modified PMAA-g-PA(TFC) membrane. The prepared system
was illuminated with a 365 nm UV lamp placed 20 cm over the top of the membrane surface for 90
minutes. A volume of 1 ml of E. coli solution was placed on LB agar medium and incubated for 24 hours. The
percentage survival of E. coli was determined by counting the number of viable cells in terms of colony-forming
units (CFU/ml).

3. Results and discussion

3.1 Characterization of the synthesized ZnO NPs

The prepared ZnO nanoparticles were characterized by X-ray diffraction and displayed crystalline
structures. As shown in Figure 2a there were three pronounced pure diffraction peaks (100, 002 and 101) at 26
equal to 32.03, 34.64" and 36,51, respectively. These peaks match with the standard data sheets (JCPDS 36-
1451) reported by the Joint Committee on powder diffraction, which confirms the formation of zinc oxide in
hexagonal shapes [31]. No peaks corresponding to impurities were detected, indicating pure ZnO nanoparticles
were obtained.

The average particle size for the nanoparticle powders were deduced using Scherer's equation [32]:

©)

094
B COS O

where A is the wavelength of the X-ray (1.54 A°), d is the crystallite diameter of ZnO nanoparticles, B is the
whole width at half maximum width of the diffraction peak in radiance, and 8 is the maximum intensity of the
diffraction angle. The crystallite size of the ZnO particles was determined to be between 90 and 144 nm, with an
average size of 118 nm. The X-ray diffraction patterns of all investigated materials showed a high degree of
crystallinity.

The functional groups of the synthesized ZnO NPs were analyzed using the FTIR spectrum. Figure 2b
shows the spectra of Zno NPs in the range of 400-4000 cm, at room temperature. A stretching band of Zn-O
near 415cm * was shown. The peaks at 3400- 3500 and 1580 cm* indicate the presence of hydroxyl (-OH) and
carbonyl (C=0) residues, possibly due to atmospheric moisture and CO,, respectively. The spectroscopic studies
indirectly provide information about the surface characteristics of the ZnO NPs, where the small peak appears at

approximately 900 cm *, indicating the Zn—OH has important applications for zinc oxide NPs.
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Fig. 2: X-ray diffraction pattern of synthesized ZnO NPs (a), FTIR spectra of synthesized ZnO NPs (b)
and thermal analysis curwves for the obtained samples of ZnO NPs (c)

The thermal properties of the pure ZnO NPs were investigated using TGA analysis, which provides
information on the chemical and physical transformations and thermal stabilities upon heating. TGA analysis of
ZnO NPs show that weight loss proceeds in successive stages, with increasing temperature. In Figure 2c, the
TGA graph shows successive weight loss up to 500°C, and after this point there was no significant weight loss
detected. The first weight loss occurred at 125°C, representing the dehydration of samples due to desorption of
physically adsorbed water molecules on the ZnO NP surface [33]. The second step, possessing the greatest mass
loss, occurred between 200 and 350 °C, indicating the loss of OH and COz%".

The surface morphology of the ZnO NPs was characterized by scanning electron microscopy (SEM).
In Figure 3a,b the ZnO nanoparticles appear in rod shapes, with smooth surfaces and a size range around 100-
160 nm.

The TEM image was used to characterize the shape and size of the synthesized ZnO NPs. The results
are shown in Figure 3 ¢ where the ZnO NPs appear as straight, elongated, smooth rods. The diameter and the
length of the nanoparticles ranged from 10-20 and 50-100 nm, respectively, with an average of 44 nm. The size
range presented here is close to the previous dimensions obtained from the SEM, and grain size range fromthe
XRD. Furthermore, the chemical reactivity of the nanoparticles tends to be enhanced as a result of decreasing

particle size due to an increase in the surface to volume ratio.
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Fig. 3: SEM images of ZnO NPs (a,b) and TEM image of the ZnO NPs (c).

3.2. Membrane characterization

3.2.1. FTIR spectroscopy:

FTIR spectroscopy can provide a convenient and effective way to determine the functional groups of
the modified and unmodified thin film composite RO membranes. FTIR was performed to confirm the
successful preparation of PA(TFC) membranes onto the PS support layer, to verify the successful graft
polymerizations of PMAA onto PA(TFC) membranes, and to determine the functional groups in the ZnO NPs
modified PMAA-g-PA(TFC) membrane.

Figure 4a shows the characteristic peaks of both the PS support layer and the PA(TFC) membranes.
The FTIR shows a peak band appearing at ~708 cm™ due to the C—H bond in the aromatic group. The band at
~866 cm™* is caused by the hydrogen deformation of para substituted aryl groups [34]. The band at 1265 cm™ is
representative of an asymmetric stretching vibration of the C-O-C in the aromatic ether group. The FTIR shows
two bands around ~1327 which can be attributed to a symmetric stretching vibration of O=S=0, corresponding
to pure PS [35]. The observed band around ~1597 cm™ is mainly attributed to the rotation of the C=C of the

benzene ring.



The PA(TFC) spectrum is used to confirm whether the interfacial polymerization has occurred (Figure 4a).The
appearance of two bands around 1600 cm* and 1265 cm* for the C=0 stretching vibration and C-N group of
the amide Il on PA(TFC) membrane, respectively [36]. The spectrum reveals that there is a band around 1500-
1540 cm* that is related to the N—H (amide II) in-plane bending [37], or possibly a C-N stretch [38]. The new
band appearing at ~1743 cm ! corresponds to the stretching of (C-OH) in the carboxylic group (O=C-OH). The
peak at 1460 cm * represents the C=O stretching and O-H bending of carboxylic acid [39,40]. Also, the
stretching peak at 3377-3482 cm can be assigned to N—H and O-H, and suggest successive destructive
structures associated with the interfacial polymerization of the PA(TFC) membrane [41].

The FTIR spectra of the PMAA-g-PA(TFC) structured membranes indicate the presence of carboxylic
acid groups. The peak shifts at ~1610 cm™ in Figure 4a corresponds to linking of the MAA with the C=0 group
of carboxylic acid, incorporated in the PA(TFC) membrane [42] as indicated in Figure 1. The C=0 in the amide
group stretched to a lower frequency peak (~1583 cm™) forming hydrogen bonds with N-H groups at the
possible grafting sites on the PA(TFC) membrane surface Figure 1. The new band, located at ~1770cm™, and
representing the appearance of the carbonyl (C=0) group is mainly attributed to the dimers of MAA [43]. Peaks
appearing between the band range of ~2890 to ~3000 cm correspond to —CH, and —CHjs stretching vibrations
from PMAA. The PMAA grafting process takes place at the possible grafting sites of —-HO and —NH groups
assimilated in the chemical structure of the PA(TFC) membrane compound I, indicated in Figure 1. The FTIR
spectrum of the PMAA-g-PA(TFC) show that all bands of —-HO and —NH have been merged into one line,
constructing a large peak plateau between ~3158-3500 cm* Figure 4a. The construction of this plateau is
normally associated with a Stretching vibration and banding shift of ~-OH and —NH due to the development of
the PMAA-g-PA(TFC) compound Il, Figure 1.

The spectrum of the ZnO NPs modified PMAA-g-PA(TFC) membrane is shown in Figure 4a.
Comparing the ZnO NPs modified PMAA-g-PA(TFC) membrane with the pure PA(TFC) membrane illustrates
that there is a stretching vibration band that appears at approximately 1596 cmi. This band is most largely
caused by COO-Zn, representing the covalent bond between the —COOH [13] group of the MAA and the
hydroxyl (-OH) group on the surface of the ZnO NPs Figure 1 and 4a. The appearance of the hydroxyl (—OH)
group peak around 3480 cm™, is due to the formation of the intramolecular hydrogen bond [14] between the
carboxylic groups (COO-) of MAA and the hydroxyl group on the surface of the ZnO NPs Figure 1. The PMAA
is flexible, and the hydroxyl groups on the surface of the ZnO NPs can easily find a carbonyl group to form the
hydrogen bond that will be stabilized on the membrane surface. The stretching vibration peak, appearing at ~
1770 cm*, is mainly attributed to the dimers of MAA. The incorporation of ZnO NPs into the MAA grafting
solution is inferred by the shift of the carboxylic peak due to electron acceptance from the Zn atoms [44]. This
shift is due to the interaction between the carboxylic groups (COO-) contained in the MAA and the ZnO NPs
[45]. Finally, these peaks indicate the successful incorporation of ZnO NPs on the surface of the PMA A-g-
PA(TFC) membrane.
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Fig.4: Spectrum analysis of membrane surface: (a) FTIR, (b) X-ray diffraction pattern
3.2.2. X-ray diffraction patterns

The X-ray diffraction (XRD) technique was used to investigate the change in the crystalline and
noncrystalline nature of the PS and the PA(TFC) membranes and to elucidate the structure pattern between the
PMAA-g-PA(TFC) and ZnO NPs modified PMAA-g-PA(TFC) membranes and that may occur during grafting
with the PMAA, as well as after incorporation of the ZnO NPs into the membrane. In Figure 4b, the PS, PMAA-
g-PA(TFC) and PMAA-g-PA(TFC) membranes are completely amorphous in nature, and do not show any sharp
diffraction peaks. In Figure 4b, the dominant peaks of ZnO NPs appear at 20 angles of 32.03°, 34.64° and
36.51°. The ZnO NPs modified PMAA-g-PA(TFC) membrane shows the same crystalline characteristic peaks at
20 angles in analog to the main characteristic peaks of ZnO NPs. The XRD results show that nanoparticles
remain in the grafting layer of the membrane surface; however, all characteristic peaks in the grafting layer were
shifted to slightly lower angles compared with those of ZnO NPs. This shift may be due to slight interactions
between ZnO NPs and the MAA on the modified grafting layer, possibly indicating that a small amount of ZnO

NPs is consumed to form a poly(zinc methacrylate) complex on the surface of the PA(TFC) membrane.

3.2.3. Morphology analysis of membranes

SEM was used to observe the surface and cross sectional morphology of each membrane, including PS,
PA(TFC), PMAA-g-PA(TFC) and ZnO NPs modified PMAA-g-PA(TFC) membrane. Figure 5a shows the PS
support layer is porous, with a nano metric pore size, and a smooth surface. Figure 5b shows the surface of a
PA(TFC) layer, where a dense structure containing nodules typical of PA films was observed. The PMAA-g-
PA(TFC) grafting shows nodules, and the pore size was found to increase with an increase in grafting reaction
Figure 5c. Additional ZnO NPs in the grafting solution lead to rougher membrane surfaces, with some
aggregation of ZnO NPs Figure 5d. It is apparent that the ZnO NPs are uniformly dispersed along the membrane
surface, which exhibits increased pore density and pore size. It is believed that the addition of ZnO NPs
improves the membranes surface properties and generates new flow paths through the membrane layer, causing

an increase in water sorption and permeability.



Cross- sectional observations of the membranes were also made under SEM Figure 5e. The cross
sections of the porous PS layer before the interfacial polymerization show a spongey, nodular, finger—like
structure of 124 um thickness. The nodular shapes detected near the surface of the PS layer are tightly
compacted, submicron in size Figure 5e, and covered by the PA layer in the (TFC) membrane Figure 5f. A
closer SEM examination of the PA PS layer reveals a thin PA layer of about 1 pum in thickness penetrating the
top of the PS layer. As shown in Figure 5g, the PMAA-g-PA(TFC) membrane displayed a pore-like structure on
the membrane surface, which was improved by the grafting layer. The sponge- like structure is more

pronounced at a higher grafting degree.




Fig. 5: SEM images of Top surface for a) PS, b) PA(TFC), ¢) PMAA-g-PA(TFC) and d) ZnO NPs
modified PMAA-g-PA(TFC) membranes and images e, f, g and h are SEM cross sections for the same
membranes, respectiely.

The ZnO NPs, possessing the grafting solution on top of the PA(TFC) membranes, showed small,
irregular, finger-like structures with clusters of ZnO NPs on the surface of the PA(TFC) membranes Figure 5h.
A homogeneous propagation of the nanoparticles in the polymer matrixis shown on the surface, and there is
little evidence of ZnO NPs agglomerations near the surface of the PA(TFC) membrane. ZnO NPs modified
PMAA-g-PA(TFC) and PMAA-g-PA(TFC) membranes show smooth, homogeneous surfaces, and seemingly
large porosity with less porous voids near the surface. These enhancements in the membrane surface lead to new

flow paths in the membrane layer allowing increased water permeability and sorption.

3.2.4. Mechanical properties of the synthetic membranes:

The mechanical properties of PS, PA(TFC), PMAA-g-PA(TFC) and ZnO NPs modified PMAA-g-
PA(TFC) membranes are shown in Table 1, and the stress-strain curves are shown in Figure 6. The PMAA-g-
PA(TFC) and ZnO NPs modified PMAA-g-PA(TFC) membranes show improved tensile strength (Mpa),
elongation break (%), and significantly increased Young’s modulus values when compared to the PS and pure
PA(TFC) membranes. The membranes possess tensile strength values in the following order: ZnO NPs modified
PMAA-g-PA(TFC)> PMAA-g-PA(TFC)> PS > PA(TFC) membranes, while the order for elongation break and
Young’s modulus was: ZnO NPs modified PMAA-g-PA(TFC)> PMAA-g-PA(TFC)> PA(TFC)> PS
membranes. The improvement in tensile strength values for the PMAA-g-PA(TFC) membrane is mainly due to
the cross-linked network structure in the alkyl group, and the rigid aromatic structure in the membrane backbone
Figure 1.

The mechanical properties of the ZnO NP modified PMAA-g-PA(TFC) has been enhanced by the
addition of a reduced amount (0.1 wt. %) of ZnO NPs onto the membrane surface, causing increased strength
and flexibility. The mechanical properties of the membrane depend mainly on the membrane microstructure and
intermolecular forces operating along the membrane backbone [46]. Also, the addition of ZnO NPs to the

membrane makes it more crystalline, and the crystalline membrane is stronger than the amorphous ones.

The addition of small amounts of ZnO NPs to the membrane surface causes a uniformdispersal of ZnO

NPs in the membrane matrix. This dispersal provides higher uniform stress distribution, reduced creation of



stress-concentration centers, and consequently enhances the mechanical properties of the membrane [47].
Furthermore, the linkage bond between the ZnO NPs and MAA on the surface of the PA(TFC) membrane
creates flexible spacers on the nanoparticle-membrane interface, which enhances the rigidity of the membrane

chain.

These results indicate that, ZnO NPs modified PMAA-g-PA(TFC) membranes with reduced ZnO NPs
content had random dispersal, and showed less agglomeration in the membrane matrix, thus creating membranes

with superior mechanical properties.
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Fig. 6: The mechanical properties of PS, PA(TFC), PMAA-g-PA(TFC) and ZnO NPS modified PMAA-g-
PA(TFC) membranes.

Table (1): Mechanical properties of PS, PA(TFC), PMAA-g-PA(TFC) and ZnO NPS modified PMAA-g-
PA(TFC) membranes.

Tensile strength Maximumelongation | Young’s modulus
Membrane type
(Mpa) (%) (Mpa)
PS 4.85 19.5 0.89
PA(TFC) 4.8 25.2 0.89
PMAA-g-PA(TFC) 5.83 26.6 1.09
ZnO NPs modified PMAA-g- 6 29 1.23
PA(TFC)

3.2.5. Hydrophilicity of the membranes:

The water contact angle (8; CA) is the most common parameter used to describe the hydrophilicity of
membrane surfaces. Hydrophilic membranes possess a contact angle of 0°< 6 <90°, while hydrophobic

membranes have a contact angle of 90°< 6 <180°. In Figure 7, the mean water contact angles for the PS, PA and



PMAA-g-PA(TFC) membranes were 71 £ 2.8°, 66 + 2°, and 63 £ 2.5° respectively, indicating they
possess hydrophilic surfaces. The high hydrophilicity of the PMAA-g-PA(TFC) membrane is mainly attributed
to the presence of the carboxylic group formed as a result of the grafting of MAA, which retains a less negative
charge on the membrane surface. The ZnO NPs modified PMAA-g-PA(TFC) membrane show a lower contact
angle of approximately 50 + 3° at room temperature, suggesting that the surface hydrophilicity increased with
surface modifications.

The improved hydrophilicity of the ZnO NPs modified PMAA-g-PA(TFC) membrane may be due to a
greater attraction of water molecules by the nanoparticles, and to the presence of active hydrophilic functional
groups on the membranes surfaces. The CA decreased upon addition of the ZnO NPs causing an increase in the
surface energy. This increase in surface energy allows water to easily spread onto the surface and increases the
capability of the hydrophilic pores to imbibe water via capillary effects. The surface hydrophilicity of the

membrane also helps to improve the antifouling properties [48].
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Fig. 7: Contact angles measured on the surface modification membranes.

3.2.6. Thermal stability of the membranes

Thermo-gravimetric analysis (TGA) was performed for PS, PA(TFC), PMAA-g-PA(TFC), and ZnO
NPs modified PMAA-g-PA(TFC) membrane membranes under a nitrogen atmosphere, as shown in Figure 8.
The TGA curves for all membranes shows that below 500 °C the observed change in weight loss (%) was slow.
When the temperature reaches 500-600 °C, weight loss (%) happens rapidly because of the decomposition of PS
into CO, and H,0 [49]. In both PS and pure PA(TFC) membranes, there are two stages of weight loss observed
in the TGA curve Figure 8. The first stage, between 451-561°C and 304-551°C for the PS and the PA(TFC),
respectively, was largely caused by the splitting of the sulfonic acid groups —SOsH. The second stage, between
700 °C and 760 °C, was related to the splitting of the polymer main chain. It is notable that the S=O group in the
main chain of the PS seems to form an intermolecular hydrogen bond with water. A weight loss in pure
PA(TFC) membranes above 760 °C is related to the splitting of the carbon atoms at more than 600 °C. The



thermal stability of the PA(TFC) membrane is due to its ideal chemical structure, which is composed of amide
groups and aromatic benzene rings, generally known to be highly resistant to increases in temperature.

The TGA of PMAA-g-PA(TFC) membranes reveals an increase in thermal stability with an increase in
the surface modification of the PMAA grafting layer, possibly attributable to the higher thermal stability of
PMAA. The weight loss at the first stage of the PMAA grafting layer is interpreted as the release of water
(10%). The increase in weight loss is attributable to the decarboxylation reaction of the grafted acid. The TGA
curve of ZnO NPs modified PMAA-g-PA(TFC) membrane shown in Figure 8 indicate that thermal degradation
was shifted to a higher temperature than pure PMAA-g-PA(TFC). The first weight loss, between 500-630°C, is
mainly due to the binding water, lower molecular weight compounds and initiator residuals fragments [50]. The
second weight loss, between (630-710 °C), corresponds to PMAA decomposition to carbon monoxide, carbon
dioxide. The TGA results show that the incorporation of ZnO NPs significantly enhances the thermal stability of
the PMAA—g-PA(TFC) membrane, resulting in an increase of approximately 50 °C, where, the incorporation of

ZnO NPs strengthened chemical bonds within the polymeric backbone.
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Fig. 8: TGA curwes of PS, pure PA(TFC), PMAA-g-PA(TFC) and ZnO NPs modified PMAA-g-PA(TFC)
membranes with the heating rate of 10°C/min.

3.2.7. Performance evaluation

The main goal of this research is to introduce a new functional group using grafting processes, thereby
improving the membrane surface structure through incorporation of ZnO NPs. This incorporation leads to
enhanced membrane performance for water desalination.

Figure 9a shows the water fluxand salt rejection for a feed solution of 2000 mg/L NaCl at an applied
pressure of 15 bars and a temperature of 25°C. The grafting polymerization of the PMAA-g-PA(TFC)
membrane showed improved water flux and salt rejection for the PA(TFC) with increasing MAA monomer
concentrations (0.1 to 2 %). Improved water flux and salt rejection may be due to increased grafting degree,

which enhances the hydrophilicity and causes negatively charged membrane surfaces [51]. Further increasing



the MAA monomer concentration, beyond 2%, causes a decline in water flux and salt rejection, where, intense

polymerization processes produce a dense membrane with low porosity.
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Fig. 9: Performance of membrane samples: (a) Effect of MAA content in aqueous solution on salt
rejection and water flux of the resulting PA(TFC) membrane testing with 2000 mg/L NaCl aqueous
solution at 15 bar, 25°C (K;S,0g = 1.5 wt. % ; Na;S,05 = 0.333 wt. % of K;S,0g; reaction time = 30 min.
and reaction temperature = 20°C); (b) The effect of monomer concentration on grafting degree; (c) Pure
water permeability at different applied pressures; (d) Flux and salt rejection with increasing weight of
added ZnO NPs (2000 mg/L NaCl solution was fed under 15 bar and 25°C) for the prepared membrane.

The effect of MAA monomer concentrations on the grafting degree was examined under the same
conditions of initiators, pressure, time and temperature. In Figure 9b, the degree of grafting (%) increases with
the MAA concentration from 0.1 to 10% in aqueous solutions. This is mainly attributable to the increase in the
number of monomer molecules accessible to react with the free radical initiator incorporated in the PMAA main
chain. The degree of membrane grafting is directly proportional to the concentration of MAA monomers, and
tends to facilitate the determination of the optimum grafting degree of the proposed application.

Figure 9c shows the pure water permeability for all membranes under pressures ranging from 10 to 40
bars. The ZnO NPs modified PMAA-g-PA(TFC) membrane (0.1 % ZnO) shows comparable water permeability
to the other two membranes, with a PWP value of 93 L/mh at 40 bars. The improved PWP values for the ZnO
NPs modified PMAA-g-PA(TFC) membranes are due to the modified grafting layer. This change promotes
membrane permeability and attracts water molecules that pass through the membrane matrix and enhance water
flux. The addition of ZnO NPs also results in an increase of membrane hydrophilicity, which positively

promotes water flux and pure water permeability [52].



In addition, the performance of the membranes with different concentrations of ZnO nanoparticles has
been investigated. The water flux and salt rejection for the PA(TFC), PMAA-g-PA(TFC), and modified PMAA-
g-PA(TFC) with ZnO NPs concentrations ranging from 0.005 to 0.5 at a feed pressure of 15 bars and a
temperature of 25 °C are shown in Figure 9d. The ZnO NPs modified PMAA-g-PA(TFC) membrane showed
superior water flux and salt rejection than the pure PA(TFC) and PMAA-g-PA(TFC) membranes. An optimum
membrane performance was obtained at 0.1 wt. % of the ZnO nanoparticles. The water flux increased from 31
to 35 L/m>.h, while the salt rejection increased from 96.6 to 98%, with an increase in ZnO nanoparticle
concentration from 0.05 to 0.1 % of the total membrane weight. Beyond a ZnO NPs concentration of 0.1 wt. %,

the membrane performance declined with increasing ZnO concentrations.

3.2.8. Membrane application and groundwater desalination

The fabricated membranes have been tested using the reverse osmosis pilot-scale laboratory unit (Unit
M20) to investigate the membrane desalination performance and assess salt rejection. A groundwater sample,
collected from the Miocene aquifer in Sharm El Shiekh, Sinai, Egypt, was used as a feed source in the RO pilot-
scale unit using the prepared sheets of PMAA-g-PA(TFC) and ZnO NPs modified PMAA-g-PA(TFC)
membranes. The feed groundwater and the desalinated product water were analyzed for major ion constituents
to determine the efficiency of the membranes under constant pressure (30 bar), temperature (25°C) and flow rate
(5 L/min). The initial groundwater salinity and major ion concentrations are illustrated in Table 2. Figure 10
shows that the salt retentions of bivalent ions are higher than that of monovalent ions for cations and anions
using both membranes. Thus, the salt rejection (TDS in mg/L), using the PMAA-g-PA(TFC) and ZnO NPs
modified PMAA-g-PA(TFC) membranes, was found to be around 81% and 97%, respectively. The rejection
rates for Mg?* and SO,> were greater than that of Na* and CI', which can be explained by a size exclusion
mechanism. The mass transfer coefficient of MgSQ, is greater than that of NaCl [53], making it difficult for
Mg?* and SO, to permeate through the membrane. Furthermore, the hydrated ionic radii of divalent ions, in
solution, are larger than that of monovalent ions [54]. It is clear that the ZnO NPs modified PMAA-g-PA(TFC)
membranes show better desalination performance when compared to PMAA-g-PA(TFC) membranes. The nano-
modified membranes (0.1 wt. % of ZnO NPs) show a retention of 97% of total salinity, 99% of bivalent ions
(Ca®*, SO,%and Mg?*), and 98 % of monovalent ions (CI" and Na*).

Table (2): Saline groundwater characterization before and after desalination process

. Ca Mg Na K CO3 HCO3 SO4 Cl
Analytical Rejection sequence TDS (mg/L)
parameter (mg/L)

Feed (PPm) Na™> Mg”>Ca”" :CI>S0,”>HCO3 35264 2880 1847 14500 385 0.0 76.3 2508 30450

Product 6598 346 170 1812 69 0.0 22 189 4001

% Rejec(gz??*) Mg?*>Ca?>Na*™>K*:50,2>CI>HCO3 81 88 91 87 82 0.0 71 92 87
Product™ 1133 49 21 335 15 0.0 10 22 685

% Reject(igﬂm Mg?">Ca?*>Na*>K ":504*>CI>HCO3" 97 98 99 97.7 96 0.0 87 99 98

Mg/L=Milligram/liter; *=PMAA-g-PA(TFC); **= ZnO NPs modified PMAA-g-PA(TFC) membrane.
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Fig. 10: Logarithmic diagram showing the membrane desalination performances for the PMAA-g-
PA(TFC) and ZnO NPs modified PMAA-g-PA(TFC) membranes. Saline groundwater (35264 mg/L)
sample has been used as feed water.

3.2.9. Stahility of Zinc ions-containing membranes:

Determination of the release rate of zinc ions from ZnO NPs modified PMAA-g-PA(TFC) membranes
would indicate the stability and efficiency of the modified membrane. To determine the release rate of zinc ions
from the membrane surface, a batch experiment was carried out for ten days. The initial total amount of ZnO
NPs incorporated in the membrane was estimated at 0.00778 pg/cn?, which is equivalent to 0.00623 pg/cn? of
Zn ion. Figure 11 shows the cumulative release of zinc ions during the first four days was 0.085ug/cm?/day,
which represent 85% of the total zinc ions released over the duration of the ten day experiment. The release rate
achieves steady state after 6 days, where the amount of release has declined steadily with time to below 0.01
ng/cnt /day. The total amount of the Zn ions that has been leached out was estimated as 0.0.017 pg during the
10 days, representing 3.32 % the initial zinc ions incorporated on the graft modified membrane. The high release
percent of Zn ions shown during the first four days is mainly due to the dissolution of unreacted ZnO NPs
embedded on the membrane surface, which has been confirmed previously by SEM, Figure 5. The low total Zn
ion release rate over the 10 day experiment indicates high stability and fixation of the ZnO NPs on the modified

membrane surface.
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Fig. 11: Zinc ion release from the batch experiment, during the batch test, membrane samples were
incorporated in 20 ml DI water under 120 rpm and the water was replaced ewery 24 h.

4. Antibacterial properties of membrane surfaces

The development of low-cost and effective technology is needed to address the problems associated
with the harmful impacts of microorganisms on membrane surfaces. Biofouling is one of the largest challenges
in membrane separation processes, where submerged membranes, in fresh or saline water, attract
microorganisms including bacteria, algae and diatoms [55]. In this work, effective photocatalytic removal of
Escherichia coli (E. coli) from aqueous solutions was reported using ZnO NPs under UV light irradiation. Zinc
oxide (ZnO) is a nontoxic material with high photocatalytic activity. In visible light, zinc oxide absorbs onto the
surface of the membrane, leading to in situ generation of hydrogen peroxide (H,O,) which acts as an antifouling
agent [56].

The photocatalytic bactericidal ability of composite PA(TFC), PMAA-g-PA(TFC) and ZnO NPs
modified PMAA-g-PA(TFC) membranes was tested by measuring E. coli (initial concentration = 670x10*°
CFU/ml) survival under UV light exposure. Figure 12 shows the E. coli removal efficiency in water on different
PA(TFC), PMAA-g-PA(TFC), and ZnO NP modified PMAA-g-PA(TFC) membrane surfaces under UV light.
The antibacterial activity of the PMAA grafting layer was significantly improved by the addition of ZnO NPs.
In comparison, the UV light alone exhibited slightly less antibacterial activity, where 66% of the E. coli cells
survived after 90 minutes under UV illumination (initial concentration 5x10* CFU/mI [57]. The survival count
percentages of the E. coli cells was 12% on the neat PA(TFC) membrane, 6% on the PMAA-g-PA(TFC), and
0% on the ZnO NPs modified PMAA-g-PA(TFC) membrane, after 90 minutes of UV light exposure. These
results were compared to the initial concentrations of the E. coli solution. E. coli survival was greatest on the
PA(TFC) membranes, and lowest on the ZnO NPs modified PMAA-g-PA(TFC) membranes. The grafting of
MAA monomers with carboxylic groups can enhance the negative surface charge of the PA(TFC) membrane
which improves the antibacterial capabilities of the membrane surface, due to the negative surface charge of E.
coli [58].

These results indicate, that the ZnO NPs modified PMAA-g-PA(TFC) membranes are able to eliminate
E. coli more efficiently than pure (TFC) or PMAA-g-PA(TFC) membranes, due to the photocatalytic



bactericidal effect of the ZnO catalyst. Nearly complete removal of E. coli occurred within 90 minutes of UV
light exposure on ZnO NPs modified PMAA-g-PA(TFC) membranes. The bactericidal effect of UV/ZnO
through photocatalytic antibacterial agents is due to the presence of reactive oxygen species such as O,™-, H,O,,
and HO' generated by ZnO, or the direct UV illumination of the cells. In the presence of ZnO NPs,
photocatalytic reactions occur at the coating surface with oxygen and water. These compounds have antifouling
properties that oxidize organs and destroy the outer-shell of bacteria cells. The photocatalytic activities of the

ZnO NPs take place based on the following mechanism [59]:

Zn0+hv —————> 7Zn0 (h'vs +e'ca) ZnO (h*yg) + HLO —————> ZnO + OH® +H"

Attack

OH——=2%5  E coli (or) any organic materials

The repulsion effect between the surfaces of the E. coli and the grafting membrane leads to a decrease in
bacteria growth. Also, the PMAA grafting layer shows an excellent biocompatibility. These results are
consistent with the findings that ZnO semiconductors have better efficiency in photochemical degradation, and

offer economic and ecological benefits compared to conventional methods.
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Fig. 12: Semi logarithmic curve and survival ratio of cell number of E. coli in PA(TFC), PMAA-g-
PA(TFC) and ZnO NPs modified PMAA-g-PA(TFC) membranes.

5. Conclusions

Membranes were successfully synthesized by free radical graft polymerization of methacrylic acid
(MAA) monomers onto a thin skin PA(TFC) active layer, over a microporous PS support, resulting in PMAA-g-
PA(TFC) and ZnO NPs modified PMAA-g-PA(TFC) membranes. ZnO NPs were incorporated in aqueous
grafting PMAA solution on the top layer of the PA(TFC) to enhance the dispersion of the ZnO NPs on the
membrane surface. The incorporation of the ZnO NPs has greatly enhanced the mechanical properties of the
modified membrane, where increases in the tensile strength (Mpa), the elongation break (%) and the estimated
Young’s modulus values were observed, and found to be greater than those of the other membranes. The
performance of these membranes was evaluated with respect to permeability, water flux, salt rejection, and
antibacterial activity using E. coli as a potential foulant. The ZnO NPs modified PMAA-g-PA(TFC) modified



membranes were more hydrophilic, with an improved water contact angle (~50 + 3°) over the PMAA-g-
PA(TFC) (63 £ 2.5°). The new membrane showed a retention of 97% of total salinity, 99% of bivalent ions
(Ca®*, SO,Zand Mg?*), and 98% of monovalent ions (CI” and Na®). The water flux of ZnO NPs modified
PMAA-g-PA(TFC) represents an improvement of 71.4% and 83% over the pure PA(TFC) and PMAA-g-
PA(TFC) membranes, respectively. The batch test indicates the stability and well fixation of the ZnO NPs on the
modified membrane surfaces, where 3.23% of the initial ZnO NPs were released over a 10 day experiment.
Finally, the ZnO NPs modified PMAA-g-PA(TFC) offer the additional advantage of possessing greater
antibacterial activity when compared to PMAA-g-PA(TFC) and pure PA(TFC) membranes. These experiments
demonstrate that the ZnO NPs modified PMAA-g-PA(TFC) membrane can significantly improve selectivity,

permeability and bio-antifouling properties of the membranes for water desalination.
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