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ABSTRACT. In this study, a multifunctional poly(vinylidene fluoride) (PVDF) membrane was developed through chemical binding
with ZnO-Ag nanocomposites to increase wastewater treatment efficiency. The unique characteristics of ZnO-Ag nanocomposites en-
dowed the membrane with high surface hydrophilicity, organic/bio fouling resistance, and photocatalytic antibacterial activity. The signi-
ficantly decreased water contact angle and increased under-water oil contact angle suggested improved surface hydrophilicity and organic
fouling resistance. Through factorial analysis, it was found that the antibacterial activity of the multifunctional membrane could be signi-
ficantly improved under visible light condition and with ZnO-Ag nanocomposites which obtained under higher Ag concentration and
sintering temperature. The increase of Ag composition of ZnO-Ag nanocomposites on modified membrane surface significantly im-
proved the membrane antibacterial activity but had little effect on membrane hydrophilicity. In addition, the photocatalytic antibacterial
activity of ZnO-Ag nanocomposites could further improve the membrane biofouling resistance through simple exposure to visible light.
The effects of different Ag chemical states on the performances of ZnO-Ag nanocomposites and the corresponding modified membranes
were studied, and the relevant mechanism of antibacterial activity under both dark and light conditions was discussed. Filtration experi-
ments with secondary wastewater effluent as feed solution indicated that the developed membrane exhibited one order of magnitude
larger permeate flux compared to the pristine PVDF membrane, while maintaining comparable bacteria rejection rates during the filtra-
tion process.
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1. Introduction

Membrane-based filtration technology has been extensively
applied in wastewater treatment due to its advantages in high
compactness, reliability, and efficiency (Wang et al., 2022).
Poly(vinylidene fluoride) (PVDF) membranes, one of the most
robust membranes with excellent mechanical strength, thermal
stability, and chemical resistance, are commonly used for waste-
water treatment processes (Chen et al., 2020; Ali et al., 2021).
However, due to low surface energy and high hydrophobicity,
they usually suffer from membrane fouling, particularly organic
and biological fouling (Zhu et al., 2018; Chen et al., 2022a). Or-
ganic fouling involves the formation of cake layer through the ac-
cumulation of organic matters, and biofouling is associated with
the growth of biofilm due to the adhesion of microorganisms on
the membrane surface (Li et al., 2013; Ramil et al., 2020; Liu and
Huang, 2021). The problem of membrane fouling leads to dra-
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matic decrease in permeate flux, thus increasing operation costs
and shortening membrane lifetime (Chen et al., 2019; Sri Abi-
rami Saraswathiet al., 2019). Therefore, developing a PVDF
membrane with both properties of hydrophilicity and anti-
microbial is desired for its practical application in wastewater
treatment.

Membrane modification with nano materials has been ex-
tensively studied to mitigate membrane fouling and increase
permeate flux (Li et al., 2013; Sri Abirami Saraswathiet et al.,
2019; Li et al., 2022). Recently, loading hydrophilic nanocom-
posites decorated by silver nanoparticles (Ag NPs) was proposed
to simultaneously improve membrane hydrophilicity and anti-
bacterial performance, such as silver/multiwalled carbon nano-
tubes (MWNTSs-Ag), silver/graphene oxide (GO-Ag), SiO.-Ag,
TiO,-Ag, and ZnO-Ag nanocomposites (Ahsani et al., 2020;
Huang et al., 2020a; Huang et al., 2020b; Abdel-Karim et al.,
2021; Chen et al., 2022b). Among these nanocomposites, ZnO-
Ag nanocomposites have been considered as a promising can-
didate since they not only have hydrophilic and antibacterial
properties, but also exhibit photocatalytic activity under both
UV and visible light (Wang et al., 2016). Ponnaiyan and Gopa-
lakrishnan (2019) blended ZnO-Ag nanocomposites into the
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casting solution of polysulfone/polyvinyl pyrrolidone (PSF/PVP)
membrane to enhance the performances of water permeability,
antimicrobial activity, and sulphate rejection (Ponnaiyan and
Gopalakrishnan, 2019). Huang et al. (2020) incorporated Ag-
ZnO core-shell nanoparticles into the polyamide (PA) layer of
thin film nanocomposite (TFN) membranes during interfacial
polymerization. The resultant TFN membrane exhibited better
membrane performance in terms of higher salt rejection, lower
flux decline, and excellent antibacterial property, compared with
the nanoparticle-free TFC membrane (Huang et al., 2020c). El-
Samak et al. (2021) mixed ZnO-Ag nanocomposites into poly-
styrene (PS) fibers to improve antibiological fouling properties
of oil-separating films (EI-Samak et al., 2021).

However, previous studies mainly focused on fabrication
of mixed-matrix membranes through incorporating ZnO-Ag
nanocomposites into casting solutions, which may limit the im-
provements of membrane performances due to agglomeration
of nanocomposites within polymer matrices (Dechnik et al.,
2017). There have been few reports of research on immobiliza-
tion of silver decorated zinc oxide (ZnO-Ag) nanocomposites
on membrane surfaces for wastewater treatment. Through this
strategy, membrane performances could be maximally improved
since most of the ZnO-Ag nanocomposites can be dispersed on
modified membrane surfaces. Moreover, the effects of different
Ag chemical states on the performances of ZnO-Ag nanocom-
posites and its modified membranes have not been investigated.

Therefore, a multifunctional PVDF membrane was devel-
oped through chemical binding with ZnO-Ag nanocomposites
on commercial membrane surface. A poly(acrylic acid) (PAA)
layer was introduced onto membrane surface by cold plasma-
induced graft-polymerization to immobilize ZnO-Ag nanocom-
posites. The obtained membrane was expected to have high sur-
face hydrophilicity, organic/bio fouling resistance, and photo-
catalytic antibacterial activity. In detail, factorial analysis was
employed to investigate the effects of Ag content and sintering
temperature of ZnO-Ag nanocomposites, as well as light condi-
tion and their interactions on the antibacterial activity of the
multifunctional membrane. Then, how the significant factors
affected the surface property and antibacterial activity of multi-
functional membrane was investigated detailedly. Moreover,
the relevant mechanism of antibacterial activity on multifunc-
tional membrane surface under both dark and light conditions
was explored. Finally, the improvements in filtration perfor-
mance and antifouling ability of the functionalized membrane
were demonstrated through the treatment of secondary waste-
water effluent. Implications of the results for the developed
multifunctional PVDF membrane to improve wastewater treat-
ment efficiency were evaluated and discussed.

2. Materials and Methods

2.1. Synthesis of ZnO-Ag Nanocomposites

A typical deposition-precipitation method was applied to
synthesize ZnO-Ag nanocomposites. In detailed, 10 g of ZnO
nanoparticles (NPs) was dispersed in 100 mL of AgNOj solu-
tion under sonication in a conical flask. The mixture was shaken
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with 400 rpm at 20 <for 24 h to allow the deposition of Ag* on
ZnO NPs. Then 100 mL of NaBH, solution with same molar
concentration of AgNO; was added to the mixture and stirred
for 30 min. After reaction, the precipitates were separated by
centrifugation and washed by deionized (DI) water three times,
and then the collected particles were dried completely and then
sintered for 2 h to obtain ZnO-Ag nanocomposites for further
usage.

2.2. Functionalization of PVDF Membrane with ZnO-Ag
Nanocomposites

The clean PVDF membrane was cut into pieces and fixed
in the chamber of a gas plasma treatment system (IoN 40; PVA
TePla) with the active surface layer facing up. After evacuation,
300 sccm of argon was injected into the chamber, following plas-
ma generation under 100 W of power for 90 s. Then the chamber
was evacuated again, and 450 sccm of oxygen was injected to
generate oxyradicals on the membrane surface for 3 min. The
membrane was then taken out and immediately dipped in 60%
of acrylic acid (AA) solution for poly acrylic acid (PAA) graft
polymerization at 50 <C for 1.25 h. The PAA-coated membrane
was removed and rinsed in DI water three times. The PAA-
coated membrane was in contact with fresh suspensions of ZnO-
Ag nanocomposites for 1 h. This process was performed on a
rocking platform with 300 rpm at 20 °C. The suspensions were
prepared through dispersion of certain amounts of ZnO-Ag
nanocomposites in 50 mL of DI water, followed by 20-min of
sonication. Then, the membrane was removed and dried at room
temperature for 1 h. The membrane was washed in DI water at
300 rpm for 30 min to remove weakly bounded nanocompos-
ites. Finally, the membrane was dried at room temperature to
obtain the final functionalized membrane. A description of mem-
brane functionalization with ZnO-Ag nanocomposites was pre-
sented in Supporting Information (Figure S1).

2.3. Antibacterial Activity of Membrane and ZnO-Ag
Nanocomposites

The antibacterial activity of the membrane and nanocom-
posites were evaluated through cfu enumeration assay. Briefly,
E. coli suspension (108 cfu/mL) was exposed to membranes
(0.5 cm *0.5 cm) for 3 h at 20 <C under dark and light condi-
tions (20 W). After removing the excess bacterial suspension,
saline solution (5 mL, 0.9% NaCl) was used to rinse unattached
bacteria from the membrane. The membrane was then transfer-
red to saline solution (5 mL) and was sonicated for 5 min (26
W, FS60 Ultrasonic Cleaner) to detach cells from the membrane
surface. After cell removal from the membrane surface, the su-
pernatant was cultured on LB agar media and then incubated
24 h at 37 T for cfu enumeration. The biofouling resistance of
the membranes was assessed using the same approach, the num-
ber of live bacteria which attached on the used membrane sur-
face was measured by cfu enumeration. For each membrane,
two independent samples were tested and the average value
was reported. To evaluate the toxicity of nanocomposites in su-
spension, E. coli suspension with concentration of 107 cfu/mL
was exposed to nanocomposites (180 pg/mL) at 20 °C under
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150 rpm for 3 h. At the end of exposure period, the bacterial
suspension was sonicated for 5 min to break aggregates. The
bacterial suspension was then cultured on LB agar media fol-
lowed by 24 h of incubation at 37 <C for cfu enumeration.

2.4. Factorial Experiment Design

To investigate the effects of Ag content and sintering tem-
perature of ZnO-Ag nanocomposites, as well as light condition
and their interactions on the antibacterial activity of the func-
tionalized membrane, a 23 factorial analysis was employed. The
variable levels of these three factors are presented in Table 1.
The design matrix was generated through Design-Expert v10
(Stat-Ease Inc., Minneapolis, USA) and shown in Table S1. The
cfu (% of control) on membrane surface was used as the experi-
mental response, and a lower cfu (% of control) number indi-
cated a better antibacterial activity.

Table 1. Experimental Factors and Their Levels.

Factors Low level (—1)  High level (+1)
A: Ag concentration (mM) 6 8
B: Sintering temperature (°C) 60 450

C: Light condition 0 (Dark) 1 (Visible light)

2.5. Intracellular Reactive Oxygen Species (ROS)

Intracellular ROS induced by nanocomposites was moni-
tored using DCFH-DA as oxidation-sensitive fluorescent probe.
After incubation of E. coli (108 cfu/mL) with nanocomposites
(180 pg/mL) in solution at 37 °C for 3 h, bacterial suspension
was incubated with DCFH-DA (20 pg/mL) at 37 <C for 25 min.
The suspension was centrifuged and the bacteria were washed
two times with saline solution. The fluorescence intensity was
measured through a microplate reader (Synergy H1; BioTek) at
excitation and emission of 488 and 525 nm, respectively. To
further investigate the potential roles of oxidative stresses in-
duced by nanocomposites, intracellular superoxide dismutase
(SOD) and catalase (CAT) activities were measured using SOD
and CAT assay Kits, respectively, following the specifications
provided by the manufacturer (Nanjing Jiancheng Bioengineer-
ing Institute). SOD activity was determined with hydroxyla-
mine method by using a nitrite as the detector of superoxide ra-
dicals. The radicals were generated by xanthine and xanthine
oxidase due to the presence of SOD. The absorbance was mea-
sured by the microplate reader at 550 nm. The SOD activity
unit was defined as the amount of the enzymes which caused
50% inhibition of the color formation. Colorimetric method was
applied to measure CAT activity based on the decrease of absor-
bance at 405 nm because of H,O, consumption. The CAT acti-
vity unit was defined as the amount of enzymes that decom-
posed 1 umol of H,O; per second under experimental conditions.

2.6. Filtration Experiments

The impacts of nanocomposite coating on membrane per-
formances were assessed in a cross-flow filtration system with
an effective membrane area of 20.6 cm? (CF016 membrane test

skid; Sterlitech Corporation). The water samples from second-
dary wastewater effluent were pre-filtered through filter papers
(pore size: 80 ~ 120 pm) to remove suspended and large parti-
culate matters. Before filtration experiments, all membranes
were submerged in DI water for one day. Membrane perfor-
mances including pure-water flux, permeate flux, and removal
rates of total organic carbon (TOC), total nitrogen (TN) and ba-
cteria were investigated in recycling mode with 10 L of feed
solution. The concentrations of TOC and TN in feed and per-
meate solutions were monitored using a TOC/TN analyzer
(TOC-L; Shimadzu). The reusability and biofouling resistance
of the pristine and modified PVVDF membranes were evaluated
in batch filtration mode. Four experimental cycles were tested,
each cycle started with 10 L of feed solution and ended when 7
L of permeate water was collected. The fouled membrane was
exposed to visible light (20 W) for 20 min in DI water after the
filtration process in each cycle. All the filtration processes were
performed under 1 bar of pressure at 20 £1 €. The permeate
flux was monitored by an electronic weighing balance (Valor®
1000, OHAUS, Parsippany). The membrane permeation flux
(Jw, L/m? min) was defined as (Li et al., 2021):

J, = V/(A x AY) @

where V denotes permeate water volume (L), A denotes effec-
tive membrane area (m?), and At denotes permeation time (min).
The removal rate R (%) was defined as:

R(%) = (L - C,/C,) x 100 @)

where C, denotes the concentration of bacteria in the permeate
solution (cfu/mL), and Cr denotes the concentration of bacteria
in the feed water (cfu/mL). The detailed information about ma-
terials, chemicals, membrane characterization, data analysis
and QA/QC program were provided in Supporting Information.

3. Results and Discussion

3.1. Membrane Surface Morphology

Surface morphology and structure of the pristine and mo-
dified PVDF membranes were investigated through SEM (Fig-
ure 1) and AFM imaging (Figure S3). According to Figures 1(a)
~ (b) and Figures S3(A) ~ (B), the pristine membrane surface
had pores with average size of 0.1 pm in diameter, and its ave-
rage roughness (Ra) was 120 nm. After plasma-induced PAA
polymerization, a PAA layer with net structure formed on the
membrane surface, and the surface roughness decreased to 100
nm (Figures 1(c) ~ (d) and Figures S3(C) ~ (D)).

ZnO-Ag nanocomposites were immobilized to PAA-coated
membrane surface through combining with carboxyl groups of
PAA, forming a nanocomposite coating with some clusters and
increasing the roughness to 191 nm (Figures 1(e) ~ (f) and Figure
S3(E)). Previous studies reported that PAA coating could en-
able homogeneous surface functionalization with ZnO nano-
particles (Laohaprapanon et al., 2017). Results of SR-XRF spec-
tra and mappings of ZnO-Ag nanocomposite distribution from
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Figure 1. SEM images of membrane surfaces for (a) ~ (b) pristine PVDF membrane, (c) ~ (d) PAA-coated membrane, and (c) ~
(d) ZnO-Ag modified membrane. Scale bar: 1 pm. SR-XRF mappings of Zn distributions on (g) pristine PVDF and (h) ZnO-Ag
modified membrane surfaces, and Ag distributions on (i) pristine PVDF and (j) ZnO-Ag modified membrane surfaces.

membrane surfaces also proved the successful formation of nano- um (Ti), respectively, which were caused by the existence of
composite coating. As shown in Figure S4, the SR-XRF spec- Ar in measurement environment and the occurrence of titanium
trum from the pristine membrane surface had small peaks at in membrane substrate. As for the spectrum from modified
about 2958 and 4512 eV. These two peaks were ascribed to membrane surface, there were two similar peaks, however, the
characteristic X-ray emission K lines of argon (Ar) and titani- first peak was also contributed to the characteristic X-ray emis-
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sion L lines of silver (Ag) (Figure S4(c)). In addition, two large
peaks at 8638 and 9570 eV from the characteristic X-ray emis-
sion lines of Zn Ko and Zn Kg were newly detected in the spec-
trum. Moreover, no Zn and Ag could be measured on the pris-
tine membrane surface from SR-XRF images (Figures 1(g) and
1(i)), whereas both Zn and Ag were observed to cover mem-
brane surface after modification with the same distribution pat-
tern (Figures 1(h) and (j)). These results indicated that ZnO-Ag
nanocomposites were immobilized on membrane surface, and
the Ag NPs would not split from nanocomposites during the
modification process. Thus, the photocatalytic performance of
ZnO-Ag nanocomposites under visible light would not be sig-
nificantly affected after immobilized on membrane surface. This
ZnO-Ag nanocomposite coating was expected to significantly
improve the wettability, oleophobicity, and antibacterial activi-
ty of the PVDF membrane, which could improve the permeate
flux and biofouling resistance of the membrane during waste-
water treatment.

3.2. Factorial Analysis

Based on the obtained experimental data in Table S1, the
analysis of variance (ANOVA) for the factorial design was cal-
culated and the result was summarized in Table S2, and the as-
sumptions for ANOVA were verified in Figure S5. Model terms
with values of “Prob > F” less than 0.05 were identified to be
significant. In this case, A, B, C, BC are significant model terms,
and their effects are illustrated in Figure 2. These significant
effects and their contributions on the antibacterial activity of
the functionalized membrane were summarized in Figure S6.
The -* signage represented a negative effect on the response,
which indicated that the increase of this factor level would lead
to a decrease in cfu number on membrane surface (an improve-
ment of antibacterial activity).

As shown in Figures 2(a) ~ (c), all three individual parame-
ters had significant negative effects on the cfu number on mem-
brane surface. This indicated that the antibacterial activity of
the functionalized membrane could be significantly improved
under visible light condition and with ZnO-Ag nanocomposites
which obtained under higher Ag concentration and sintering
temperature. Besides, the effect of factor B (Sintering tempera-
ture) is the most significant one, which contributed 78.56% to
the decrease of cfu number (Figure S6). It was also found that
the interaction effects of factor B (Sintering temperature) and
factor C (Light condition) was significant (Figure 2(d)). Com-
pared to under visible light condition, the cfu number on func-
tionalized membrane surface decreased more significant with
the increase of sintering temperature under dark condition, though
the overall cfu number under visible light condition was small-
er than that under dark condition. Based on such results of fac-
torial analysis, how the three factors affected the membrane sur-
face property and antibacterial activity was further investi-
gated in the following chapters.

3.3. The Effects of Ag Concentration

To assess the impacts of nanocomposite coatings with dif-
ferent Ag depositions on the property of membrane surface, dif-

ferent Zn-Ag nanocomposites (1% m/v ZnO with 0.3, 0.4, 0.5,
0.6, 0.7, and 0.8 mM Ag) were synthesized and immobilized
on functionalized membranes. Water contact angle, under-water
oil contact angle, and surface energy for the pristine and func-
tionalized PVDF membranes were measured. As shown in Fig-
ures 3(a) ~ (b), the pristine PVDF membrane showed poor hy-
drophilicity and oleophobicity with a water contact angle of
approximately 94.4<and under-water oil contact angle of 54.1<
After modification, the ZnO-Ag nanocomposite coating signi-
ficantly improved the membrane hydrophilicity as expected,
reflected by the reduced water contact angle (< 30<). Mean-
while, the coating remarkably increased the under-water oil con-
tact angle (> 150, indicating considerably improved oleopho-
bicity on the modified membrane surface (Figure 3(b)). In ad-
dition, increasing the Ag content in ZnO-Ag nanocomposites
neither continued to significantly improve the membrane hydro-
philicity, nor contribute to oleophobicity enhancement. To un-
derstand the detailed changes of membrane hydrophilicity, sur-
face energy corresponding to each membrane was calculated
(Figure 3(c)). The pristine PVDF membrane had relatively small
surface energy, which was mainly composed of dispersion force.
After modification, the surface energy was doubled and mainly
contributed by significantly increased polar force. These results
indicated that the ZnO-Ag nanocomposite coating greatly re-
duce the dispersion force and strengthen the polar force for mo-
dified membrane surface. Besides, with the increase of Ag con-
tent, the dispersion force slightly increased from 8.85 to 13.09
mN/m, the polar force declined from 55.58 to 50.00 mN/m, and
thus the total surface energy did not changed significantly.

30 304

(a) (b)

CFU (% of control)
/
CFU (% of control)

6 8 60 450
A: Ag concentration (mM) B: Sintering temperature (°C)

30 30 C: Light condition
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1
N
CFU (% of control)
o
L

o

s C-0
aCe1

0 1 E)‘O 460.

C: Light condition B: Sintering temperature (°C)
Figure 2. Significant factor effects: (a) ~ (c) main effects of
individual parameters, and (d) interaction effect of factors B
and C.

However, the Ag content of ZnO-Ag nanocomposites had
significant effects on the antibacterial activity of modified mem-
brane under both visible light and dark conditions. Figure 3(d)
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compared the relative number of viable E. coli cells after 3 h of
contact with membrane surfaces. After bacteria exposure, at-
tached cells on the membrane surfaces were detached through
moderate sonication in saline solution and incubated 24 h for
cfu plate counting. The cfu data was then normalized to the data
of the pristine PVDF membrane for analysis. It was found that
the modified PVDF membranes showed lower cfu counts, indi-
cating much higher antibacterial activities compared to the pris-
tine membrane, and increasing Ag contents further improved
the antibacterial activity. In addition, the antibacterial activity
of modified PVDF membranes under the visible light condition
was stronger than that under the dark condition. The numbers
of viable E. coli cells attached on ZnO-3Ag modified mem-
brane were only 35.7 and 46.2% of that on the pristine mem-
brane under visible light and dark conditions, respectively. These
numbers decreased to 16.2 and 27.7% for ZnO-7Ag modified
membrane, 16.2 and 24.6% for ZnO-8Ag modified membrane.
These results demonstrated that the ZnO-Ag nanocomposite
coating led to the increase of membrane antibacterial activities
under both visible light and dark conditions.

The cfu results could be influenced not only by the cyto-
toxicity of nanocomposites but also by the ability of bacteria to
adhere to membrane surface. Compared to the pristine PVDF
membrane, the much better hydrophilicity and oleophobicity of
modified membrane could significantly mitigate the adhesion
of bacteria to surface (Anselme et al., 2010; Lee et al., 2010),
though the slightly higher roughness might enhance cell adhe-
sion (Chang et al., 2016). Note that because of the small amount
of immobilized nanocomposites on the membrane surface, the
exploration of cytotoxicity and relevant mechanism required
the use of free ZnO-Ag nanocomposites suspended in solution.
Thus, the induced intracellular ROS after contacting with nano-
composites were measured, and the results were presented in
Figure S7. It was evident that the intensities of intracellular ROS
induced by ZnO-Ag nanocomposites were higher than that by
ZnO NPs under both visible light and dark conditions. A sim-
ilar relationship between Ag content and antibacterial activity
was also observed, corresponding to modified membranes. This
could be attributed to both non-photocatalytic and photocataly-
tic antibacterial activities of ZnO-Ag nanocomposites. On one
hand, nanocomposites with higher Ag content would release
more Ag* ions into water, inducing more intracellular ROS. On
the other hand, the photocatalytic antibacterial activity of ZnO-
Ag nanocomposites could be triggered by visible light, and be
increased with Ag content, thus resulting in stronger stress re-
sponses to bacteria (Ghosh et al., 2012). Nevertheless, the an-
tibacterial activities could not be obviously enhanced for ZnO-
7Ag and ZnO-8Ag nanocomposites and the corresponding mod-
ified membranes. This could be because that the surfaces of
Zn0O-7Ag and ZnO-8Ag nanocomposites were completely cov-
ered by Ag NPs, reaching their limit of photocatalytic antibac-
terial activity. Therefore, the modified membrane with ZnO-
7Ag nanocomposites was selected for further research.

3.4. The Effects of Sintering Temperature

It was reported that, during deposition, most of Ag* ions
were reduced to metallic Ag (Ag(0)) on the ZnO NP surface
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with a part of oxidized Ag (Ag(l)) remained unreacted or from
reoxidation of Ag in air (Zhang et al., 2008). The Ag(l) and a
portion of Ag(0) on ZnO-7Ag nanocomposites would become
Ag,0 after thermal treatment at 200 <C in air, and most of Ag(l)
would decompose to Ag(0) during thermal treatment at 450 <C
(Zhang et al., 2008). Thus, to study the effects of such differ-
ence on the surface property and antibacterial activity of nano-
composite coating for modified membrane and further optimize
membrane performances, ZnO-7Ag hanocomposites were sin-
tered at 60, 200 and 450 <C for 2 h before immobilization to
PVDF membrane surface. All three types of ZnO-7Ag nano-
composites showed the same wurtzite structure of ZnO in X-
ray powder diffraction (XRD) patterns, and the diffraction
peaks for Ag(0) were also observed (Figure S8) (Yildirim et al.,
2013). Besides, the peaks for Ag(0) in the spectrum of ZnO-
7Ag 450 nanocomposites had relatively higher intensity, which
indicated its higher degree of crystallinity for Ag after thermal
treatment at 450 <C. Unexpectedly, no peak for Ag(l) or Ag.0
could be found in all samples, which might be due to their low
amounts. The membranes functionalized with corresponding
nanocomposites were denoted as modified membrane ZnO-
7Ag 60, modified membrane ZnO-7Ag 200, and modified mem-
brane ZnO-7Ag 450, respectively.

The hydrophilicity, oleophobicity, surface charge, and an-
tibacterial activity of the membranes were evaluated and com-
pared in Figure 4. Among them, the modified membrane ZnO-
7Ag 450 was the most hydrophilic with the smallest water con-
tact angle (21.69 (Figure 4(a)), which could be attributed to the
strongest dispersive force on its surface due to Ag(0) (Figure
4(b)). The modified membrane ZnO-7Ag 200 showed relative-
ly poor hydrophilicity with 29.8 water contact angle (Figure
4(a)), meanwhile, its surface dispersive force was the smallest
and the polar force was the largest (Figure 4(b)). The largest
polar force could be due to the higher polarity of Ag>O on ZnO-
7Ag 200 NPs compared to that of metallic Ag on ZnO-7Ag 450
NPs (Kadam et al., 2016). However, all the three membranes
had similar under-water oil contact angles, indicating that their
oleophobicities were comparable (Figure 4(a)). As for the pro-
perty of surface charge, zeta potentials of the pristine PVDF and
modified membranes were measured and presented in Figure
4(c). After modification, the membrane surfaces exhibited low-
er zeta potentials at low pH levels (pH < 5), but slightly higher
zeta potentials at high pH levels (pH > 9). At pH 7, compared
with the pristine PVDF membrane, the modified membrane
ZnO-7Ag 200 showed a similar surface charge, and the mod-
ified membranes with ZnO-7Ag 60 and ZnO-7Ag 450 NPs dis-
played much more negative charges. This could be reasonable,
since the zeta potential of Ag,O was higher than that of Ag(0)
(Kim et al., 2004; Wang et al., 2020), leading to the relative
positive charge of the modified membrane ZnO-7Ag 200.

Figure 4(d) summarized the relative numbers of viable E.
coli cells after contacting with ZnO-7Ag membrane surfaces
for 3 h. As expected, all the three ZnO-7Ag membrane surfaces
showed higher antibacterial activities under light conditions
than that under the dark condition. In addition, it was note-
worthy that their antibacterial activities were comparable under
the visible light and UV light conditions. Moreover, under all
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Figure 3. Water contact angles in air (a), under-water oil contact angles (b), and surface energies (c) of the pristine and modified
PVDF membranes under different Ag contents; (d) relative number of viable E. coli cells after contact with membrane surfaces for
3 h, determined through cfu plate counting and normalized to the result of the pristine PVDF membrane surface.

conditions, the numbers of viable E. coli cells attached on both
modified membranes ZnO-7Ag 200 and 450 were smaller than
that on modified membrane ZnO-7Ag 60, and the modified
membrane ZnO-7Ag 450 had the smallest number. These re-
sults could be caused by a combination of membrane surface
properties and cytotoxicity of nanocomposites. In addition to
the hydrophilicity and oleophobicity mentioned above, surface
charge could also affect the biofouling resistance of membranes
(Hadi et al., 2019). It was reported that the surface charges of
most bacterial cells (including E. coli) were negative (Soni et
al., 2008), thus the electrostatic repulsion between the nega-
tively charged membrane surface and the bacteria would not be
conducive to cell adhesion. Hence, the most hydrophilic and
negatively charge surface helped the modified membrane ZnO-
7Ag 450 achieve the best antibacterial activity. Nevertheless, it
was interesting that modified membrane ZnO-7Ag 200 with
larger water contact angle and higher zeta potential showed
lower viability of E. coli cells compared to the modified mem-
brane ZnO-7Ag 60.

3.5. Mechanism of Antibacterial Activity

To further elucidate the contribution of cytotoxicity of
nanocomposites to antibacterial activity of modified membranes
and to explore the relevant mechanism, intracellular SOD and
CAT activities were measured to reflect oxidative stresses from
superoxide radicals (O,) and H,O, respectively, the genera-

tion of hydroxyl radical ("OH) was also assessed through EPR
measurement (He et al., 2020). As shown in Figure 5 and Fig-
ure S9, all the three indicators of nanocomposites demonstrated
much higher oxidative stress in visible light condition than that
in the dark. It was thus unsurprising to observe higher antibac-
terial activities of modified membranes under light conditions
in Figure 4(d). Compared with ZnO NPs, the oxidative stresses
induced by all ZnO-7Ag nanocomposites were more intense
under the visible light condition (Figure 5); under the dark con-
dition, the intracellular SOD activities of nanocomposites were
stronger (Figure 5(a)), while the CAT activities and the gene-
rated EPR intensities of nanocomposites were similar (Figure
5(b) and Figure S9). These suggested that the deposited Ag con-
tributed to the improvement of photocatalytic antibacterial acti-
vity for nanocomposites, due to the intensified chemical oxida-
tion which stem from increased ROS generation under light con-
dition. Increasing oxidative stress from O, could be the main
contribution of Ag to enhance the non-photocatalytic antibacte-
rial activity of ZnO-Ag nanocomposites.

Additionally, all the three ZnO-7 Ag nanocomposites caused
comparable intracellular SOD activities in light and CAT acti-
vities in dark. The intracellular SOD activities induced by nano-
composites in dark could be ordered as: ZnO-7Ag 60 > ZnO-
7Ag 200 > ZnO-7Ag 450 (Figure 5(a)), while the ZnO-7Ag 450
nanocomposites lead to the most intensive intracellular SOD
activity in light (Figure 5(b)). Meanwhile, the intensity of “OH
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pristine PVDF membrane surface.

generated by ZnO-7Ag 200 nanocomposites in light was the
highest (Figure 5(c)). This intensity was slightly higher than
that by ZnO-7Ag 450 nanocomposites, and was considerably
higher than that by ZnO-7Ag 60 nanocomposites. These could
be ascribed to that the ZnO-7Ag 60 nanocomposite contained
a small portion of Ag(l) which could easily release Ag* ions to
water, leading to the highest intracellular SOD activity in dark
and lowest "OH intensity in light. After thermal treatment, this
portion of Ag(l) and a part of Ag(0) would become Ag.O on
Zn0O-7Ag 200 nanocomposite surface, and most of Ag(l) would
decompose to Ag(0) on ZnO-7Ag 450 nanocomposite surface.
It was reported that, the deposition of Ag(0) could be the main
reason for the photoexcitation of nanocomposites in the visible
light region because of plasma resonance, and could contribute
to the stability of the photocatalysts; the Ag»O could act as ac-
tive sites to enhance photocatalytic abilities (Zhang et al., 2008).

That could be the reason why the ZnO-7Ag 200 nanocom-
posites could result in the highest intensity of “OH and the ZnO-
7Ag 450 nanocomposites could stimulate the strongest intracel-
lular SOD activity under the visible light condition. Thus, the
generation of *OH could be the main contributor of the lower
viability of E. coli cells for modified membrane ZnO-7Ag 200
in light. Taken together, the results from surface property in-
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vestigation, plate counting assay, and ROS generation analysis
demonstrated that the modified membrane ZnO-7Ag 450 had
the strongest antibacterial activity among the modified mem-
branes under both light and dark conditions.

3.6. Membrane Surface Chemistry

The organic functionalities of the membrane surfaces were
investigated with ATR-FTIR spectroscopy and mapping. The
spectra obtained from membrane surfaces and NPs were sum-
marized and compared in Figure 6(a) and Figure S10 within a
wavenumber range of 400 ~ 4000 cm'™. Spatial distributions of
peak intensity at wavenumbers of 1377, 1405, 1515, 1590, and
1650 cm™ on membrane surfaces obtained from synchrotron
ATR-FTIR mapping were shown in Figure 6(b). According to
Figures 6(a-5) to (a-8) and Figure S10(b), no significant differ-
ence could be observed from the spectra of ZnO NPs and ZnO-
Ag nanocomposites. This could be due to the characteristic vi-
bration band of Ag-O was approximately 500 cm™ (Kadam et
al., 2016), which was hidden by the broad and intensified ab-
sorption in the range of 400 ~ 600 cm™ because of the stretch-
ing mode of Zn-O (Azizi et al., 2016). All spectra of membrane
surfaces showed strong absorbance at 1180 and 1405 cm', which
were corresponded to vibrations of C-F and C-H from PVDF,
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Figure 5. Relative intracellular (a) SOD and (b) CAT activities of E. coli (108 cfu/mL) induced by nanoparticles after 1 h of contact;
(c) EPR spectra of ZnO NPs and ZnO-7Ag nanocomposites after the irradiation with xenon lamp for 30 min.

respectively (Pan et al., 2017). After surface modification, much
more intensified absorptions at the wavenumber of 400 ~ 600
cm were observed in the spectra of modified membrane sur-
faces owing to the coverage of ZnO-Ag nanocomposites. Be-
sides, absorption bands at about 1590 cm™ and 1650 cm™ with
identical spatial distributions were newly observed on modified
membrane surfaces. Their appearances could be due to the for-
mations of bidentate and monodentate species between carboxyl
group and ZnO during the immobilization process of ZnO-Ag
nanocomposites on PAA layer (Liu et al., 2020). More obvious
absorbance at 1377 cm™ could be witnessed on the spectra of
modified membrane surfaces with higher content of Ag (Figure
S10(a)), which could be attributed to N-O bonds from unreact-
ed AgNO; on ZnO-Ag nanocomposites (Gan et al., 2016). Thus,
compared to the pristine membrane surface with same spatial
distributions at 1405 and 1377 cm™, modified membrane sur-
faces showed strengthened peak intensities at 1377 cm?, and
their distributions were significantly different with those at
1405 cm* (Figure 6(b)). In addition, a small peak at 1515 cm?
was shown in the spectrum of modified membrane ZnO-7Ag
200, whereas it was not obvious in the spectra of modified mem-
branes ZnO-7Ag 60 and ZnO-7Ag 450 ((Figure 6(a)) and Fig-
ure S11). The reason might be that carboxyl groups of PAA

complexed with the Ag.O to form monodentate or bidentate
species on the surface of modified membrane ZnO-7Ag 200
(Gan et al., 2016). However, modified membranes ZnO-7Ag
60 and ZnO-7Ag 450 also displayed similar spatial distributions
at 1515 cm™ with the other three wavenumbers (Figure 6(b)).
This was probably because that a small amount of Ag(l) existed
in these two ZnO-7Ag nanocomposites and also combined with
PAA.

XPS analyses were also performed to study the chemical
compositions of membrane surfaces modified with ZnO-7Ag
60, ZnO-7Ag 200, and ZnO-7Ag 450 nanocomposites. As shown
in Figure S12(b), evident peaks attributed to Zn 2p and small
signals of Ag 3d were newly detected from all XPS wide-scan
spectra of modified membranes, which was consistent with the
SR-XRF results in Figure S4. Increased intensities of O 1s were
also detected due to the ZnO-7Ag nanocomposite coatings on
modified membrane surfaces. The C 1s XPS spectra from mem-
brane surfaces before and after modification were showed in
Figure S13. Besides three peaks at 284.7, 286.4, and 290.8 eV
which were corresponding to binding energies of C-H, C-C,
and C-F from PVDF, new energy peaks at 288.7 eV were notic-
ed in the spectra of modified membranes. This peak could be
attributed to O=C-O introduced by PAA polymerization (Wu
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et al., 2015). Figure 7 presented the XPS core-level spectra of
Ag 3d, Zn 2p, and O 1s from the three ZnO-7Ag nanocompo-
sites and modified membrane surfaces. For ZnO-7Ag nanocom-
posites, the Ag (3d5/2) and Ag (3d3/2) peaks for Ag(0) at ~367.6
and ~373.6 eV were observed (Corro et al., 2017), and no ob-
vious shift or peak for Ag(l) or Ag2O could be measured due to
their low contents (Figure 7(a)). Same binding energies of
1021.4 eV for Zn (2p3/2) and 1044.5 eV for Zn (2p1/2) were
detected for nanocomposites (Figure 7(c)). Figure 7(e) also
showed similar O 1s spectra from nanocomposites, which con-
tained peaks at ~530.2, ~531.4, and ~533.0 eV for lattice oxy-
gen (Zn-O, Ag-0), surface hydroxyl group, and adsorbed water,
respectively (Lakshmi Prasanna and Vijayaraghavan, 2015).
After immobilization of nanocomposites to membrane surfaces,
all peak positions of Ag 3d and Zn 2p significantly shifted to-
ward higher binding energies on the spectra of all modified
membrane surfaces (Figures 7(c) and (d)). Previous studies and
FTIR spectra analyses demonstrated that the carboxyl groups
of PAA could act as complexing ligands to combine with ZnO
(Isawi et al., 2016), which may cause the shifts of Zn 2p peak
positions (~0.7 eV). Thus, the shifts of binding energies for Ag
3d (~0.6 eV) could be attributed to the complexation between
PAA layer and Ag NPs. In addition, the energy peaks of lattice
oxygen from ZnO-7Ag nanocomposites could not be found in
Figure 7(f), while shifts of C-O peak at ~533.0 eV for the pris-
tine PVDF membrane to ~532.2 eV for modified membranes
were observed (Figure 7(f) and Figure S14), which might be
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owing to the formation of C-O-M (M: Zn or Ag) (Song et al.,
2015). Taken together, these results suggested that the PAA layer
could help immobilize ZnO-7Ag nanocomposites by forming
covalent bonds of C-O-M on nanocomposite surfaces, thus gen-
erating nanocomposite coatings on modified membrane surfaces.

3.7. Membrane Performances

The filtration performance and antibacterial behavior of
the modified membranes with ZnO-7Ag nanocomposites were
investigated and compared to that of the pristine PVDF mem-
brane. The secondary wastewater effluent from municipal waste-
water treatment plant was selected to be the feed solution, since
it contained large number of bacteria and organic pollutants.
Before application to wastewater treatment, the water perme-
ability of membranes were evaluated through testing pure-water
fluxes. According to Figure 8(a), the pure-water flux was signi-
ficantly increased from 104.4 L/m? min for the pristine mem-
brane to 802.2, 799.8, 823.2 L/m? min after surface modifica-
tion with ZnO-7Ag 60, ZnO-7Ag 200, and ZnO-7Ag 450 nano-
composites, respectively. Results demonstrated that all the mo-
dified membranes showed much larger water permeability due
to their stronger surface hydrophilicity, which was a result of
ZnO-7Ag nanocomposite coatings. The oleophobic properties
and antibacterial activities of nanocomposite coatings also con-
tributed to the improvement of biofouling resistance for waste-
water treatment. As shown in Figure 8(b), the stable permeate
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flux of pristine membrane was less than 10 L/m? min during a
100 min of filtration operation. In comparison, the modified
membranes had notably high permeate fluxes, which were larger
than 170, 200, and 250 L/m? min for modified membranes ZnO-
7Ag 60, ZnO-7Ag 200, and ZnO-7Ag 450, respectively.
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Figure 8. Performances of the pristine and modified PVDF
membranes: (a) pure-water flux, (b) permeated flux with time,
and (c) relative number of viable E. coli cells on used
membrane surfaces before and after irradiations.

Besides, the viabilities of bacteria attached on used mem-
brane surfaces after filtration operation were shown in Figure
8(c). It could be found that much less viable bacteria could ac-
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cumulate on modified membranes. The improved hydrophili-
city and reduced bacteria adhesion combined with the remark-
able antibacterial properties of ZnO-7Ag nanocomposites could
explain the mechanism by which modified membranes could
hinder the development of biofilm. For example, the best sur-
face hydrophilicity, most negative charge, and strongest anti-
bacterial activity of modified membrane ZnO-7Ag 450 were
adverse to bacteria accumulation and survival, leading to its
highest permeate flux and lowest bacteria viability among mod-
ified membranes. In addition, Figure 8(c) displayed the changes
of bacteria viabilities on used modified membranes after ex-
posure surfaces to visible and UV light irradiations for 20 min.
The amounts of viable bacteria were obviously decreased for
modified membranes after exposure, while the same observa-
tion was not noted for the pristine membrane. Moreover, the
changes under visible and UV light irradiations for modified
membranes could not be considered statistically different, fur-
ther indicating the similar antibacterial activity of modified
membranes under both light irradiations. Thus, the modifica-
tion with ZnO-7Ag nanocomposites conferred the membrane
surfaces great abilities to improve biofouling resistance during
filtration process and enhanced photocatalytic antibacterial acti-
vity to mitigate biofouling under visible light.

The efficiencies of modified membranes for wastewater
treatment were expected to be significantly improved due to
their excellent hydrophilicity and antibacterial properties. To
further verify this, the stabilities of the membrane performances
were also evaluated through recycling tests, and the results
were shown in Figure 9. Considering the photocatalytic anti-
bacterial activity of modified membranes, the fouled membrane
surfaces were exposed to visible light (20 W) in DI water for
20 min to alleviate biofouling after each cycle. Compared to
modified membranes, the pristine PVDF membrane exhibited
much lower stable permeate fluxes for all cycles (Figure 9(a)).
As expected, modified membranes achieved super-high per-
meate fluxes and comparable removal rate of bacteria from
wastewater during each cycle, and the removal rate kept steady
among cycles (Figure 9(b)). However, bacteria accumulated on
membrane surfaces could not be completely inactivated within
20 min of exposure (Figure 8(c)), which may result in the con-
tinuous growth of biofilms on membrane surfaces during re-
cycling tests. Thus, the stable permeate fluxes decreased 39.4%
for the pristine membrane, 30.8% for modified membrane ZnO-
7Ag 60, 24.3% for modified membrane ZnO-7Ag 200, and
15.0% for modified membrane ZnO-7Ag 450, respectively (Fig-
ure 9(a)). It could be seen that the decreasing amplitudes of per-
meate fluxes for modified membranes were smaller than that of
the pristine membrane under the same filtration condition. Par-
ticularly, the modified membrane ZnO-7Ag 450 showed the
largest permeate flux, lowest decreasing amplitude, and highest
bacteria removal rate among all the membranes in each cycle.
According to the above analysis, three aspects could contribute
to the best performance of the modified membrane ZnO-7Ag
450. (1) Its excellent hydrophilicity brought about the super-
high water recovery. (2) The oleophobic and negatively charged
surface reduced bacteria adherence and organics accumulation,
and the strong non-photocatalytic antibacterial activity could
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deactivate some of the adhered bacteria. This could efficiently
reduce the formation of biofilm and cake layer on membrane
surfaces. (3) The photocatalytic antibacterial activity could fur-
ther sterilize adhered bacteria under visible light, ensuring fa-
vourable biofouling resistance and stable separation performance.
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Figure 9. Performances of the pristine and modified PVDF
membranes under different cycles: (a) stable permeated flux,
and (b) bacteria removal rate.

4, Conclusions

The strategy of PVDF membrane functionalization with
ZnO-Ag nanocomposites was proposed to improve treatment
efficiency and mitigate biofouling for membrane-based pro-
cesses. ZnO-Ag nanocomposites could be attached onto the
membrane surface through covalent bonding with bridging agent
which was a PAA layer introduced by cold plasma-induced
graft-polymerization. The formation of ZnO-Ag nanocompo-
site coating endowed properties of hydrophilicity, oleophobi-
city, and non-photocatalytic antibacterial activity to modified
membrane. The modified membrane thus showed both strong
antiadhesive and biofouling resistance, while maintaining super-
high water flux without sacrificing bacteria rejection rates dur-
ing filtration process. The photocatalytic antibacterial activity
of ZnO-Ag nanocomposites further improved the membrane
biofouling resistance through simple exposure to visible light.
It was found that the Ag content of ZnO-Ag nanocomposites
could significantly affect the membrane antibacterial activity

rather than surface hydrophilicity. In addition, the membranes
modified with ZnO-7Ag nanocomposites, which were obtained
under 200 and 450 <C of sintering, had more improved perfor-
mances; the modified membrane ZnO-7Ag 450 achieved the
best performance due to the most Ag(0) composition. Overall,
the ZnO-Ag nanocomposite modified membrane could be pro-
mising for the treatment of biological contaminated wastewater
with high efficiency.
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