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fabricate superhydrophilic composite hydrogel coatings or membranes for water-
cleaning applications. The integrated advantages of the photocatalytic properties
and the nanoscale morphology of ZnO nanoparticles render this method cost-
effective, sustainable, versatile, and scalable. Three types of ZnO/hydrogel
composite membranes are fabricated via this strategy for the separation of
stratified oil/water mixtures, removal of nanoscale oil emulsions from water, and
one-step removal of emulsions and dissolved pollutants, respectively.
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approach to zinc oxide-composed dual functional
membranes for sustainable water treatment

Chenxuan Li," Boliang Jiangli,” Brian Lee," Guanghua Yu,' Wan Zhang,' Hengxi Chen,? Sarah Sanders,’

Mohammad Al-Hashimi,? Sarbajit Banerjee,’ and Lei Fang'-#**

SUMMARY

Water contaminated with organic pollutants significantly threatens
human health and ecosystems. Despite advances in water treat-
ment membranes, challenges persist in their complex fabrication
processes and limitations in handling intricate wastewater treat-
ments. Here, we introduce a straightforward, sustainable, scalable,
and adaptable strategy for fabricating superwettable membranes
using zinc oxide (ZnO)-initiated photopolymerization. ZnO nano-
particles used in this approach provide spatial control for polymer-
ization, enhance surface roughness to induce superhydrophilicity
for oil removal, and catalyze photodegradation of dissolved
organic contaminants. Versatility of this approach allows the fabri-
cation of three distinct types of membranes, showcasing excep-
tional performance in diverse water treatment scenarios. Stratified
and emulsified oil/water mixtures can be separated efficiently
(>99.0%), with fluxes up to 19,700 L m~—2h~". In addition, over
90% of soluble organic pollutants can be photodegraded within
two filtration cycles, concurrently with oil removal. This mem-
brane-fabricating strategy paves the way for the scalable produc-
tion of superwettable and photocatalytic membranes for sustain-
able water treatment applications.

INTRODUCTION

The massive expansion of the intertwined chemical and energy industries encom-
passing hydrocarbon fuels, chemical precursors, and pharmaceuticals poses risks
to human health and vulnerable ecosystems as a result of water contamination
by organic pollutants such as dispersed oils and soluble organic compounds
including dyes, surfactants, and antibiotics.” ™ Traditionally, these organic pollut-
ants in water are removed by physical methods such as adsorp’cion,4 distillation,”
and electrocoagulation,® and chemical methods such as chemical oxidation” and
flocculation.” Compared to these conventional methods, membrane separation of-
fers sustainable advantages such as continuous operation, high efficiency, and low
energy input.”'? Superwettable membranes possessing opposite affinity to oil
and water demonstrate exceptional efficiency in separating immiscible oil/water
mixtures.'*"” Specifically, oil-blocking superhydrophilic and superoleophobic
membranes provide several unique advantages for water treatment compared
with their water-blocking superhydrophobic and superoleophilic counterparts,
including the lower susceptibility to fouling, better suitability for gravity-driven
separation, and higher flux owing to the low viscosity of water."*">"® Following
the design strategy of imparting surface roughness into high surface energy
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PROGRESS AND POTENTIAL

The contamination of freshwater
sources with oils, organic solvents,
and soluble antibiotics poses
significant risks to human health
and ecosystems. To address this
critical issue, superwettable
membranes offer a promising
solution for cleaning up water with
high separation efficiency and low
energy consumption.
Nevertheless, the development of
simple and scalable methods to
fabricate these membranes
remains challenging. This paper
presents a versatile strategy that
uses photopolymerization to
create superwettable
membranes. The
multifunctionality of ZnO
nanoparticles lends feasibility,
scalability, adaptability, and
efficiency to the process. The
produced membranes
demonstrate remarkable
efficiency in various water
treatment scenarios. This
approach lays the foundation for
the fabrication and application of
cost-effective membranes for
sustainable water purification
technologies, especially in
developing areas with limited
access to water-cleaning facilities.
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materials, as elucidated by the Young model'” and the Cassie-Baxter mode a
variety of superhydrophilic and underwater superoleophobic membranes have
been developed by compositing inorganic nanoparticles such as SiO,,*? carbon
nanotubes,”® or graphene oxide,?* with hydrophilic polymeric materials (e.g., hy-
drogels).””*° These membranes showed excellent performance in removing

immiscible oil from water.

To remove dissolved pollutants in water, catalytic degradation processes, partic-
ularly semiconductor photodegradation processes, have been developed and
applied in water treatment, providing an alternative to traditional adsorption
methods. The photodegradation approaches offer the advantage of continuous
operation, which is not constrained by the capacity of porous adsorption mate-
rials.>" In this context, incorporating photocatalytic semiconductor nanoparticles
(e.g., Zn0,%233 Ti0,%* 3% into membranes allows for the photodegradation of
dissolved pollutants under ultraviolet (UV) or sunlight when water passes through
the membrane. For example, a ZnO nanorod decorated nanofibrous polyvinyli-
dene fluoride (PVDF) membrane can remove dissolved dyes from water under
UV light, and its superhydrophilic nature allows for oil/water separation in an
additional step.?? However, most of these membranes can only work in a conven-
tional batch-type mode with relatively long durations.***® To achieve simulta-
neous removal of both immiscible oil and dissolved pollutants from water, flow-
through catalytic membranes were designed to allow sufficient contact between
the membrane and the aqueously dissolved organic pollutant molecules, leading
to catalytic photodegradation of these pollutants under continuous operation.®’
Li and coworkers developed a superhydrophilic and underwater superoleophobic
membrane by electrochemical deposition of hierarchical TiO, nanotubes.>® The
resulting membrane demonstrates efficient flow-through photodegradation of
dissolved organic molecules and at the same time can effectively separate
layered oil/water mixtures. More recently, there have been developments in the
fabrication of membranes that can simultaneously separate oil-in-water emulsions
and photocatalytically degrade organic pollutants, such as TiO,/sulfonated gra-
phene oxide/Ag,’” hydrogel-PVDF@ZnO/Ag,*® TiO,/Co304/graphene oxide,”’
and Cl/S-g-C3N,; membranes.?? Despite these significant advances, the fabrica-
tion of these multifunctional membranes typically requires complex fabrication
procedures, limiting the desired large-scale application of these membranes for
water treatment. Moreover, such membranes exhibit relatively low efficiency in
separating oil/water mixtures solely due to their relatively low flux. Therefore,
there is a significant demand for a simple, cost-effective, scalable, and versatile
strategy for the general fabrication of superwettable yet photocatalytically
active membranes for a broad range of water purification applications. Here,
we report a scalable and versatile ZnO-initiated photopolymerization (ZIP)
coating strategy to address this challenge. Here, ZnO nanoparticles (ZnONPs)
serve multiple functions: as the initiator for photopolymerization during fabrica-
tion, as the surface roughening agent for superwettability, and as the photocata-
lyst for photodegradation of dissolved organic pollutants. The fabrication of
various large-area membranes and their applications for specific water treatment
scenarios, including stratified oil/water mixtures, surfactant-free or surfactant-
stabilized oil-in-water emulsions, and organic pollutant-contaminated water,
were demonstrated. The simplicity, cost-effectiveness, low energy input, and
versatility of this ZIP approach, together with corresponding high performance
in various applications, set this work apart from existing benchmark coating
methods, making it an ideal platform technology for the large-scale production
of superwettable coatings for wastewater effluent treatment.
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RESULTS AND DISCUSSION

Design and fabrication of membranes via the ZIP approach

The central design principle here is based on the dual functions of ZnONPs: their
ability to induce a nanoscale, highly rough morphology on the surface for superwett-
ability, and their ability to generate radicals under UV irradiation as a semiconductor.
To achieve the desired superhydrophilic and underwater superoleophobic coating
suitable for water treatment, we designed composite coatings composed of
ZnONPs embedded in photopolymerizable hydrophilic polymer matrices. Polyacryl-
amide (PAM) was selected as the matrix due to its ease of photopolymerization,
intrinsic hydrophilicity, underwater oleophobicity, and environmental friendli-
ness.”>?” Meanwhile, the presence of ZnONPs (100 or 500 nm average diameter)
can lead to a highly rough surface when cast on the substrate. When coated with
PAM, the rough surface greatly amplifies the hydrophilicity according to the Wenzel
model.'? If underwater, the rough surface of the ZnONPs/PAM can trap water and
lead to small area fraction of the solid-oil interface, resulting in underwater supero-
leophobicity according to the Cassie-Baxter model.”®?" ZnONPs also represent a
class of excellent non-migratable photoinitiators for polymerizing various vinyl
monomers, including acrylamide.**~*¢ Here, we use a ZIP approach to synthesize
composites of ZnNONPs and PAM on various surfaces as coating. During ZIP, selec-
tive initiation of photopolymerization on the surface of the ZnONPs ensures excel-
lent spatial control of the formed hydrophilic PAM, which can also serve as the bind-
ing matrix of the composite for mechanical robustness .** Here, the spatial control of
ZIP, limited to the area near the surface of ZnONPs, prevents excessive formation of
PAM that could obscure the rough surface features, ensuring that the ZnONPs-
induced high surface roughness is maintained for superwettability. Last but not
least, the photocatalytic activity of ZnONPs can also be harnessed for the photode-
gradation of water-dissolved organic contaminants when the aqueous phase is
passing through the membrane. Overall, the deployment of these low-cost and
multifunctional ZnONPs lead to simple superhydrophilic membrane fabrication pro-
cesses that are efficient for various monomers, substrates, and applications.

In this study, we showcase three instances of this versatile ZIP technique applied to
diverse substrates, resulting in a range of separation membranes suitable for
different water treatment applications. Specifically, ZnONPs/hydrogel composites
were coated onto a stainless-steel mesh (SSM) with large pore size, coated onto a
mixed cellulose ester (MCE) membrane with small pore size, and fabricated as a free-
standing membrane.

First, the ZIP coating of SSM by a superhydrophilic/underwater superoleophobic
ZnONPs/PAM composite was achieved (Scheme 1A).? A 30 x 30 cm SSM with large
pore diameter of ~109 um was used as the substrate to ensure high flux and efficient
separation of stratified oil/water mixtures. ZnONPs with an average particle size of
~500 nm were first spray-coated onto the SSM (Figures STA and S1B) at a coating
density of 3.5 mg/cm?. Subsequently, the entire mesh was immersed in a solution
consisting of acrylamide monomer and bis-acrylamide crosslinker, and drawn out
from the solution. Due to the high surface area of ZnONPs, the ZnONPs/SSM surface
was effectively wetted by the solution, eliminating the need for an adhesive agent or
further tuning of the solution viscosity, a common yet tedious procedure in many
other coating formulations.?*” After simple irradiation of the wet SSM sample un-
der 100 mW/cm? UV light at 365 nm for 15 min, the ZIP process involving polymer-
ization of acrylamide took place on the surface of ZnONPs to afford an SSM coated
by the composite of ZNONPs and PAM (PAM-ZnO@SSM).
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Matter



Matter ¢? CellPress

A \o\ AM, BAM Qil oil
SesmssiRsa R Soaking g.m&m&ammsm‘ ShihEREese -)\\v-zno @SSM
Stalnless steel mesh (SSM) NH, Zno, H,0
3 m—:fr:w; 4\{[ UV 15 min *j:;H
I‘_L[ ‘3'1‘1‘] ]“I]A 2
‘ Tr‘ﬂ I’L}_“IAEﬂﬂ[L}L’,!
B LR Wty watSh
; e
ZnO, Dopamine V’f‘:\(‘ FE NaAMPS, BAM ‘)ﬁ
—_ e f zg,“_m —_— UV@365 nm
Stirring Soaking PNaAMPS-PDA-ZnO@MCE
Mixed Cellulose Ester (MCE) l’\ﬁ
3 _O'Na*ZnO, H,0
/\lf 7(\ UV15 min /‘ﬁ
C

Drop casting
—_—

Porous-PAM-ZnO

Zno, H,0 ) ZnO NP
NH, — = - O
A v 20 min Saes®)
o o ,J\ s Water
N N s
e & o ~— PAM

5

Scheme 1. Fabrication of a variety of superhydrophilic membranes using the ZIP approach
(A) PAM-ZnO@SSM: coating on high flux SSMs.

(B) PNaAMPS-PDA-ZnO@MCE: coating on MCE membranes.

(C) Porous-PAM-ZnO: freestanding porous polyacrylamide-ZnONPs composite membranes.

In a second example, the ZIP method was used to coat a substrate with much smaller
pore size, which is good for separating oil-in-water emulsions composed of micro-
meter/nanometer-scale oil droplets (Scheme 1B). An MCE membrane with intercon-
nected pore structures possessing an average pore size of ~0.45 pm was selected as
the substrate. MCE is a widely used hydrophilic membrane for environmental and
microbiological filtration due to its low cost, high chemical resistance, and tunable
range of pore dimensions.”’ %7 ZnONPs with a particle size of ~100 nm
(Figures S1C and S1D) were immobilized onto the skeleton of the MCE membrane
using polydopamine (PDA), which represents a strong natural adhesive formed
through the oxidative polymerization of dopamine under basic conditions in air.
Subsequently, the membrane was immersed in a solution of hydrophilic sodium
2-acrylamido-2-methylpropanesulfonate (NaAMPS) monomer and bis-acrylamide
as the crosslinker. After a 15-min UV irradiation, crosslinked poly(2-acrylamido-2-
methylpropanesulfonate) (PNaAMPS) was formed in situ through ZIP to afford the
membrane PNaAMPS-PDA-ZnO@MCE.

In a third example, the ZIP strategy was used to fabricate freestanding ZnO/hydrogel
composite membranes (Scheme 1C). The pores of such membranes can be gener-
ated by incorporating a pore-forming templating agent such as crystals,*” sol-
vents,”’ or inert polymers®” in the membrane precursor, followed by removing the

Matter 7, 1146-1160, March 6, 2024 1149




- ¢ CellPress Matter
Article

MPS-PDA-ZnO
@MCE

Figure 1. Photographic and SEM images of the ZIP-derived membranes

(A-C) Photographic image (A) and (B and C) SEM images of the PAM-ZnO@SSM membrane.
(D-F) Photographicimage (D) and (E and F) SEM images of the PNaAMPS-PDA-ZnO@MCE membrane.
(G-1) Photographic image (G) and (H and I) SEM images of the porous-PAM-ZnO membrane.
Rulers in (A), (D), and (G) are marked in centimeters.

templating agent after the formation of the membrane.® Such a freestanding mem-
brane can remove emulsified oil droplets and degrade dissolved organic pollutants
from water simultaneously. On the one hand, the ZnONPs impart high local rough-
ness and hence endow the membrane with superhydrophilicity and underwater
superoleophobicity. On the other hand, the high composition of ZnONPs in the free-
standing membrane provides a sufficiently tortuous path for dissolved organic mol-
ecules passing through the membrane to approach in close proximity to ZnONPs for
photodegradation. To fabricate a porous membrane, we dispersed 500 nm-sized
ZnONPs in a 3-wt. % solution of polyethylene glycol (PEG, MW = 20 kg/mol). PEG
functions as both the surfactant to reduce ZnONPs agglomeration in water®* and
as the pore-forming agent of the membrane.”” Acrylamide and bis-acrylamide
were then dissolved into the suspension, which was subsequently cast onto a glass
substrate and sandwiched between two pieces of glass spaced by 200-pm-thick mi-
crocover glass slides for the control of the membrane thickness. Following UV curing
for 20 min, the as-synthesized membrane was separated from the glass plates
and soaked in warm water for 48 h to afford the freestanding porous-PAM-ZnO
membrane.

Morphology and surface wettability

The morphologies of all three classes of membranes were characterized by scanning
electron microscopy (SEM) (Figure 1). SEM images of the PAM-ZnO@SSM mem-
brane showed uniform coverage of the mesh wire with a highly rough layer of
ZnONPs integrated with the PAM hydrogel matrix (Figures 1B, 1C, and S2). Signifi-
cantly, the coating was not observed on the inner walls of the mesh pores, and thus
the pore channels for water passage remain unobstructed by the coating material,

1150 Matter 7, 1146-1160, March 6, 2024
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thereby ensuring a high water flux during filtration. This advantageous distribution
of the coating underscores the benefits of using photopolymerization in such
applications.?®

Characterization data were collected throughout the fabrication of the PNaAMPS-
PDA-ZnO@MCE membrane from its initial MCE precursor. The pristine MCE mem-
brane displayed a white color with interconnected pores of ~0.45 um in diameter
(Figures S3A and S3B). Upon the deposition of ZnONPs and PDA, the membrane
turned dark brown. SEM imaging revealed a substantial number of nanoscale
ZnONPs immobilized on the MCE fibers (illustrated in Figures S3C-S3F), resulting
in a noticeably rougher surface on the individual fibers. The subsequent ZIP reaction
of NaAMPS caused little change in the optical membrane appearance, although
SEM images (Figures 1E and 1F) revealed the formation of a hydrogel layer on the
surface of ZnO-deposited fibers that reduced the average pore size while retaining
the roughness. In addition, energy-dispersive X-ray spectra of the PNaAMPS-PDA-
ZnO@MCE membrane provided element mapping of N, S, Na, and Zn (Figure S4),
confirming the uniform distribution of ZNONPs and PNaAMPS hydrogel on the
MCE fibers, leaving the pores unobstructed. Here, the excellent spatial control of
the ZIP reaction was critical to keep the pores in PNaAMPS-PDA-ZnO@MCE unob-
structed, even though the reaction was performed with the membrane submerged
in the monomer solution.

The freestanding porous-PAM-ZnO membrane displayed a uniform white color (Fig-
ure 1G), which indicated a good dispersion of ZnONPs thanks to the presence of
PEG in the fabrication process. SEM images of the porous-PAM-ZnO membrane
(Figure TH) revealed a large number of macropores with diameters of several
micrometers and the presence of smaller submicrometer-sized pores (Figure 11),
which can enable a "size-sieving” effect to reject nanometer-sized emulsified oil
droplets. In contrast, a control membrane without adding PEG before the ZIP reac-
tion exhibited no macropores (Figures S5A and S5B). Another control membrane
with 6 wt. % added PEG showed large pore sizes on the tens of micrometers scale
(Figures S5C and S5D). Due to the mismatch in pore sizes, these control membranes
failed to efficiently separate oil-in-water emulsions.

Wettability of all ZIP-fabricated membranes was evaluated by measuring water con-
tact angles (WCAs) and underwater oil contact angles (OCAs). All three types of
membranes exhibited superhydrophilicity, as evidenced by the rapid spread of wa-
ter droplets within a short period of time (Figure 2A). Among them, PAM-ZnO@SSM
and PNaAMPS-PDA-ZnO@MCE can be completely wetted by water droplets, with
the WCA decreasing to 0° within 0.75 and 3 s, respectively. The freestanding
porous-PAM-ZnO membrane exhibited a slightly higher WCA of 6.50° after 10 s.
Meanwhile, all of the underwater OCAs (measured with various oils and organics sol-
vents) of these membranes were >155° (Figures 2B, 2E, and 2F), implying
outstanding underwater superoleophobicity. For example, the underwater chloro-
form contact angles for PAM-ZnO@SSM, PNaAMPS-PDA-ZnO@MCE, and porous-
PAM-ZnO membranes were found to be 164.6° + 2.9°, 155.0° + 1.0°, and
157.2° £ 0.6°, respectively. The remarkable superwettability can be attributed to
the synergistic effect of high surface energy hydrogel and the high surface rough-
ness induced by ZnONPs. To validate this claim, we also synthesized control hydro-
gel membranes without ZnONPs using a common organic photoinitiator, Irgacure
2959 (Figure S6). These control membranes displayed significantly lower underwater
chloroform contact angles of 139.8° + 1.8°, 149.0° + 2.4°, and 148.8° + 1.6°,
respectively (Figure S7). These results demonstrate the essential role of rough
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Figure 2. Surface wetting properties of ZIP-derived membranes and effect of mechanical
abrasion

(A) WCAs of the ZIP-derived ZnO/hydrogel coatings.

(B) Variation of the underwater chloroform contact angles of the PAM-ZnO@SSM membrane with
increasing sandpaper abrasion cycles at 6.3 kPa.

(C and D) SEM images of the PAM-ZnO@SSM membrane after 100 sandpaper abrasion cycles.
(E) Underwater OCAs of the PNaAMPS-PDA-ZnO@MCE membrane.

(F) Underwater OCAs of the porous-PAM-ZnO membrane.

The error bars in (B), (E), and (F) represent SDs calculated from triplicate experiments.

surfaces promoted by ZnONPs, which can trap water molecules and signif-
icantly reduce the oil-solid contact interface area, leading to superior underwater
superoleophobicity.

The mechanical durability of membranes is critically important for their long-term
use in real-world applications. Through the ZIP coating strategy presented here, a
hydrogel is generated in situ on the surface of ZnONPs, interconnecting these nano-
particles to form an integrated ZnO/hydrogel composite layer. The hydrogel matrix
provides protection and adhesion for the surface roughness, thereby enhancing
the durability of the coatings. Furthermore, the rough nature of the ZnONPs
layer persists even if the top layer is eroded or abraded, due to the presence of
similar ZnONPs/hydrogel composite deeper in the coating. In contrast, most
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Figure 3. Separation performance of the ZIP-derived membranes in purifying stratified oil/water mixture and nanoscale oil-in-water emulsions

(A-D) Photographs of the separation process of (A) stratified hexadecane/water mixture and (B) surfactant-free hexadecane/water emulsion using the
PAM-ZnO@SSM membrane, as well as the separation of surfactant-stabilized hexadecane/water emulsion using (C) PNaAMPS-PDA-ZnO@MCE

membrane and (D) porous-PAM-ZnO membrane.

(E) Photographic and optical microscope images and droplet size distribution of the water sample before and after the separation shown in (C) and (D).
(F and G) Fluxes and separation efficiencies of various SDS-stabilized oil-in-water emulsions using the (F) PNaAMPS-PDA-ZnO@MCE membrane and

(G) porous-PAM-ZnO membrane.

(H) Flux variation of the PNaAMPS-PDA-ZnO@MCE membrane during 10 separation cycles for SDS-stabilized hexadecane/water emulsion.

The error bars in (E) and (G) represent SDs calculated from triplicate experiments.

nanoparticle-derived, rough surface structures fabricated via methods such as spray
coating or hydrothermal reactions are vulnerable to damage by external effects,
leading to poor mechanical durability in practical applications.>>*® To verify this
assertion, we subjected a PAM-ZnO@SSM membrane to a sandpaper abrasion
test. After being abraded on 500-grit sandpaper for 100 cycles under 6.3 kPa pres-
sure, the PAM-ZnO@SSM membrane retained its underwater chloroform OCA of
>160° (Figure 2B). Although the surface morphology of the membrane appeared
visibly flattened (Figure 2C), a closer examination (Figure 2D) distinctly showed
that the nanoscale roughness was preserved because the rough nature of the
ZnONPs extends from the surface deeper into the coating.

Oil/water separation

The oil/water separation performance of the PAM-ZnO@SSM membrane was first
investigated by testing the separation of stratified hexadecane/water mixture using
a setup with the membrane fixed between two glass tubes. Upon the contact of hex-
adecane/water mixture with the membrane, water permeated through readily while
hexadecane was retained above (Figure 3A; Video S1). Fast separation was achieved
with a water flux of ~19,700 L m~2h~" under gravity, and the oil content in the water
after separation was <0.5 ppm, yielding a removal efficiency >99.9% as analyzed by
a total organic carbon analyzer. The oil intrusion pressure of the membrane was
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measured to be higher than 1.63 kPa (Equation S1; Figure S8), suggesting good
pressure tolerance of the membrane for practical applications. Furthermore,
the mesh could effectively separate a surfactant-free hexadecane/water
emulsion (v/v = 1:5) with droplet sizes larger than its pore size, achieving a flux of
1,340 Lm~2h~" and an efficiency >99.9% (Video S2). During the membrane filtration
process, oil droplets initially came into contact with the superoleophobic mesh and
were repelled. This process led to the coalescence of these droplets into larger
droplets, facilitating demulsification and ultimately leading to efficient separation
of these small droplet oil emulsions from water.

Featuring much smaller pore sizes, PNaAMPS-PDA-ZnO@MCE and porous-PAM-
ZnO membranes are suitable for the separation of surfactant-stabilized oil-in-water
emulsions with microscale/nanoscale oil droplets. These emulsion mixtures repre-
sent a more common and challenging scenario in real-world applications. Each of
these membranes was tested to separate SDS-stabilized, various oil-in-water emul-
sions (v/v = 1:99) comprising hexadecane, gasoline, diesel, peanut oil, toluene, or
chloroform, in a filtration device at a vacuum pressure of 0.08 MPa (Figures 3C
and 3D; Videos S3 and S4). The feed and their filtrates were characterized by photo-
graphic and optical microscope images and dynamic light scattering (Figure 3E).
Here, the case of SDS/hexadecane/water emulsion separation is used as an example
to illustrate the filtration performance. After passing through the membrane, the
originally milky feed became clear, and the small oil droplets (size distribution
from 70 nm to 6 pm with a peak at ~100 nm) were no longer observed in the filtrate.
The exact oil rejection rates of emulsified hexadecane, gasoline, diesel, peanut ail,
toluene, and chloroform by the porous-PAM-ZnO membrane were determined to be
99.29%, 99.13%, 99.22%, 99.32%, 99.30%, and 99.48%, respectively, whereas the
rejection rates of these solvents by PNaAMPS-PDA-ZnO@MCE were 99.18%,
98.73%, 99.40%, 99.15%, 99.10%, and 99.19%, respectively (Figures 3F and 3G).
In comparison, untreated pristine MCE membranes exhibited very low separation ef-
ficiency with a water flux of ~400 L m~?h~". Water fluxes through the PNaAMPS-
PDA-ZnO@MCE membrane ranged from 154 to 210 L m~2h~", representing only
an ~50% decrease from the pristine MCE membrane after PDA/ZnO deposition
and ZIP, thanks to the spatial control of the ZIP reaction. Finally, as expected, the
freestanding porous-PAM-ZnO membrane demonstrated lower water fluxes of 36—
44 L m~2h~". This low flux was anticipated because of the much smaller pore volume
of this membrane, and indeed it is a representation of the greater tortuosity of the
flow pathways. This is in fact desirable for the application of flow-through photode-
gradation of dissolved organic pollutants.

Membrane fouling by the accumulation of oil on the membrane is a critical challenge
in oil/water separation, which can lead to the decline in separation performance. To
investigate the antifouling property and cyclability of the ZIP-fabricated membranes,
water fluxes of PNaAMPS-PDA-ZnO@MCE membrane were recorded over time dur-
ing 10 cycles of the separation of SDS-stabilized hexadecane-in-water emulsion (Fig-
ure 3H). Within 3 h of each separation cycle, the water flux gradually decreased from
~170 L m2h~" and stabilized at ~80 L m~2h~", resulting in an average total flux
decline ratio (Equation S4) of 52.9%. The membrane was subsequently subjected
to straightforward hydraulic washing to rejuvenate its surface. As a result, the perme-
ating flux exhibited an almost complete recovery, with an average flux recovery ratio
of 99.8% (Equation S5) across 10 cycles. The impressive durability and superwett-
ability of the ZnONPs/hydrogel coating are believed to be instrumental in maintain-
ing this membrane performance. Consequently, this membrane, enhanced with
superior antifouling capabilities and reusability thanks to the superhydrophilic and
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Figure 4. Flow-through photodegradation of organic contaminants by porous-PAM-ZnO membrane

(A) The filtration setup under UV irradiation of 100 mW/cm? at 365 nm.
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(B and C) UV-vis spectra of the feed, filtrate, and control solutions, with (B) 5 ppm MO and (C) 5 ppm CIP as feed solutions.

underwater superoleophobic coating, positions itself as a promising material for
practical oil-in-water emulsion separation.

Flow-through photodegradation of organic pollutants

The presence of photocatalytically active ZnONPs in porous-PAM-ZnO and the rela-
tively low water flux through this membrane make it possible to photodegrade dis-
solved organic compounds when passing through the membrane. The photodegra-
dation activity of solute flowing through porous-PAM-ZnO membrane was evaluated
on two model molecules, methyl orange (MO) and ciprofloxacin (CIP), as represen-
tative examples of dyes and antibiotic contaminants present in wastewater effluents.
Figure 4A demonstrates the experimental setup under UV light. It is noteworthy that
the porous-PAM-ZnO membrane can readily adsorb organic compounds from the
aqueous solution as a result of its porous nature. The adsorption can interfere with
the photodegradation experiment because it often results in almost complete
removal of both MO and CIP in the first 10 mL feed solution even without UV irradi-
ation (Figure S9). To rule out the effect of adsorption and assess the true flow-
through photodegradation efficiency under continuous operation, the membrane
was immersed in 5 ppm stock solutions of MO or CIP in darkness overnight to satu-
rate it before testing. During the test, the feed solutions were allowed to permeate
through the membrane under 0.08 MPa vacuum pressure with the irradiation of
50 mW/cm? UV light at 365 nm, and the filtrate solution was collected continuously
ataflux of 51 L m~2h~". The UV-visible light (UV-vis) absorption spectra (Figures 4B
and 4C) of the filtrate demonstrated a significant decrease in the peak intensity of
MO and CIP by 60.2% and 60.7% in a single filtration cycle, respectively. These pho-
todegradation efficiencies were much higher than those measured in the retentate
(0% and 43.4%), which were also under UV irradiation during the experiment. The
MO filtrate was further used as the feed solution for a second UV-irradiated filtration
cycle, and resulted in an accumulated degradation efficiency of 90.2%. In addition,
control experiments of UV irradiation of the aqueous solution of MO and CIP without
the photocatalytic membranes showed only 0% and 19.2% of photodegradation
within the same period of time, respectively. The greatly enhanced photodegrada-
tion performance of the flow-through membrane process is attributed to the
extensive contact of the photocatalytic ZnONPs with the organic solute molecules
during filtration.

To investigate the photodegradation mechanism of the porous-PAM-ZnO mem-
brane as a flow-through reactor, we performed electron paramagnetic resonance
(EPR) spectroscopy using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a radical
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Figure 5. Simultaneous removal of dispersed and dissolved contaminants from water by the porous-PAM-ZnO membrane

(A) The setup for simultaneous removal of SDS-stabilized oil emulsion and dissolved MO from water by the porous-PAM-ZnO membrane.
(B and C) Optical images of (B) the feed SDS-stabilized hexadecane/water emulsion and (C) the filtrate.

(D and E) Droplet size distribution of (D) the feed emulsion and (E) the filtrate.

(F) UV-vis absorption spectra of the feed, filtrate, and retentate.

trapping agent. Under dark conditions, no significant EPR signal was observed from
the porous-PAM-ZnO membrane sample in water. However, after UV irradiation for
5 min, a set of characteristic peaks with the intensity ratio of 1:2:2:1 was detected
(Figure S10A), which is the signal of the DMPO adduct of hydroxyl radicals
(+OH).*” Therefore, the photocatalysis mechanism can be illustrated as follows (Fig-
ure S10B): on UV irradiation, excited electrons in the conduction band and oxidative
holes in the valence band can react with O, and H,O molecules in the solution,
respectively, to generate highly reactive +OH species, which can further degrade
the organic molecules absorbed in close proximity to ZnONPs through oxidation
processes.

Complex wastewater treatment

The functions of oil-in-water emulsion separation and photocatalytic degradation of
organic pollutants are integrated in the porous-PAM-ZnO membrane. It thereby has
the potential to purify complex wastewater by removing both immiscible oils and
soluble organic pollutants simultaneously. To test this, 5 ppm MO added SDS-stabi-
lized hexadecane-in-water emulsion (v/v = 1:99) was fed through the porous-PAM-
ZnO membrane with vacuum pressure and a UV lamp applied from above (Fig-
ure 5A). The filtrate was continuously collected with a flux of 38 Lm2h~". The digital
image revealed that the yellow and cloudy feed turned clear with a much lighter co-
lor after filtration. This process effectively removed the oil droplets (sizes ranging
from 90 nm to 9 um, average at ~150 nm) as confirmed by both optical microscopy
images (Figures 5B and 5C) and dynamic light scattering data. Meanwhile, the char-
acteristic UV-vis absorption peak of MO at 464 nm of the filtrate was reduced by
67.9% in intensity compared to the initial feed, indicating the removal of the dye af-
teronly 1 cycle of irradiation. If a cleaner removal of the dissolved organic pollutant is
desired, then the filtrate can simply be recycled as the feed to go through the photo-
degradation again to achieve a lower concentration of the dissolved organic con-
tent. The ZIP-fabricated porous-PAM-ZnO membrane showcases superior perfor-
mance in concurrently removing ultrasmall, emulsified oil droplets and degrading
dissolved organic contaminants from water. The efficiency and performance stand
on par with leading examples documented in the contemporary literature.’”*?
Moreover, the photopolymerization-based ZIP fabrication method is energy
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efficient, cost-effective, and simpler, ensuring its feasibility and sustainability for
scalable preparation and applications.

Conclusions

This study introduces a ZIP method for membrane fabrication, effectively using the
multifaceted functionalities of ZNONPs. These functions include the ability of
ZnONPs to induce significant surface roughness for superwettability and their
inherent photoactivity that is integral for photochemical membrane fabrication
and the photodegradation of organic pollutants. The ZIP method leverages the
overarching benefits of photopolymerization techniques, including spatial control,
scalability, low energy consumption, sustainability, and adaptability to a variety of
substrates and fabrication scenarios. To underscore the versatility of the ZIP method,
we present the fabrication of three distinct membrane types within this work. Each of
these membranes demonstrates superhydrophilicity, underwater-superoleophobic-
ity, and remarkable mechanical durability. Their efficacy is displayed through various
oil/water separation applications, encompassing the separation of both stratified
and emulsified oil/water mixtures. These membranes consistently show superior
performance metrics: (1) high water permeance thanks to the spatial control af-
forded by the ZIP method, (2) exceptional oil removal efficiency due to the carefully
managed pore size and underwater superoleophobicity, and (3) impressive cyclabil-
ity owing to their robust mechanical resilience. Moreover, the freestanding mem-
brane showcases a combined ability to efficiently remove emulsified oil droplets
and photodegrade dissolved organic dye from water. Overall, this research illumi-
nates a cost-effective, scalable, and sustainable membrane fabrication method
with potential applicability across diverse water treatment scenarios. This versatile
strategy can be expanded to encompass a broader range of semiconductor nano-
particles, monomers, and substrates. Meanwhile, it holds the potential to be inte-
grated with advanced light-mediated membrane fabrication approaches such as
large-scale photolithography and additive manufacturing. It signifies a major stride
toward a sustainable future and the universal objective of achieving clean water
access.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to
and will be fulfilled by the lead contact, Lei Fang (fang@chem.tamu.edu).

Materials availability
This study did not generate new or unique reagents.

Data and code availability
All of the experimental data in this paper are available upon reasonable request from
the lead contact.

Fabrication of PAM-ZnO@SSM membrane

A suspension of ZnONPs with particle sizes of ~500 nm was prepared in isopropy!
alcohol (IPA) at a concentration of 20 mg/mL using probe sonication for 15 min. A
horizontally placed SSM was spray-coated with the ZnO/IPA suspension using an
airbrush with a 0.5-mm nozzle diameter at 1 bar pressure, until a coating density
of 7 mg/cm? was achieved. The ZnO-coated mesh was then immersed in an aqueous
solution of AM (0.4 g/mL) and bis-acrylamide (BAM, 6 mg/mL) for 10 min. After care-
fully removing the mesh from the monomer solution and absorbing the excess
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solution from the edges with a paper towel, UV irradiation of 100 mW/cm? at 365 nm
was applied to the mesh for 15 min. The resulting PAM-ZnO@SSM membrane was
thoroughly rinsed with water to remove any unreacted monomers.

Fabrication of PNaAMPS-PDA-ZnO@MCE membrane

A total of 100 mg ZnONPs with particle sizes ~100 nm were dispersed in 50 mL
Tris buffer solution (pH 8.50) using 30 W probe sonication for 30 min. Subse-
quently, 100 mg DA was added to the ZnO aqueous suspension and sonicated
for 5 min. MCE membranes were prewetted with water and then immersed in
the above suspension and stirred at 200 rpm for 24 h to achieve the PDA-
ZnO@MCE membrane. Then, 5 g AMPS and 50 mg BAM were dissolved in
10 mL water and neutralized with NaOH to obtain the NaAMPS solution. The
PDA-ZnO@MCE membrane was dipped in this solution for 10 min, and UV irradi-
ation of 100 mW/cm? was applied to the immersed membrane for 15 min. The
fabricated PNaAMPS-PDA-ZnO@MCE was washed thoroughly with methanol and
water.

Fabrication of porous-PAM-ZnO membrane

A total of 200 mg ZnONPs with particle sizes ~500 nm and 300 mg PEG 20000
were added into 8 mL water and dispersed by 30 W probe sonication for
15 min. A solution containing 1 g of AM and 15 mg of BAM dissolved in 2 mL
of water was then added to the dispersed ZnONPs suspension. The resulting
mixture was drop cast onto a clean glass plate, and two microcover glasses with
a thickness of 0.12-0.17 mm were placed on either side as spacers, which were
then sandwiched by another glass plate. Subsequently, they were exposed to
UV irradiation of 100 mW/cm? at 365 nm for 20 min and a freestanding PAM-
ZnO membrane was separated from the glass plates by water flushing. Finally,
the porous-PAM-ZnO membrane was obtained after soaking in warm water for
48 h to remove PEG, and the water was exchanged several times a day to facilitate
elution.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2023.12.033.
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