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HIGHLIGHTS

o Quaternized polydopamine (QSiPD) nanohybrid was synthesized and well characterized.
o QSiPD was used as a filler in PES UF and NF membranes made by NIPS process.

e 2 wt% QSiPD hybrid membrane (UF2) reported 53 % increase in water flux.

e Hybrid NF membranes exhibited significant rejection of both mono and divalent salts.

e The modified membranes exhibited superior antibacterial properties.

ARTICLE INFO ABSTRACT

Keywords: In this work, a quaternized polydopamine (QSiPD) nanohybrid was synthesized via condensation reaction be-
Nanofiltration tween the silicon hydroxyl moieties of the hydrolyzed QSiP and hydroxyl moieties of polydopamine (PDA) and
Ultraﬁltr_aﬁon ) applied for the first time as a single additive to Poly(ether sulfone) (PES) ultrafiltration (UF) and loose nano-
S:ﬁ:":;;iie; polydopamine filtration (NF) membranes made via non-solvent induced phase separation (NIPS). QSiPD was added at a
Antifouling maximum loading of 8 and 20 wt% in UF and NF membranes, respectively. The nanohybrid material and

membranes were thoroughly characterized. The hydrophilicity, surface charge, and pore structures of the hybrid
membranes were progressively tuned with the increase of the QSiPD loading. The UF membrane water
permeability of the membrane with 2 wt% QSiPD was as high as ~559 L m~2 h™* bar™!. The hybrid UF
membranes also exhibited superior antifouling activity with a BSA rejection rate of ~99 % uncompromised by
the high membrane flux. The hybrid NF membranes showed significant rejection (45-67 %) of several mono-
valent (NaCl) and divalent (CaCly, MgSO4, Na3SO4) salt solutions and an outstanding rejection of Congo red dye
(>99.9 %). Furthermore, both hybrid UF and NF membranes showed a strong antibacterial activity against
E. coli.

1. Introduction [2]. Both processes, like all membrane processes in general, are sus-

ceptible to membrane fouling/biofouling.

In addition to the ability of ultrafiltration (UF) membranes to remove
high molecular weight organics and to reduce the overall microbial
content of surface and wastewater, UF has also emerged as a pretreat-
ment process of seawater in desalination plants [1]. Nanofiltration (NF)
membranes, on the other hand, are capable of removing di-valent
inorganic salts from saline water during desalination and also other
small molecular weight organic substances from surface and wastewater
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Membrane biofouling mitigation approaches can be categorized into
two major types: “defending” and “attacking” strategies [3]. Modified
membranes that possess improved resistance against the adhesion of
biomolecules follow classic “defending” mechanism which can be
developed through the incorporation of hydrophilic additives that tend
to lower the interaction of hydrophobic biofoulants (i.e., proteins) [4].
Examples of materials that follow defending mechanism approach are
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inorganic additives [5,6], Polyethylene glycol (PEG) [7], and polydop-
amine (PDA) [8,9]. Previous research shows that hybrid membranes
with inorganic additive loadings >0.2 wt% demonstrate poor salt
rejection at high feed pressure [5,6], while additive loading above 2 wt
% causes agglomeration and defects in hybrid UF membranes. Conse-
quently, water permeability and/or selectivity of hybrid membranes
deteriorates with increased loading of inorganic additives [10,11].
Nonionic protein-repellent PEG-based materials are often applied as a
hydrophilic membrane additive. However, PEG molecules have shown
to be inefficient at inhibiting bacterial adhesion and proliferation
[4,12], and not suitable for long-term application as they are prone to
oxidative degradation [4]. Contrary to PEG & inorganic particles
counterparts, PDA-based modification has better stability [15], and can
be strongly coupled with diverse materials, representing an outstanding
antifouling agent for membrane modification [16]. PDA has also proved
to enhance the compatibility and interaction of filler particles within the
hydrophobic polymer matrix at even high loading percentages with
sealed structural defects [13]. PDA incorporation has also shown to
improve membrane fouling resistance against several organic foulants
(e.g., humic acid, bovine serum albumin etc.) [14]. Although modified
antifouling hydrophilic surfaces can be generally classified as “defend-
ing” mechanism against biofouling [4,17,18], sustained bacterial resis-
tance cannot be guaranteed without a compromise in membrane
performance.

The “attacking” mechanism entails membrane modifications that
have the ability to kill and inhibit bacterial growth, such as silver
nanoparticles [19], quaternary ammonium groups (QAC) [20], and
antibiotics [21]. Yet, bacterial surface that possess attacking mechanism
suffer from the buildup of dead bacterial cells over the surface, con-
cealing the membrane's functional groups which could later impair their
antibiofouling effect [4].

In order to prevent the shortcomings of both approaches, researchers
have suggested to integrate both antibiofouling strategies so that the
modified membrane will have a bifunctional surface with non-adhering
& bactericidal activities. Surface functionalization with AgNP and PEG
polymer has resulted in a modified bifunctional surface that has the
capacity to kill and repel bacterial cells simultaneously [22]. Lienkamp
et al. developed a modified biofouling resistant surface by combining the
non-adhering property of zwitterionic polymers and the antibacterial
activity of antimicrobial peptides (AMPs) [23]. These novel materials
have exhibited promising results but the modified membranes have not
yet achieved an improvement in water purification [4]. Therefore,
further efforts are required to find more effective and reliable hybrid
materials that are capable of killing bacteria with no compromise in
membrane's water separation performance. This effect could be antici-
pated if the PDA and quaternary ammonium compound can be com-
bined, which has only been adopted in the literature for applications
other than water purification [24].

In a recent study, we used quaternized polydopamine (QSiPD) to
functionalize rGO to enhance the compatibility of GO-based nanohybrid
material within the PES polymer matrix, which resulted in a remarkable
improvement in the antifouling and antibacterial activity of the modi-
fied UF membrane [25]. However, it was not possible to achieve a
defect-free membrane without severe agglomeration at QSiPD-rGO
loading higher than 8 wt%. And, since the potential of QSiPD as a
stand-alone filler has not been studied previously, we explored in this
work the impact of incorporating QSiPD nanohybrid as a single well-
dispersed, polymer-based additive in Poly (ether sulfone) (PES) UF
and NF membranes, and demonstrated that this can be accomplished at
high loadings, up to 20 wt% in NF membranes. UF and NF membranes
with QSiPD loadings above 8 wt% and 20 wt%, respectively, suffered
from impaired pore structures and were thus excluded from the study.
We hypothesized that the water attracting moieties in the QSiPD
nanohybrid, like phenolic —OH and —NH, would improve the mem-
brane's hydrophilicity and water flux, while the quaternary ammonium
moieties would induce high selectivity and antibacterial capabilities.
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The significant improvement in membrane's surface hydrophilicity, pore
structure, and charge density facilitated the fouling resistance of UF
hybrid membranes against BSA protein, while enhancing the salt
removal capacity of NF membranes.

2. Experimental
2.1. Materials

Poly (ether sulfone) (PES; MW: 58 kDa) was procured from Good-
fellow Co., United Kingdom. Prior to use, PES polymer was dried in a
vacuum oven at 100 °C for 12 h. Dopamine hydrochloride (Dopa. HCI),
3-aminopropyl triethoxysilane (APTES; 99 %), glycidyl trimethy-
lammonium chloride (GTMAC; >90 %), Poly(vinylpyrrolidone) (PVP;
MW: 40 kDa), bovine serum albumin (BSA; 66 kDa), methyl pyrrolidone
(NMP; 97 %), absolute ethanol (CoHsOH; 99.95 %), sodium chloride
(NaCL; 99 %), sodium hydroxide (NaOH), concentrated sulfuric acid
(H2SO4; 96 %), trizma base, magnesium sulphate (MgSO4), sodium
sulphate (NazSO4), Congo red dye (CR: Apgx = 498 nm), and hydro-
chloric acid (HCl; 36.5 % w/w) were all received from Sigma-Aldrich,
Germany. Calcium chloride dihydrate (CaCly.2H0; 98 %) was
received from SD Fine Chemicals, India. Sodium dihydrogen phosphate
(NaH2PO4) and disodium hydrogen phosphate (NagHPO4) were pur-
chased from Merck Chemicals, Germany. All chemicals were used as
received with no additional purification. Ultra-pure DI water (Millipore
Corp., USA) was used to prepare all the required solutions for this study.
The details for the synthesis and characterization of quaternized silica
precursor (QSiP) can be found in our recently published paper [25].

2.2. Synthesis of quaternized polydopamine (QSiPD) nanohybrid

Quaternized polydopamine (QSiPD) nanohybrid was synthesized via
simultaneous alkaline hydrolysis of QSiP precursor and self-
polymerization of dopamine followed by condensation reaction
[25,26]. 3.5 g of QSiP solution and 1 g of Dopa. HCI (QSiP:Dopa. HCl;
3.5:1 w/w) were added into a flask containing 500 mL of tris buffer
solution (50 mM) and 100 mL absolute ethanol. The initial reaction
proceeded at room temperature (RT) under stirring speed of 500 rpm for
24 h. Then, the reaction temperature was raised to 70 C and maintained
for 7 h. The reaction mixture was then centrifuged three times at 8000
rpm for 30 min to get rid of residual impurities, followed by vacuum
filtration. The recovered QSiPD nanohybrid was dispersed in ethanol
until further use in characterization and membrane fabrication.

2.3. Material characterization

High resolution scanning electron microscopy (SEM; FEI Nova
NanoSEM 650) was utilized to visualize the surface morphology of the
synthesized materials. PDA and QSiPD samples in powder form were
dispersed for 30 min in absolute ethanol using a bath sonicator to pre-
pare separate suspensions of PDA and QSiPD at 0.2 mg mL™! concen-
tration. A separate suspension of PDA or QPD was placed onto the
surface of prefixed double-sided copper tape on the SEM stubs, then
transferred into vacuum oven for drying at 23 °C for 1 h. Then, fixed
PDA and QSiPD were sputter-coated with 10 nm layer of gold-palladium
metal. The surface images were retrieved using accelerating voltage of
10 kV, spot size of 2.5, and magnification of 1 ym. A field-emission
scanning electron microscope (FESEM; Quanta 3D, FIB) was used to
determine the elemental composition of the synthesized PDA and
QSiPD. Fourier-transform infrared (FTIR-ATR mode) spectrometer
(VERTEX, 80/80v, Germany), X-ray Photoelectron Spectroscopy (XPS),
and Raman spectroscopy (Witec Alpha 300 RAS) (at 532 nm wave-
length), were used to determine the spectra of PDA and QSiPD nano-
hybrids. FTIR was recorded in the 4000-500 range, and the resolution
was +4 for 128 scans of each sample. Average zeta potential of the PDA
and QSiPD nanohybrids (100 pg mL™}, in DI water) was measured using
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Table 1
Chemical composition of the dope solution used in the fabrication of pristine and
modified membranes.

Membrane PES (wt%) PVP (40 kDa) (%) QSiPD (wt%)" NMP (wt%)
UFO 18 2 - 80
UF1 18 2 1 80
UF2 18 2 2 80
UF4 18 2 4 79
UF8 18 2 8 79
NFO 20 - 0 80
NF15 20 - 15 77
NF20 20 - 20 76

# Weight percentage of QSiPD nanohybrid is based on PES weight.

Zeta Potential Analyzer (ZetaPALS, Brookhaven). All measurements
were recorded three times to minimize experimental errors. The loading
amount of hydrolyzed QSiP on PD was measured via thermal gravi-
metric analysis (TGA) using thermal analyzer (NETZSCH, Model No.
STA 449F3). The TGA analysis was conducted in the range between
0 and 700 °C, at heating rate of 10 °C min ! under nitrogen (N2) gas flow
using a PerkinElmer TGA 4000 thermal analyzer. TGA of PD, was also
analyzed under the same experimental condition. The loading amount of
QSiP chains in QSiPD nanohybrid was determined from the weight of
the residue left at 700 °C for both PDA and QSiPD according to Eq. (1)
[27]:

Worp — W,
Loading amount of QSi (%) = % X

100 @

PD

where Wpp and Wqpp are the weight of PDA and QSiPD residues at
700 °C (%), respectively.

2.4. Membranes' fabrication and characterizations

Non-solvent induced phase separation (NIPS) technique was carried
out to prepare the pristine and modified membranes [28]. Firstly, fixed
amount of QSiPD was dispersed in NMP solvent using bath sonicator (40
kHz) for 1 h. Then, PVP and PES were added consecutively into the
NMP-QSiPD solution and dissolved at 60 °C under 300 rpm stirring
speed for 3 h. The polymer solution was then left for cooling at RT and
the stirring continued for 24 h. Next, the blend solution was ultra-
sonicated for 15 min to release any trapped air bubbles. The blend so-
lution was then casted onto a nonwoven support (Novatexx 2471 M,
Freudenberg, Germany) fixed on a glass plate using a casting knife
(Elcometer, UK) with a gap setting of 150 pm. The glass plate was then
submerged in DI water coagulation bath. Once the membrane was
formed and detached from the glass plate, it was transferred into a fresh
DI water bath and left for 24 h to allow for the evaporation of the sol-
vent. Freshly developed membranes were used for characterization and
filtration experiments. Modified membranes with 1, 2, 4, and 8 wt%
QSiPD nanohybrid were respectively labeled as UF1, UF2, UF4, and
UF8, and were applied as UF membranes. Membranes with 15 and 20 wt
% QSiPD were labeled as NF15 and NF20, respectively, and were applied
as loose NF membranes. For performance benchmarking, pristine
membranes without QSiPD were fabricated from NMP, PES and PVP,
and labeled as UFO, and NFO. Membranes without support were also
fabricated for use in some characterizations by casting the blend solu-
tions on a clean glass plate. The detailed chemical composition of the
dope solution used in making each membrane is presented in Table 1.
The membrane characterization procedures are described in detail in
Section S1, supporting information (SI).

2.5. Performance evaluation of UF & NF membranes
Pure water flux performance was assessed using a dead-end filtration

set up (Model No. UHP 4370, Sterlitech Co., USA) as shown in Fig. S1, SL.
Before starting the UF experiment, the membrane was compacted by
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filtering DI water for 30 min at a feed pressure of 2 bar. After compac-
tion, the UF pure water flux was determined by adjusting the feed
pressure to 1 bar (300 rpm) and filtering deionized water for 30 min. The
weight of the permeate was measured using a digital balance (Ohaus,
UK). The following formula was used to calculate the pure water flux
(Jw; Lm 2 h™1) [29]:

w

Iw= P XA X At 2

where W is the weight of permeated water (g), p,, is the density of water
(1.0g cm’e'), A is the membrane area (mz), and At is the filtration time
(h).

The antifouling performance of the UF membranes was evaluated
using BSA as a model foulant. Dynamic filtration of a 50 ppm BSA so-
lution was performed for 3 h at 1 bar feed pressure and the flux of the
foulant solution (Jpsa; L m~2h~!) was calculated. The BSA rejection rate
(Rpsa%) of the membrane was determined by measuring the foulant
concentration in the feed (C_(f)eed) and permeate (Cpermeare) Using this
following formula [30]:

) t
<Cj(‘eed - Cpemwure

Risa (%) = . ) x 100 3
Cfecd

After 3 h, the filtration apparatus was cleaned and filled with fresh DI
water. The membrane was washed by filling the filtration cell with DI
water and keeping it without permeation for 30 min at atmospheric
pressure. The filtration step was then repeated, but using 10 mM phos-
phate buffer solution (PBS) instead of DI water. Then, the filtration cell
was emptied and DI water was then filtered through the membrane at 1
bar for 5 min and post cleaning water flux of the membrane was
determined (Jw1; L m~2h™1). The flux recovery ratio (FRR) was calcu-
lated to assess the antifouling capacity of the membrane, using the
following equation [29]:

FRR(%) = 11100 Q)

To confirm the long-term performance stability of UFO and UF4
membranes, three additional consecutive filtration and cleaning cycles
were conducted, as described above. Furthermore, reversible (R;; %) and
irreversible fouling (R;; %) ratios were also calculated using the
following equations, respectively:

(-]wl - JBSA)

w

R = % 100 (5)

x 100 (6)

The filtration performance (pure water flux and salts/dye rejection)
of the NF membranes (NFO, NF15, and NF20) was studied using the
above-described dead-end filtration system, but at a feed pressure of 4
bar (after pre-compaction for 30 min at 5 bar). The rejection efficiency
of the membranes was assessed using four salt solutions (sodium chlo-
ride (NaCl), magnesium sulphate (MgSOj,), sodium sulphate (Na3SO4),
and calcium chloride (CaCly)), allat 1.0 g L1 concentration, and Congo
red dye solution at 10 ppm. A conductivity meter (PH/COND 3320,
WTW) was utilized to measure the salt concentration of the feed and
permeate, whereas the change in dye concentration was measured using
a UV-Vis spectrophotometer at 498 nm.

2.6. Biofouling study

An overnight Escherichia coli (E. coli - DH5a strain) culture was
inoculated in a fresh, sterile Luria—Bertani (LB) broth medium of the
following composition (g L™Y: 10.0 NaCl, 10.0 peptone, 5.0 yeast
extract. The inoculated culture medium was then placed on a shaking
incubator (KS 4000, IKA) at 150 rpm for 24 h, and the incubation
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Fig. 1. (a) Schematic of the synthesis route of QSiPD nanohybrid by condensation reaction in a slightly basic medium using hydrolyzed QSiP (QSiP-OH) and self-
polymerized polydopamine (PDA), and (b) preparation scheme for QSiPD-PES hybrid membrane.

temperature was maintained at 37 °C. After incubation, the grown
bacterial cells were diluted using filter-sterilized 10 mM PBS to reach an
optical density (ODgoonm) of 0.1 (~10” CFU mL’l) [31]. UV-VIS spec-
trophotometer (UV-1800, Shimadzu, Japan) was used to measure the
optical density of the broth after dilution. The bactericidal property of
the membranes was studied by placing a small membrane sample (2 cm
x 2 cm) into the previously diluted bacterial solutions under an incu-
bation temperature of 37°C and shaking for 1 h. After that, the mem-
brane was rinsed gently with PBS solution to get rid of the loose bacterial
cells. Then, the bacterial cells attached on the membrane were harvested
from the membrane into 10 mL of 10 mM PBS solution via sonication for
10 min. Post-sonication, the liquid sample was serially diluted (up to
10%) and spread over the surface of an LB agar plate, then incubated at
37 °C for 24 h. The number of bacterial colonies was then counted and
expressed in CFU/mL.

3. Results and discussion
3.1. Formation and characterization of QSiPD nanohybrid

Polydopamine (PDA) nanoparticles were synthesized by oxidative
polymerization of dopamine hydrochloride monomers triggered by
alkaline conditions using Tris buffer-ethanol mixture [25,32-34]. QSiPD
nanohybrid was synthesized via the condensation reaction between the
silicon hydroxyl moieties of the hydrolyzed QSiP and hydroxyl moieties
of PDA. As a result, quaternized Si chains could be grafted covalently
onto the self-polymerized PDA. Subsequently, the crosslinked Si-O-Si
linkage was created by the elimination of a water molecule via swift
reaction between the hydroxyl moieties of the grafted quaternized Si
chains on PDA at 70 °C [25,27,35]. The composition of QSiP and Dopa
used in the synthesis of QSiPD nanohybrid was as reported in our

Fig. 2. SEM surface images of (a) PDA and (b) QSiPD.
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Fig. 4. XPS spectra of: (a) Cls, (b) Ols; (c) C12p; (d) N1s; (e) Si2p and (f) elemental composition (%) of QSiPD nanohybrid.

previous work [25]. The synthesis route of QSiPD nanohybrid is depic-
ted in Fig. 1.

The synthesized PDA nanospheres, as shown in Fig. 2 (a), have an
average diameter of ~300 nm as formed after 7 h of reaction at pH 8.5.
The aggregation of the PDA nanospheres can be attributed to the
occurrence of mild solution-phase reaction in a mixture of tris-buffer and
ethanol at pH = 8.5 [26]. However, QSiPD (Fig. 2 (b)) exhibited a
rougher surface morphology, which could be associated with PDA
crosslinking and formation of crosslinked Si—O—Si linkage with the
matrix of QSiPD nanohybrid [27,35]. The SEM-EDX spectra of QSiPD
nanohybrid further confirms the quaternization with the appearance of
new peak for Si (12.29 wt%), in addition to the C and O elements peaks
(Fig. S2, ESI).

The surface zeta potential ({) of PDA and QSiPD nanohybrid was
—31.93mV and 11.26 mV, respectively (Fig. 3 (a)). The negative surface
charge of PDA is attributed to the deprotonation of the phenolic groups
(catechol moieties) of PDA at neutral pH [36]. On the contrary, there
was a significant alteration in the surface charge of QSiPD nanohybrid.
The positive charge of the QSiPD nanohybrid is attributed to the exis-
tence of positively charged quaternary ammonium —N"(CHz)3 groups.
These latter groups were more dominant than the deprotonation of
phenolic OH moieties during the surface { measurements in aqueous

solution at neutral pH.

The TGA results (Fig. 3 (b)) indicated that the coated layer of qua-
ternized silica precursor (QSiP) has greatly enhanced the thermal sta-
bility of the QSiPD, thanks to the thermally stable Si—O—Si linkages
that has formed within the QSiPD nanohybrid. According to the TGA
profile, the composition of quaternized silica precursor (QSiP) within
the QSiPD nanohybrid at 700 °C is ca. 32.1 wt%.

The synthesized QSiPD nanohybrid was also characterized using
FTIR and compared to the spectrum of the PDA nanospheres (Fig. S3, SI).
The broad absorption band in the 3000-3500 cm ™! region corresponds
to the hydroxyl (O—H) and amine (N—H) stretching vibrations of PDA.
The sharp peaks at 1602 cm™!, 1506 cm™}, and 1273 cm ™! are attrib-
uted to the C—=C, N—H shearing, and phenolic C—O—H stretching vi-
brations [25,29,36,37]. Similar, yet broader, peaks were observed in the
QSiPD nanohybrid spectra with few additional peaks at 1111 em ! and
920 cm ™! that correspond to Si—O—Si and Si—O moieties, respectively
[34,36,38]. Hence, this further confirms that PDA was successfully
quaternized with QSiP.

Finally, the surface elemental composition of QSiPD nanohybrid was
quantitatively analyzed using XPS to investigate the effect of PDA
crosslinking and the formation of crosslinked Si—O—Si linkage with the
matrix of QSiPD nanohybrid. The survey scan showed five peaks at 283
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Fig. 5. Top surface SEM images of (a) UFO, (b) UF1, (c) UF2, (d) UF4, and (e) UF8 membranes.

Fig. 6. Cross-sectional SEM images of (a) UFO, (b) UF1, (c) UF2, (d) UF4, and (e) UF8 membranes.

eV, 398 eV, 532 eV, 196 eV, and 100 eV, corresponding to Cls, N1s, Ols,
Cl2p, and Si2p, respectively (Fig. 4). These results confirm the presence
of QSiP layer on the top surface of modified PDA (QSiPD).

3.2. Formation and morphology of hybrid membranes

A total of five UF membranes (UF0, UF1, UF2, UF4, and UF8) and
three NF membranes (NFO, NF15, and NF20) with different QSiPD
nanohybrid loadings (up to 8 wt% for UF membranes and 20 wt% for NF
membranes) were fabricated through the NIPS method. The top surface
and cross-sectional SEM images of the UF membranes are shown in
Figs. 5 and 6, respectively. The top surface images reveal that all UF
membranes had intact and porous surface, with the pore density of the

membranes increasing with QSiPD loading from 1 to 4 wt%, but then
significantly decreasing when the nanohybrid filler concentration was
increased to 8 wt%. This latter decrease in pore density is attributed to
the increase in the viscosity of the dope solution, which led to a delayed
exchange between the solvent (NMP) and non-solvent (DI water) during
phase separation [25,39,40]. A highly viscous dope solution hinders the
escape/evaporation of NMP during the coagulation process, which
consequently hinders pore formation and leads to a change in the
structural morphology of the pores at the bottom layer.

The cross-sectional SEM images (Fig. 6) show an asymmetric struc-
ture composed of a dense layer atop a finger-like porous bottom layer. In
contrast to the pristine membrane (UF0), the finger-like pores in the
bottom layer became wider and deeper with increasing QSiPD loading,
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Fig. 7. Top surface SEM images (above) and cross-sectional SEM images (below) of (a) NFO, (b) NF15, and (c) NF20 membranes.

up to 4 wt%. The alterations in the pore structure and size after QSiPD
incorporation can be linked to the faster exchange rate between the
solvent (NMP) and non-solvent (DI water) during the phase separation
process that occurs due to the hydrophilic nature of the QSiPD nano-
hybrid. This increased hydrophilicity resulted in a thermodynamic
instability in the dope solution, thus accelerating phase separation
[41,42]. However, the finger-like pores of UF8 membrane were
shrunken because of the reduced exchange rate between NMP and DI
water, which was influenced by the increased viscosity of the dope so-
lution, as described above [43].

On the other hand, the concentration of PES polymer in the NF
membranes has an apparent effect on the membrane structure, which
can be also linked to the change in the membrane's pore size and
porosity, as shown in Fig. 7. The increase in PES concentration in the
dope solution of NF membranes resulted in an increase in the polymer
fraction volume during the NIPS process, which consequently led to the
formation of a denser top layer. Also, the addition of QSiPD caused
insignificant changes in the size of the finger-likes pores of all NF
membranes. Yet, the macro-voids at 20 wt% QSiPD appear less uniform
with a more polydisperse structure, which can be due to some agglom-
eration of the QSiPD nanoparticles within the polymer matrix of this
membrane.

3.3. Integration of QSiPD into the hybrid membranes

Raman spectra of UF0 and UF4 has affirmed the presence of QSiPD
nanohybrid in the fabricated UF membranes (Fig. S4 (a), SI). The ab-
sorption bands in 1070 and 1105 cm ™! regions correspond to the sym-
metric and asymmetric stretching vibrations of O—=S=O0O groups. The
sharp peak at 1148 cm™! is attributed to symmetric stretching of
C—0—C linkages. The absorption band at 1203 cm ™! corresponds to a
weak asymmetric stretching of the C—O—C linkages. The absorption
band at 1600 cm ™! in the Raman spectrum of UF4 is attributed to the
vibration of phenyl rings and the characteristic G band of QSiPD
[25,44]. However, a slight shift in the characteristic peaks linked to the
stretching vibrations of O=S—0, C—O—C and phenyl rings was
observed, and the peak located at 1596 cm ™! appears to be broad in the
Raman spectrum of UF4 membrane. This could be ascribed to an

additional contribution in the stretching vibrations of phenyl rings by
the phenolic moieties of QSiPD nanohybrid within the UF4 membrane
matrix. Similar peaks were observed in the Raman spectrum of NF15
membrane (Fig. S4 (b)), which further confirms the presence of QSiPD in
the hybrid NF membranes. The incorporation of QSiPD within PES
matrix was also confirmed by SEM-EDX (Fig. S5, SI). The appearance of
new Si peak in modified UF8 membrane indicated the presence of QSiPD
nanohybrid.

The TGA curves of the fabricated membranes are represented in
Fig. S6, SI. The inset figure in Fig. S6 (a) shows the variation in weight
loss (%) of the membranes in the temperature range of 450 to 650 °C.
Three dissimilar stages of weight loss took place during thermal
decomposition of all UF membranes in the temperature range of
50-650°C (Fig. S6 (a)). These stages were attributed to: (i) moisture
evaporation in the temperature range of 50-120 °C; (ii) pyrolysis of the
functional moieties (N—H, phenolic O—H, and —N*(CH3)3) of hybrid
UF membranes in the 300-450 °C range, and (iii) disintegration of PES
chains and the crosslinked Si—0—Si linkages of QPD nanohybrid within
the hybrid UF membranes matrix at >500 °C [25,45-47]. The thermal
decomposition temperature (Tq) of both UF and NF membranes
increased with QSiPD loading. T4 of the pristine UFO0 (432 °C) was lower
than the modified UF1 (537 °C), UF2 (515 °C), UF4 (533 °C), and UF8
(574 °C). Similar observations were noticed for the NF membranes.
Hybrid NF membranes (NF15 and NF20) were also more thermally
stable than the pristine (NFO) membrane. The incorporation of QSiPD
nanohybrid enhanced the thermal stability of the modified membranes
due to the strong interaction between the PES polymer and the
embedded nanohybrid filler.

3.4. Impact of QSiPD on membrane properties

The observed dynamic water CA of the pristine and modified UF and
NF membranes is presented in Fig. 8 (a) and (b), respectively. As the
loading of the nanohybrid filler was increased, the CA decreased
noticeably, indicating an increase in surface hydrophilicity of the
modified membranes. The average static water CA of the virgin UF0
membrane was 80.9°, which decreased to 70.9°, 65.9°, 63.7°, and 60.3°
for UF0, UF1, UF2, UF4, and UF8, respectively. A similar trend was
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observed for the NF membranes, where the static water CA decreased
from 69.4 for NFO to 67.3" and 65.6 for NF15, and NF20, respectively.
The decline in both static and dynamic water CA is linked to the pres-
ence of hydrophilic functional groups (e.g., phenolic O—H, N—H and
—N™(CHs)3) on the surface and within the matrix of modified UF and NF
membranes. These hydrophilic functional moieties are known to hold
and absorb water molecules through ion-dipole and dipole-dipole in-
teractions [44,48]. However, the drop in dynamic CA angle was lower in
NF than in UF membranes. This is due to the dense surface layer of the
former, which resulted from an increase in the PES fraction volume.
The surface charge of UF and NF membranes was determined as
surface zeta potential ({) at pH 7. The { values of both UF and NF
membranes are represented in Fig. 8 (c and d, respectively). The nega-
tive ¢ values observed in pristine UFO and NFO membranes (20.8 and
15.7 mV, respectively) are attributed to the negatively charged anions
(OH™ and Cl7) adsorbed onto the membrane surfaces during { mea-
surements in 10 mM NaCl aqueous solution [25,49]. The surface charge
was evidently tuned upon incorporation of the QSiPD nanohybrid into
the membranes. The gradual increase in the QSiPD loading led to a
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systematic increase in the zeta potential, due to the increased presence
of positively charged quaternary ammonium groups (—N*(CHs)3) on
the membrane surface, which was intensified in the barrier layer of the
hybrid membranes [25,50]. However, the surface charge of hybrid UF
and NF membranes could also be partially affected by the formation of
negatively charged moieties after the deprotonation of phenolic O—H in
the NaCl solution [36].

Both modified UF and NF membranes experienced a gradual increase
in their porosity (g, %) with increased QSiPD loading (Fig. 8 (e & f)). This
increase in porosity can be associated with the hydrophilic nature of
QSiPD and its tendency to absorb water, resulting in the development of
wider water penetration channels during the NIPS process
[25,41,51-53]. On the other hand, the porosities of hybrid NF mem-
branes were generally lower than the porosities of hybrid UF membranes
due to: i) the absence of pore forming additive, PVP, and ii) the higher
concentration of PES and QSiPD in the dope solutions used in the
fabrication of NF membranes (Table 1). The latter led to a higher dope
solution viscosity and, consequently, slower water-NMP exchange rate
during membrane formation. In parallel, the pore size of the modified
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hybrid UF membranes.

UF membranes increased with QSiPD loading up to 2 wt%, then
decreased as seen in Fig. 8 (e). The decrease in the pore size of UF4, and
UF8 membranes is also attributed to the increase in the dope solution
viscosity, which hindered the widening of the top surface pores during
phase separation [54]. On the other hand, all NF membranes exhibited
similar pore radius of approximately 2 nm (Fig. 8 (f)), which is well
within the NF pore size.

Finally, tensile strength study was performed to probe the effect of
QSiPD incorporation on the mechanical properties of PES. The tensile
stress at maximum load (MPa) of UF and NF membranes is shown in
Fig. 9. The results indicate that the incorporation of QSiPD had a mar-
ginal, but favorable, impact on the mechanical strength in UF mem-
branes only. The slight increase in the tensile strength of the hybrid UF
membranes could be attributed to an increase in the intermolecular
forces between the PES polymeric chains and the embedded QSiPD filler,
resulting in an improved overall membrane integrity.

3.5. Influence of QSiPD on membrane performance

3.5.1. Flux and selectivity
The aim of incorporating QSiPD within the membrane matrix is to

enhance the membrane surface properties and, consequently, filtration
efficiency. Therefore, the modified UF membranes' filtration perfor-
mance was first tested using BSA solution as a representative organic
foulant. Prior to BSA filtration, pure water flux (Jy; L m~2h~! (LMH)) of
the pristine and hybrid UF membranes was measured (Fig. 10 (a)). All
the modified UF membranes, except UF8, experienced an enhanced
water flux compared to the pristine UFO0. J,, of UFQ was 365 LMH, which
remarkably increased to 498 LMH for UF1, 559 LMH for UF2 and 402
LMH for UF4, but then decreased to 222 LMH for UF8. The improvement
in water flux of UF1, UF2 and UF4 is the result of an interplay between
increased hydrophilicity, porosity, and mean pore radius and enhanced
pore structure of the modified membranes. However, the observed flux
drop in UF8 was induced, to a large extent, by the agglomeration of
QSiPD within the polymer matrix (Fig. S7), and the compression in the
membrane pores and water passage channels. The agglomeration of
QSiPD particles can cause pore blockage that affects the water passage
that has been described in previous research works [55-57].

The modified UF membranes' potential in filtering and rejecting BSA
in a 3 h filtration experiment of a 50 ppm feed solution was evaluated
and the findings are presented in Fig. 10. The BSA solution flux (Jgsa)
results, obtained at the end of the 3 h filtration test, indicate that the
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accumulation of BSA on the surface of all membranes led to a significant
decline in flux. However, UFO was unable to recover most of its initial
water flux after a membrane cleaning step with DI water-phosphate
buffer solution, as indicated by the post-cleaning water flux results
(Jw,pc) in Fig. 10 (a). The pristine membrane was not able to recover its
initial flux due to the hydrophobic nature of PES that allowed for
stronger interaction with BSA protein via electrostatic & hydrophobic
forces [58]. On the other hand, the incorporation of QSiPD led to sig-
nificant improvement in Jy , and flux recovery rate (FRR) of the hybrid
membranes (Fig. 10 (a and c)). The rejection of the BSA (Rgsa, %) was
also enhanced after QSiPD incorporation, from around 93 % in UFO to
nearly 99 % for all hybrid membranes. This high Rgsa occurred even
with the higher flux of the hybrid membranes, suggesting a mitigation of
the permeability-selectivity trade-off.

The noticeable improvement in the flux and BSA rejection of the
hybrid membranes can be explained by the formation of a hydration
shell on the membranes surface due to the interdependent effects of
hydrophilicity and surface charge, which allowed for easy access of
water molecules and prevented the non-specific adhesion of BSA mol-
ecules [25,43,44,59,60]. The pore size also contributed to the changes in
water flux and BSA rejection. The two fouling resistance components, R;
and Rj;, have also confirmed a profound role of QSiPD in suppressing
irreversible fouling (Fig. 10 (d)). The least R;; (9.18 %) was observed in
UF1, compared to 32.9 % for UFO.

The performance of NF membranes was assessed by testing their
ability to separate four salt solutions of different anions and cations
(NaCl, MgS04, NagS04, & CaCly) and congo red dye. As presented in
Fig. 11 (a), the pure water flux of NF20 (5.7 LMH) and NF15 (4.6 LMH)
is nearly 5-fold and 4-fold higher than the pristine NFO (1.3 LMH),
respectively, which is due to the improved hydrophilicity, porosity, and
the pore structures of the modified membranes. The modified
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membranes have also exhibited an improved flux when tested with
different salt solutions (except for MgSO4 and CaCl;, in NF15) with salt
rejections in the order of Na;SO4 > NaCl >MgSO4 > CaCl; for NF15 and
NaySO4 > NaCl > CaCly > MgSO4 for NF20. This rejection order of the
salts is inconsistent with the previously reported order by positively
charged NF membranes [61-65], which could be attributed to the
presence of negatively charged hydroxyl moieties on our NF membranes
that led to a stronger repulsion forces towards anions than cations. It is
well-known that the separation mechanism in NF membranes occurs
through sieving (steric) and Donnan exclusion effects and that mem-
brane pore radius and charge play a critical role in this mechanism
[66,67]. A positively charged NF membrane can retain positively
charged ionic species better, while allowing negatively charged ions to
pass more easily through the membrane. However, at 15 wt% QSiPD
loading, the rejection of NaySO4 was the highest (~67 %) and the
membrane also maintained a relatively high rejections for NaCl (47 %),
MgSO4 (46%), and CaCly (45%). The rejection of NaCl and MgSO4 was
almost similar to NF15, and their moderate retention can be explained
by the synergistic effects of size exclusion and Donnan exclusion.
However, NaySO4 and NaCl rejections were higher than MgSO4 and
CaCl, and this could be ascribed to the negatively charged hydroxyl
moieties on the membrane surface, which provided stronger electro-
static affinity for the divalent cations (Mg+2 & Cat?) than for mono-
valent Na™ ions. The drop in the salt rejection potential of NF20 could be
due to the presence of surface defects in the skin layer of NF20 or due to
the deposition of calcium and magnesium salts on membrane surface
during filtration. Also, it is worth noting that the increase in flux didn't
cause a loss in the salt rejection capability of the modified membranes
(except for MgS0O4). This observation can be attributed to the small pore
size of the NF membranes and the electrostatic interactions between the
positively and negatively charged moieties on the membrane surface on
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one side and the salt ions on the other, which helped in achieving high
rejection for both mono and divalent salts.

The dye removal performance of the NF membranes is presented in
Fig. 11 (c). A digital picture of a 10 ppm feed dye solution and permeate
solution after filtration is also shown in the inset. The modified mem-
branes exhibited improved (5-fold) flux using Congo red dye feed so-
lution due to their surface hydrophilicity enhancement. Also, both NF15
and NF20 showed an outstanding dye rejection (>99.9 %). Since the
pristine membrane has also exhibited high rejection, the dye retention
mechanism would be simply described herein by the size exclusion
mechanism.

Finally, water permeability (L. m~2 h™! bar™!) and salt and dye
rejection of NF15 was compared to other state-of-the-art synthetic MM
NF membranes reported in recent literature (Fig. 11 (d)). The detailed
comparison is available in Table S1, SI. The literature-reported MM NF
membranes have water permeability in the range of 1.4-29.7 (Lm~2h~!
bar™!). Our NF15 membrane showed relatively lower permeability
(1.14L m2h! bar’l) than the other MM membranes but much higher
salt and dye rejections. For instance, NaCl rejection of NF15 was almost
250 % that of the best reported MM NF membranes. The well reported
permeability-selectivity trade-off can explain the behavior of our QSiPD-
modified NF membranes. The comparison with other MM membranes in
Fig. 11 (d) suggest that our modified membranes exhibit higher selec-
tivity, thanks to the surface effects of adding the QSiPD nanofillers, but
with a compromise of membrane permeability. This still renders QSiPD
a promising additive for membrane performance enhancement, but with
room for further optimization of membrane properties to enhance its
permeability while balancing the effect of such enhancement on its
permeability. Such optimization, which takes the intended membrane
application in consideration, is the topic of a follow up study. Moreover,
the QSiPD-modified NF membranes have the added advantage of being
resistant to bacterial growth, as discussed next.

3.5.2. Antibacterial property

The number of bacterial cells attached to the membrane surface has
remarkably diminished in the modified UF (UF1, UF2, UF4, & UF8) and
NF (NF15, & NF20) membranes (Fig. 12), in comparison to the pristine
membranes (UF0 & NFO0). The results also show that the antibacterial
activity of the hybrid membranes progressively increased with QSiPD
loading. Fig. S8, supporting information presents SEM images of the
pristine (UF0) and modified (UF8) membrane after exposure to E. coli
bacterial solution. The change in the morphological features of the
attached e. coli bacterial cells may be attributed to the contact killing
action of quaternized PDA. Intact E. coli cells were observed in pristine
(UF0) membrane, while disintegrated bacterial cells were seen at the
surface of modified membrane (UF8). This implies a role of QSiPD
nanohybrid in granting the hybrid membranes a bactericidal effect. This
antibacterial property of the modified membranes is attributed to the
positively charged quaternary ammonium groups (—N(CH3)3) of the
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QSiPD nanohybrid. According to literature [25,40,50,68], such anti-
bacterial mechanism involves the interaction of positively charged
quaternary ammonium groups with the negatively charged phospho-
lipid head groups of the E. coli cells. Once fixed in place, the hydrophobic
portion of the quaternary ammonium groups (alkyl chain) forms
micellar aggregates with the bacterial hydrophobic components that
lyse bacterial cells, leading to their death. This antibacterial property of
the modified membranes is essential in suppressing biofouling during UF
and NF operations, giving and advantage to QSiPD modified membrane
in these processes.

4. Conclusions

Mixed matrix UF and NF membranes were fabricated using QSiPD
nanoparticle as an additive material. The composite membranes incor-
porated with hydrophilic QSiPD exhibited a significant increase in sur-
face hydrophilicity and charge density, promoting fouling resistance
properties. The water flux of the UF composite membranes was reported
to be as high as ~559 L m~2h~! at 1 bar (for UF2). The increase in water
flux was due to the synergistic effects of enhanced membrane pore
structure, porosity, and hydrophilicity. Increasing the QSiPD nano-
hybrid content from 0 to 8 wt% reduced the membrane's irreversible
fouling resistance of BSA protein from 33 % to 9.18 % (UF1), 15.2 %
(UF2), 19.9 % (UF4), and 18.4 % (UF8). The hybrid NF membranes
demonstrated a significant rejection rate of several salt solutions in the
order of NaySO4 (67%) > NaCl (47 %) > MgSO4 (46 %) > CaCly(45%)
for the NF15 membrane and a remarkable (>99.9 %) rejection of Congo
red dye. The hybrid UF and NF membranes also showed an improved
antibacterial activity against E. coli, most probably via contact killing
mechanism. It can be concluded that QSiPD is a promising additive for
membrane performance improvement with good potential in several UF
and NF applications, including desalination, protein separation, and
removal of dyes.
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