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Abstract—The incorporation of functional nanoparticles in polyamide (PA) membranes is an efficient procedure for
the thin film nanocomposite (TFN) membranes development with enhanced desalination efficiency. Our aim was to
synthesize forward osmosis process (FOP) membranes incorporated with PIP-functionalized ZnO (PZnO) nanoparti-
cles, which were produced with surface functionalities groups of amine, epoxy and hydroxyl. The outcomes of FTIR
confirmed the synthesis of PZnO nanoparticles, while WCA, AFM and FESEM supported the alterations in chemical
and physical attributes of the FOP membranes surface upon P.ZnO nanoparticles incorporation. In both reverse osmo-
sis process (ROP) and FOP tests, outcomes illustrated that the TFN-PZn00.03 membrane was the most promising
FOP and ROP membrane as it exhibited 119% higher pure water flux (PWF) (in FOP test) than the base FOP mem-
brane. In terms of FOP membrane fouling propensity, the TFN-P.Zn00.03 membrane also illustrated lower fouling
propensity compared to the base membrane. Our outcomes have provided novel intuition into the structure-efficiency
correlation of TFN FOP membranes and can be advantageous for the synthesis of the wide confinement of nanoparti-
cles incorporated FOP membranes.
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INTRODUCTION

Membrane processes (MP) hold striking promise in addressing
the challenge of pure water scarcity [1-3]. Forward osmosis process
(FOP), as an emerging MP technology, has been getting increasing
consideration in many applications such as seawater desalination,
water purification [4], wastewater reuse [5], sustainable power gen-
eration [6] and food processing [7]. However, FOP poses crucial
challenges as fouling, internal concentration polarization (ICP) [8]
and reverse salt diffusion (RSD), while novel draw solution (DS)
and FOP membranes are still under development [8,9]. The ICP
phenomenon is a considerable challenge in FOP that reduces FOP
membrane performance [10]. In FOB, the ICP describes the atten-
uation of DS concentration inside the sublayer. ICP can reduce the
efficient osmotic driving force (ODF) and outcomes in poor pure
water flux (PWF) performance [11,12]. Also, MP fouling is another
basic challenge affecting MP separation [13,14]. The interaction of
membrane top surface with organic, inorganic colloidal, or micro-
bial species leads to MP fouling. Acting through distinct mecha-
nisms (pore blockage, bacterial growth, gel formation and adsorp-
tion) in MP fouling causes a diminution of PWE membrane selec-
tivity, and a beneficial lifetime of membranes. Given the amount of
natural organic substances, proteins and polysaccharides in waste-
water sullage and natural waters, organic fouling poses a substan-
tial operational difficulty in reverse osmosis process (ROP) and FOP
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[15-18]. Adsorption of the dissolved organic substance on the poly-
meric membrane (PM) outcomes in the foulants layer constitu-
tion enhances the hydraulic insistence to pure water permeation.
The layer of foulant can also outcome in cake-enhanced osmotic
pressure, causing to lower ROP membrane selectivity and a decre-
ment of the ODF in FOP [15,19,20]. In the recent decade, prosperity
has been gained for the thin-film composite (TFC) FOP membrane
fabrication that consists a top polyamide (PA) layer on a polymeric
sublayer [5,21,22]. Compared to earlier descendant of FOP mem-
branes (as cellulose tri-acetate), higher FOP PWF can be generally
gained. However, TFC FOP membranes are more likely to foul
compared to their cellulose tri-acetate counterparts [15,23,24]. Sur-
faces with increment hydrophilicity generally demonstrated decre-
ment organic fouling propensity because of a hydration layer for-
mation, which enables a steric and energetic obstacle against organic
foulant adsorption [15,25]. Striking scrambles have been created to
ameliorate the fouling insistence of TFC FOP membranes by either
incorporation hydrophilic nanomaterials during FOP membrane
produced via interfacial polymerization processes (IPP) or grafting
hydrophilic nanomaterials on the FOP membrane surface [26].
Surface modification utilizing hydrophilic nanoparticles to impart
fouling insistence to TFC FOP membranes has been actively stud-
ied. Accordingly, various nanoparticles, consisting carbon-based
nanomaterials [27,28] and metal oxide nanoparticles [29,30], have
been implemented to provide antifouling TFC membranes for FOP
applications. Shen et al. in 2016 [28] synthesized new thin film
nanocomposite (TFN) membranes utilizing a 1,3-diaminobenzene/
Graphene oxide (MPD/GO) solution as the MPD aqueous phase.
Their new TFN membranes basically illustrated higher PWE, lower
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Scheme 1. PZnO nanoparticles synthesis.

S parameter, lower reverse salt flux (RSF) and higher NaCl salt rejec-
tion (SR) as compared to the bare TFC membrane. Also, their foul-
ing experimental test represented that their TFN membranes suffi-
ciently suppress the unfavorable fouling phenomenon, and their
TFN membranes fouling was almost reversible. Zirehpour et al. in
2016 [31] incorporated metal organic framwork (MOF) nanopar-
ticles into the cellulose triacetate (CTA) FOP membrane and im-
proved its FOP performance in terms of NaCl salt selectivity and S
parameter. Also, their new membrane extremely improved the
CTA membrane antifouling attributes when compared to the bare
FOP membrane. Faria et al. in 2017 [32] fabricated new anti-bio-
fouling TEN membranes functionalized with GO-silver nanopar-
ticles. Their outcomes showed that the utilization of GO-silver
nanoparticles was an attractive and possible approach for the anti-
biofouling development of TFN FOP membranes. In the current
research, we introduced low-fouling amino-functionalized TFN
FOP membranes via incorporation of modified inorganic nanopar-
ticles into the top rejection layer through a synthesis of amino-
functionalized zinc oxide (ZnO) nanoparticles. ZnO nanofiller is
an excellent nanoparticle because of its high hydrophilicity, low
price, chemical stability, environmentally friendly and non-toxic
nature [33]. The hydroxyl groups of blank ZnO nanoparticles has
made them superhydrophilic which can easily react with 3-Glyc-
idyloxypropyl trimethoxysilane (GTMS) silane compound. GTMS-
ZnO nanoparticle was subjected to reaction of amine functional
piperazine (PIP) groups with ring-opening epoxy groups. These
PIP-functionalized ZnO (PZnO) nanoparticles not only vary the
reaction speed between MPD and trimesoyl chloride (TMC) mono-
mers, but also affect the top PA layer morphology. With respect to
FOP membrane efficiencies, we believe that the presence of such
functionalized PZnO nanoparticles could significantly enhance
TFC FOP membrane efficiency. The principal targets of our paper
are to study the potential of PZnO nanoparticles as inorganic nano-
fillers in the top PA layer of TFC FOP membrane to reduce organic
fouling and improve FOP membrane performance. To the authors
knowledge, modified ZnO nanoparticles, in particular utilizing
functionalized PZnO nanoparticles, were not beforehand incorpo-
rated into the top PA layer of TFC FOP membranes and not even
beforehand synthesized.

MATERIALS AND METHODS
1. PZnO Nanoparticles Synthesis
For producing ZnO nanofillers, solutions (A) and (B) were cre-
ated conforming to the following manner: solution (A) contains

29.7 Zn (NO,),-6H,0 (Merck) dissolved in 1L pure water, and
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solution (B) contains 12.7 Na,CO, (Merck) dissolved in 1 L water.
Then two solutions were mixed together. The obtained mixture of
the two solution was centrifuged and afterward rinsed with pure
water. The white powder was dried at 373K for 6h after rinsing
with acetone (Merck, 299.5%). Finally, obtained ZnO nanoparti-
cles were calcined at 523K for 2.5h [34]. To synthesize GTMS
(Sigma, >98%) grafted ZnO nanoparticles, 1 gr of produced ZnO
nanoparticles and 2 ml GTMS dispersed in 50 ml ethanol (Merck,
96%) and produced solution were refluxed and stirred at 343K
overnight. After obtained product centrifugation, GTMS grafted ZnO
were rinsed with ethanol and next dried in vacuum condition at
323K for 24 h [35]. For modification of the GTMS grafted nanopar-
tide by PIP (Merck, 299.5%), 2gr of the GTMS grafted ZnO
nanoparticles and 6cc PIP compounds were added to 60 ml of tet-
rahydrofuran (THE >95%) in a 200 ml of the flask and stirred for
15h at 323 K. Then, the product was centrifuged and rinsed with
a THE The final products (PZnO) were dried for 24 h. The sche-
matic preparation of PZnO nanoparticles is depicted in Scheme 1.
2. FOP Membranes

The sublayer was provided by the phase inversion technique (PIT)
utilizing casting solution that was comprised of 14 wt% polyether-
sulfone (PES) (ultrason 6020), 2 wt% polyvinyl pyrrolidone (PVP,
Sigma) and 84 wt% dimethylformamide (DME >99.8%, Merck),
as represented in our previous paper [15,36]. To prepare the top
PA layer, the membrane sublayer was immersed in a 2 wt% amine
solution for 2 min and pulled up slowly with a rubber roller. After-
ward, it was covered with a n-hexane solution layer containing 0.1
wt% TMC monomer. The produced FOP membrane was then heat-
treated at 353 K for 5 min. TEN-PZnO membranes were synthe-
sized identically as described, barring that various amounts of PZnO
nanoparticles (0.01, 0.03 and 0.05 wt%) were dispersed in MPD
amine solution. To obtain good PZnO dispersion, the mixtures of
PZnO and MPD monomer solution were sonicated for 50 min at
296 K exactly before the IPP. The produced membranes incorpo-
rated with 0.01, 0.03, and 0.05wt% of PZnO nanoparticles are
noted as TFN-PZn00.01, TFN-PZn00.03 and TFN-PZn00.05
membranes, respectively.
3. Characterization

The ZnO functional groups, GTMS-grafted ZnO, modified
ZnO with PIB, were studied by ATR-FTIR (TENSOR 27, Germany).
Cross-sectional and surface photograph of the bare TFC and
PZnO.TFN0.03 membranes were imaged by utilizing a field emis-
sion scanning electron microscope (FESEM, Model: Mira 3-XMU)
equipped with an energy-dispersive X-ray spectroscopy (EDX)
unit. The water contact angle (WCA) of both base TFC and TEN-
PZn00.03 membranes was evaluated utilizing a WCA goniome-
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ter (KRUSS BmbH, Germany). Characterization of the base TFC
and TEN-PZnO membranes roughness was accomplished by an
atomic force microscope (AFM model: Easyscan2 flex).
4. ROP Performance Evaluation

The TFC and TEN-PZnO membranes intrinsic pure water
permeability (PWP or A) and salt rejection (SR or R) were tested
by an ROP cross-flow apparatus. The details of the cross-flow ROP
setup and measurement manner were represented in our previous
paper [15,36]. In brief, a FOP membrane (12.57 cm®) was contacted
to the 40 mM NaCl solution as a feed solution (FS) at an applied
of 250 kpa to the PWF and SR measurement. The NaCl salt per-
meability coefficient (B, L/m” h) was calculated using Eq. (1).

it

where J is the PWF obtained for the 40 mM NaCl FS and 250 kpa
applied pressure [4].
5. FOP Performance Evaluation

A lab-scale crosstlow FOP apparatus was utilized in the PWF and
RSF measurement as represented in our previous paper [36]. The
FOP membrane cell (CF042- FO cell, Sterlitech) has an area of 38
cm’. 2 M NaCl solution was utilized as DS while deionized water
(DI) water was utilized as the FS. FS and DS were circulated utiliz-
ing two circular pumps with a constant cross-flow velocity of 800
mL/min. All FOP membranes were synthesized and tested in at
least three measurements to yield an average value. Each testing
was conducted for 1 hr and the temperature was 298+1.5K during
the FOP experiments. The FOP PWEF (J,) was measured by the FS
weight change. The S parameter of the FOP membrane sublayer
was specified by the B, A values (from ROP apparatus) and the
PWEF (from FOP apparatus) into Eq. (2) [8,36]:
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where D (m?s) is the NaCl diffusivity of the DS, and 7, and
Thq are the DS and FS osmotic pressures.

Physically, the diffusion coefficient, D, represents the amount of
solute which would diffuse across unit area in unit time under unit
concentration gradient. In general, the diffusion coefficient is de-
pendent on the type of salt and is constant for each salt. Hence,
diffusion coefficient for NaCl at a constant concentration of 2 M is
a constant value of 1.6x10° m?/s [37,38].

6. FOP Fouling Experiments

FOP fouling experimental tests were accomplished with TFN-
PZnO and base membranes by the laboratory FOP setup. The FS
contained 350 mg/L sodium alginate dissolved in 10 mM NaCl.
The FOP fouling experimental test was accomplished under the
top active layer facing FS with 8.5 cm/s cross-flow velocities in both
DS and FS channels. After loading an FOP membrane into FOP
cell, a baseline experimental test was accomplished through a fou-
lant-free FS (10 mM NaCl) to measure the PWF decline derived
solely from DS dilution and reverse draw solute diffusion. The
FOP fouling test was accomplished at the same initial PWF as the
baseline experimental test. Then, fouling experimental test data
were corrected to omit the PWF decline from DS dilution and
reverse draw solute diffusion. Therefore, the presented data reflect

only the PWF decline because of FOP membrane fouling. The
baseline and FOP fouling experiments were accomplished in up to
8 hours [39].

RESULTS AND DISCUSSION

1. P. ZnO Nanoparticles

After ZnO nanoparticle synthesis through precipitation proce-
dure, these were grafted with silane compounds by reaction between
methoxy groups of GTMS and hydroxyl groups of ZnO nanopar-
ticles. This reaction leads to graft GTMS silane compounds with
the free head of the epoxy group on the ZnO nanoparticles. Ring-
opening reaction of the epoxy was performed by a reaction between
the amine groups of PIP with grafted ZnO nanoparticle, which
leads to creating hydroxyl groups. The PIP monomer not only
reacts with the epoxy through ring opening reaction with high
activity but also amino groups of PIP modified make ZnO nano-
particles more hydrophilic and that can play a considerable role in
FOP membrane performance. The papers even though employed
PIP monomer for epoxy ring opening reaction in order to the explo-
ration of PIP monomer reaction with the epoxy ring of GTMS-
ZnO and incorporation of PZnO nanoparticles onto sublayer for
FOP applications. IR spectroscopy was utilized to verify the pro-
duced ZnO nanoparticle chemical structure and the interaction of
ZnO nanoparticle with GTMS and PIP. The FT-IR spectra of (a)
ZnO nanoparticles, (b) GTMS-grafted ZnO nanoparticles and (c)
the modified ZnO with PIP are demonstrated in Fig. 1. The wide
peak between 3,300 cm ™' and 3,400 cm ™' relates to the ZnO nano-
particle hydroxyl groups. The peaks at 833, 1,045 and 2,900 cm™
were imputed to Zn-O-Si, Si-O and methylene groups on the
GTMS-grafted ZnO nanoparticles surfaces, respectively. The peak
at 845 can be allocated to the epoxy stretching bond. For PZnO
nanoparticle, a peak at about 3,440 cm™ relates to the NH band
that is overlapped with the hydroxyl stretching band formed by
ring-opening reaction of the epoxy group.
2. TFC and TFN-P.ZnO Membranes Characterization

The presence of PZnO nanoparticles in the rejection PA layer
was supported by EDX results indicated in Fig. 2 in which Zn ele-
ment was identified on the PA top surface of TEN-PZnO mem-
brane.
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Fig. 1. FT-IR pattern of ZnO nanoparticles, GTMS-grafted ZnO
nanoparticles, PZnO nanoparticles.
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Fig. 3. FESEM photographs of the top surface and cross section FOP membranes: (a) TFC membrane top surface, (b) TEN-PZnO mem-
brane top surface, (a’) TFC membrane cross section, and (b’) TEN-P.ZnO membrane cross section.
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Fig. 3 demonstrates the surface and cross-section photo of the
base TFC and TFN-PZnO membranes prepared by IPP between
MPD and TMC. As seen, the base TFC membrane surface has
“ridge and valley type” morphology, whereas this morphology was
discounted and changed to “nodular” morphology for TEN-PZnO
membrane. Regarding COCI groups of TMC organic monomer
and NH, groups of MPD amine monomer [40], TMC is less solu-
ble in pure water and the IPP mainly was accomplished in the
organic phase. So to react with TMC monomer, migration of amine
monomers to the TMC organic phase is required. The MPD amine
migration is frequently governed by simple diffusion and convec-
tion. This rapid diffusion can form the ridge and valley type struc-
ture and the low diffusion can form the nodular structure. As
illustrated by Solomon et al.,, the diffusion rate decrement of MPD
monomers during IPP is one of the reasons for the nodular type
PA formation [41-43]. Maybe, it was because the PZnO nanopar-
ticles which possessed slower amine diffusion rate retarded the
MPD molecules to diffuse from MPD aqueous phase to TMC
organic phase by a steric barrier, consequently leading to the de-
celeration of IPP reaction. Thus, the wrinkle structure formation
in TEN-PZnO membrane partially was as a result of the reaction
between the amine of PZnO and MPD with TMC monomer during
the IPP. Also, oxygen-containing groups in PZnO can theoretically
interact with the TMC acylchloride groups, hence affecting the reac-
tion speed between of two monomers. As such, the PA rejection
layer formation was considerably affected by the loading of PZnO,
which resulted in the varied surface morphology of the PZnO modi-
fied TFC membranes. Apart from the nodular structure forma-
tion, the TEN-PZnO membrane tended to have rougher top poly-
amide surface than the base TFC membrane containing PZnO
nanoparticles. As seen, the addition of PZnO nanoparticles con-
siderably reduced the rejection layer thickness. Compared to the
base FOP membrane, there is a barrier efficacy of PZnO nanopar-
ticles to the diffusivity of amine monomer from the aqueous MPD
amine phase to reach to the interface of two monomers in the TMC
organic phase, resulting in a thinner PA skin layer. Such a decre-
ment in the PA top layer thickness remarkably lowered the mass
transfer insistence, thereby enhancing the PWF [44].

The average WCAs measured on base and amino-functional-
ized TFN-PZnO membranes surface are illustrated in Table 1. The
base polyamide FOP membrane has a WCA of 51.15°, which is
higher than of TEN-PZnO membranes. Aromatic rings are the pre-
dominant functional groups in the base polyamide; these aromatic
rings cannot form hydrogen bonds with pure water molecules and
so contribute to the high WCA observed in the base TFC mem-
brane. TEN-PZnO membranes exhibit more hydrophilicity among

synthesized TEN membranes due to the existence of PZnO nano-
particles in the top PA surfaces. The WCA could be affected by
membrane surface roughness. The roughness parameters of the
base TFC and TEN-PZnO membranes are summarized in Table 1
in terms of the average surface roughness (Sa), the mean square
roughness (Sq) and the mean height difference between the peaks
and valleys (Sy). As demonstrated, the average parameters of rough-
ness were enhanced by adding PZnO nanoparticles. As represented
in Table 1, by adding 0.01, 0.03 and 0.05wt% PZnO nanoparti-
cles in the rejection PA layer, WCAs were reduced to 48.56°, 44.30°
and 42.54°, respectively. To eliminate the efficacy of roughness on
apparent WCA, the corrected WCA (@) just correlated to the nature
of FOP membrane materials were utilized to specify the FOP mem-
brane surface hydrophilicity, which was determined by cosd'=
cosér, where r parameter was surface roughness area proportion
corresponding to the proportion of the TFC membrane surface
area to the TFC membrane projected area acquired by AFM [45].
As demonstrated in Table 1, the corrected WCA of base TFC mem-
brane was around 54.72°. After loading of 0.01, 0.03 and 0.05 wt%
PZnO nanoparticles, the corrected WCAs decreased to 50.75°,
4591° and 44.50°, respectively. The variation of corrected WCA
suggested that the top surface hydrophilicity of FOP membranes
could be tuned by loading of PZnO nanoparticles during IPP. This
enhancement in TFN-PZnO membrane hydrophilicity can be
imputed to the following sakes. First, the hydroxyl groups result-
ing from the opening reaction of the epoxy ring in the PZnO
nanoparticles surface can form a hydrogen bond with the mole-
cules of water to increase the TFN-PZnO membrane hydrophilic-
ity. Secondly, adding PZnO nanoparticles may disrupt the IPP
through a reaction between acyl chloride groups (remained on the
TMC surface without reacting with MPD amine groups) with hy-
droxyl groups from the opening reaction of the PZnO nanoparti-
cles epoxy ring. This reaction produces carboxyl acid groups that
further enhances the TFN-PZnO membranes hydrophilicity. Thus,
there was a striking increment in the TFN-PZnO membrane hy-
drophilicity, and this enhancement was envisaged due to the hydro-
philic functional groups (hydroxyl, amine and epoxy) of PZnO
nanoparticles. A hydrophilic TEN-PZnO membrane surface facili-
tates water molecule uptake onto TFN-PZnO membrane surface,
which enhances the PWP.
3. TFC and TEN-P.ZnO Membranes Intrinsic Properties

The effects of PZnO concentration in the reactive MPD amine
solution during FOP membrane formation on the PWP and SR of
the TFC membranes are indicated in Table 2. As demonstrated, the
PWP increased considerably from 2.26 L/m’*h-bar of base TFC
membrane to 5.46 L/m”-h-bar of TEN-PZn00.05 membrane. This

Table 1. Effect of PZnO nanoparticles on the properties of FOP membrane with respect to WCA, Corrected WCA, S parameter and Roughness

Membrane WCA r Parameter Corrected WCA $ parameter Roughness
(mm) Sa (nm) S, (nm) S, (nm)
TFC 51.15° 1.086 54.72° 0.586+0.04 55.85 68.68 375.57
TFN-PZn00.01 48.56 1.046 50.75 0.374+0.03 78.92 107.88 731.31
TFN-PZn00.03 44.30° 1.029 4591° 0.262+0.02 86.86 108.86 822.52
TFN-PZn00.05 42.54 1.033 44.50 0.241£0.04 88.46 111.48 907.91

Korean J. Chem. Eng.(Vol. 38, No. 4)
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Table 2. Separation properties of FOP membranes.

Membranes Water permeability Water permeability A Salt rejection Salt permeability B
(L/m” h bar) (x10"? m/s Pa) (%) (x10~* m/s)
TFC 2.26+0.19 6.28+0.34 95.87+1.43 6.76+0.31
TFN-PZn00.01 3.54+0.21 9.83+0.37 94.99+1.40 12.96+0.41
TFN-P.Zn0O0.03 4.71+£0.27 13.08+0.41 93.98+1.40 20.95+0.44
TFN-P.Zn0O0.05 5.46+0.31 15.17+0.43 91.22+1.36 36.49+0.49

Table 3. Comparison of FOP performance with literature data

Membranes (L\//ﬁge}rl)ﬂ;gp R(eg‘;;r;ehs)al; (f)l;X (];IS Feed solution Draw solution References
TFC 22.14+0.74 7.21£0.46 0.326 10 mM NaCl 2 M NaCl In this work
P.ZnO-TENO0.01 34.67+0.76 8.35£0.47 0.241 10 mM NaCl 2 M NaCl In this work
P.ZnO-TFNO0.03 48.46+0.81 9414048 0.194 10 mM NaCl 2 M NaCl In this work
P.ZnO-TENO0.05 53.76+0.82 13.41£0.48 0.249 10 mM NaCl 2 M NaCl In this work
0.5MWIT/M-P 20.3 13.3 0.66 DI water 2 M NaCl [9]
Modified-TFC 30 9 0.3 DI water 1.5 M NaCl [11]
PGO-FO-5 14.18 - 1.05 10 mM NaCl 2 M NaCl [46]

TFC 21 17.0£0.9 46 2.7 DI water 2 M NaCl [47]
MPD/TAEA+TMC 269 9.3 0.35 DI water 2 M NaCl [48]

enhancement of PWP can be elucidated as follows. (1) The incor-
poration of PZnO in the thin top PA layer enhanced the FOP
membrane hydrophilicity, which can attract pure water molecules
into the TEN-PZnO membrane matrix and facilitates TEN-PZnO
membrane transport. (2) Increase in the top PA surface area that
FS was in contact with a surface area as an outcome of the nodu-
lar structure formation. (3) The presence of the voids at the inter-
face between embedded PZnO and PA matrix provided water
flow channels and also simple diftusion through the top PA matrix.
(4) The special area between PZnO nanoparticles and PA chains,
constructed extra free volume in PA layer and thus prepared a fur-
ther path for water transport. (5) The incorporation of PZnO
reduced the TEN-PZnO membrane rejection layer thickness, con-
tributing to a lower insistence of transport and enhanced PWP.
Many researchers have shown that using hydrophilic nanoparti-
cles or the attachment of hydrophilic groups on nanoparticles sur-
face leads to the reduction in nanoparticle agglomeration and
better distribution of nanoparticles on the membrane surface [46,
47]. For example, Gong et al. demonstrated that the good disper-
sity and better distribution of UIO-66-NH, nanoparticles in aque-
ous solution is owing to the abundant hydrophilic amine groups
in the UIO-66-NH, nanoparticles [47]. It seems that the amine
group of PZnO nanoparticles can lead to the proper dispersity of
nanoparticles, reduction in nanoparticles agglomeration and bet-
ter distribution of nanoparticles on the surface. Thus, the hydro-
philic groups of PZnO nanoparticles form a very weak linkage
with the MPD monomer, which reduces nanoparticle agglomera-
tion at the FOP membrane surface and increases the PWP. Although
porosity is a major parameter for the enhancement of the water
flux in FOP, it should be noted that only utilizing nanoparticles in
the support layer, not in the polyamide layer, leads to increase the
porosity. Since, in the current work, PZnO nanoparticles have been
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used in the polyamide layer, and generally the polyamide layer is a
dense layer and the porosity is not considered for it [48], so the
application of PZnO nanoparticles cannot change the TFN mem-
brane porosity.

In separation efficiency terms, we found that the SR decreased
insignificantly by adding PZnO nanoparticles until 0.03 wt% from
95.87% base TFC to 93.98% of TEN-PZn00.03 membrane and
decreased further for TEN-PZn00.05 to 91.22. This can be explained
as follows. (1) SR by nodular structure was decreased because of
more open morphology of nodular structure in analogy to ridge
and valley structure. (2) SR by the void space between PZnO and
top PA matrix is low as the outcome of the large sizes of the chan-
nel. (3) SR by the lower rejection layer thickness is low because of
lower transport resistance [23,28,49,50]. This explanation can be
better supported by the TFN-PZn00.03 membrane FESEM image
information. While maintaining high SR, TFN-PZn00.03 was able
to provide 108% more PWP compared to the base TFC. There-
fore, TFN-PZn00.03 was chosen for further fouling evaluation.

4. TFC and TEN-P.ZnO Membranes Performance in FOP

Table 3 demonstrates the FOP performance of the base TFC
membrane with different PZnO loadings. The PWF increased for
TEN-PZnO membranes from 22.14 of the base TFC membrane
to 34.67, 48.46 and 53.76 for TFN-PZn00.01, TFN-PZn00.03 and
TEN-PZn00.05 membranes, respectively. It indicates that the PWF
of all TFN-PZnO membranes was higher than the base TFC mem-
brane. The PWF increased remarkably with the increment in the
PZnO loading, illustrating an identical tendency with that of the
PWP indicated in Table 2. Similarly; this increment in PWF should
be imputed to the combined efficacy of the thinner top PA layer,
additional passages formed, enhanced hydrophilicity, etc., as men-
tioned in section 3.2. Another substantial index of the FOP mem-
branes, the S value, is illustrated in Table 1. Generally, PZnO-
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incorporated membranes with higher PWF have lower S parame-
ters, ascribed to their less ICP effect and higher hydrophilicity. This
trend for RSF is agreeing with the behavior for SR, ie., a higher SR
indicates a lower RSF [36]. However, the RSF enhances a little up
to 0.03 wt% PZnO loading and then enhances further with higher
PZnO loading to 0.05wt% in the top PA layer, which was in ac-
commodation with the tendency of the SR change. Therefore, PZnO
loading of 0.03 wt% in the top PA rejection layer was the optimal
incorporation of PZnO nanoparticles to produce promising FOP
membranes. Interestingly; although the RSF enhancement of TFN-
PZn00.03 membrane was moderate when contrasted with the
benchmark in this paper, the RSF of TFN-PZn00.03 membrane
was lower than (or almost equal) TFC and TFN membranes in the
literature (indicate Table 3) [9,11,51-53], connoting that an approxi-
mately defect-free PA layer is produced after loading of PZnO
nanoparticles. Also, the RSF/PWF ratio of all membranes is illus-
trated in Table 3. A small RSF/PWF usually demonstrates a higher
FOP selectivity. Membrane selectivity was decreased when PZnO
nanoparticles were incorporated into the TFC membrane. The
slight decrement of RSF/PWF value for TFN-PZn00.03 may be
as an outcome of the non-selective voids formed at the PA layer
interface, where NaCl salt can permeate with lower resistance.
Nevertheless, RSF/PWF of TEN-PZn00.03 membrane is much
smaller than most other TEN membrane loading with other fill-
ers, such as GO, CaCO;, carbon-TiO, composites, and GO-TiO,
composite. In summary, the high PWE low RSF and small RSF/
PWF attained utilizing TFN-PZn00.03 membrane proposes that
the loading of PZnO nanoparticles was a beneficial approach to
optimize the TFC membrane of FOP performance. To provide a
beneficial analogy, the FOP performance of the homemade mem-
branes was contrasted with other FOP membranes studied in the
other literature as demonstrated in Table 3. Compared to other
reported results, TFN-PZn00.03 membrane has presented supe-
rior PWF while maintaining relatively high SR and selectivity. The
current paper shows that PZnO presents considerable advantages

o) =

SEM HV: 150 kV WD: 9.29 mm
SEM MAG: 50.0 kx Det: inBeam SE
View field: 4.15 pm  Date(midry): 030517 RMRC

MIRA3 TESCAN SEM HV: 150kV
SEM MAG: 50.0 kx
View fleld: 4.15 ym Date(midly): 0520117

over other fillers in the PA rejection layer in high PWF and con-
trolling the salt reverse diffusion.
5. Organic Fouling of TFC and TFN-P.ZnO Membranes

Since the membrane fouling experiments for FOP were accom-
plished in batch mode, the ODF for PWF kept decreasing due to
the concentration of FS and dilution of DS. Therefore, the PWF
decrement in the fouling experimental tests was created by FOP
membrane fouling as well as the decrement in the ODE So, a base-
line experimental test is essential for FOP fouling tests to isolate
the efficacy of FOP membrane fouling. For instance, baseline tests
can counteract the impression of FOP fouling and the decrement
of ODF as an outcome of the FS concentration and the dilution of
DS. Furthermore, the outcomes from the baseline experimental
tests can be utilized to appraise the efficacy of DS dilution and ICP
phenomenon on FOP performance [54]. To separate the effects of
membrane fouling and decrease of ODE the corrected normal-
ized water flux instead of the actual observed water flux was used
for the water flux decline curves from the fouling tests presented
in the current work. To calculate normalized water flux, the base-
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Fig. 4. Normalized PWF of base TFC and TFN-P.Zn00.03 mem-
branes as a function of time.
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Fig. 5. FESEM images of FOP membranes after fouling: (a) base TFC membrane, (b) TFN-P.Zn00.03 membrane.
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line flux was divided by its corresponding initial water flux [54].
Hence, the flux decline curves demonstrated in Fig. 4 solely repre-
sent the effect of membrane fouling. Also, in the current research,
alginate was elected as a model foulant to demonstrate polysaccha-
rides abundant in wastewater. The alginate concentration in the
FS, 350 mg/L, is remarkably higher than the alginate concentration
in fouling investigations [15,25]. Outcomes in the literature have
shown that alginate leads to substantial fouling and PWF reduc-
tion in FOP membranes [25,28]. The reverse diffusion of DS to the
FS causes NaCl salts accumulated area at the PA layer and FS stream
interface. This phenomenon decreases the efficient ODE and hence
the loss of the FOP water flux. Alginate layer that hoard on the FOP
membrane surface intensifies the efficacy through cake-enhanced
osmotic pressure. This is while the FOP membrane surface attri-
butes can exacerbate or alleviate the FOP fouling propensity. Hydro-
philic membrane surface can provide efficient alterations on the
FOP membrane top PA surface interaction with foulants. The thin
film of pure water molecules that forms on a surface of hydro-
philic FOP membranes through hydrogen bonding hampers deposi-
tion of foulants and hence creates a lower FOP membrane fouling
propensity. As shown in Figs. 4 and 5, the PWF decline of TEN-
PZn00.03 membrane with time is much slower than of the base
TFC membrane, proposing lower FOP fouling tendency. At the
end of the FOP fouling test, the PWF of TFN-PZn00.03 decreased
to 17% of its initial PWE while that of base TFC was 29%. This
lower FOP fouling propensity offered that a discontinuous and/or
thinner alginate layer is exhibited on the TFN-PZn00.03 mem-
brane surface. For TFN membranes with a hydrophilic top surface,
the molecules of water can comfortably adhere to the hydrophilic
top surface via hydrogen bonding, eventually creating a thin bound-
ary layer of pure water between the bulk solution and FOP mem-
brane, which serves as a hindrance to restrain unfavorable adhesion
of hydrophobic foulants [48].

CONCLUSION

Self-synthesized ZnO nanoparticles were effectively modified by
epoxy and piperazine amine to produce amino functionalized ZnO
nanoparticles, termed as PZnO nanoparticles. The TFN membranes
were then produced by a varied amount of PZnO nanoparticles
loading (in the range of 0.01-0.05 wt%) into the PA top layer. Our
paper considers the interactions between PZnO nanoparticles and
the PA top rejection layers, and looks at PZnO nanoparticle effi-
cacy on the physicochemical attributes and the ROP and FOP effi-
ciency of the constructed membranes. The top surface morphology
and thickness of the PA film are strikingly altered with the intro-
duction of PZnO nanoparticles. The variation in thickness reversely
correlates with the increased PWF and is an outcome of the slow
MPD amine monomer diffusion rate to the organic phase. The
PWF was remarkably improved by approximate 119% utilizing
TFN-PZn00.03 membrane while the RSF changed insignificantly.
Outcomes also illustrated that TFN-PZn(00.03 demonstrated a lower
degree of PWF decrement compared to the base FOP membrane
when sodium alginate was employed as a fouling agent. These find-
ings corroborated the positive efficacy of PZnO incorporation in
FOP membranes on fouling mitigation.
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NOMENCLATURE

MP :membrane processes

FOP :forward osmosis process

Icp :internal concentration polarization
RSD :reverse salt diffusion

DS  :draw solution

ODF : osmotic driving force

PWE : pure water flux

ROP :reverse osmosis process

PM :polymeric membrane

TEC : thin-film composite

PA  :polyamide

IPP :interfacial polymerization processes
TEN : thin film nanocomposite

MPD/GO:: 1,3-diaminobenzene/graphene oxide
RSF :reverse salt flux

SR :salt rejection

MOF : metal organic framwork

CTA : cellulose triacetate

ZnO :zinc oxide

GTMS:: 3-glycidyloxypropyl trimethoxysilane
PIP :piperazine

PZnO : PIP-functionalized ZnO

TMC : trimesoyl chloride

THF : tetrahydrofuran

PIT :phase inversion technique

PES : polyethersulfone

PVP :polyvinyl pyrrolidone

DME : dimethylformamide

FESEM : field emission scanning electron microscope
EDX : energy-dispersive X-ray spectroscopy
WCA : water contact angle

AFM : atomic force microscope

FS  :feed solution

DI  :deionized water
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