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Robust Biobased Membrane: Self-Entangled Cellulose
Nanofibrils—ZnO—-Ag Composite with High Photocatalytic
Performance for Efficient Dye-Contaminated Water Treatment
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The photocatalytic activity of the composite was evaluated for the
degradation of the methylene blue dye under visible light. Despite the
straightforward drop-drying method used to cast the ZnO—Ag NRs
onto the CNF membrane, the NRs were not washed out when in contact with water, resulting in a composite that exhibited both
high photocatalytic activity and high wet strength. This exceptional performance can be attributed to the tight attachment of the
photocatalytic ZnO—Ag NRs to the porous structure of the CNF. Furthermore, the composite demonstrated satisfactory reusability,
as no significant deterioration in the photocatalytic performance was observed even after being reused for three cycles. Given its
simple preparation method, impressive photocatalytic performance, and durability, we expect that our composite will hold significant
value for practical applications in wastewater treatment.
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B INTRODUCTION titanium dioxide, copper(Il) oxide, and tungsten trioxide.
Consequently, ZnO nanorods (NRs) decorated with AgNPs
achieve 100% dye degradation after 3 h of visible irradiation,”
whereas pure ZnO NRs can only achieve 14% degradation
within the same time period. Thus, AgNPs-decorated ZnO
nanomaterials have become a popular choice for photocatalytic
applications.”' "'* However, the typical powder form of ZnO
photocatalyst can lead to secondary pollution after the
photocatalysis process.'> Moreover, the recovery of the catalyst
after dye degradation for reuse can also be challenging due to
its water-dispersible powder form, limiting its practical
applications.

One potential solution to overcome these challenges is to
use a platform material with a large size to accommodate small
photocatalytic particles such as NRs and nanospheres, thereby
creating a photocatalyst composite. Among various options,

Discharged dye-contaminated water from various industries,
such as textiles, paper, and leather, results in significant water
pollution, which can have detrimental effects on ecosystems
and human health. Photocatalytic inorganic materials have
attracted great attention as potential solutions for treating dye-
contaminated water." This simple and ecofriendly process
involves the use of light to activate transition metals like
titanium dioxide and zinc oxide (ZnO), which generate
reactive oxygen species (ROS). These ROS then degrade
organic compounds such as dyes in contaminated water. ZnO
is a well-known photocatalyst candidate for photodegrading
dye-contaminated water’ > due to its high activity, strong
oxidation ability,(’ low cost, and nontoxic features.” However,
the pure form of ZnO exhibits slow photodegradation due to
the high recombination rate of charge carriers within the
material.*” To address this issue, silver nanoparticles (AgNPs)
have been employed as a support for ZnO, leading to a
significant enhancement in the photocatalytic efficiency of
ZnO. This enhancement is attributed to the localized surface
plasmon resonance (LSPR) of AgNPs, which can facilitate
charge transport’ and enhance the separation of charge
carriers'® within metallic oxide semiconductors like ZnO,
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cellulose stands out as a suitable candidate for this platform
material due to its biodegradability, sustainability, abundance,
and insolubility in water, making it usable in water-based
applications. Among the various types of cellulose materials,
cellulose nanofibril (CNF) has been extensively studied for
preparing photocatalyst composites. CNF refers to nanoscale
cellulose fibril, typically produced by mechanical fibrillation of
cellulosic raw materials such as wood pulp and cotton.'* Due
to its high aspect ratio and nanoscale dimension, CNF
possesses a large specific surface area, enabling effective
attachment of metal NPs through direct synthesis."

In practical applications, it is essential to establish strong
bonding between the photocatalytic particles and the cellulose
substrate to prevent the release of the particles in water and
subsequent secondary pollution. Until now, the composite has
usually been prepared by direct synthesis of metal NPs on the
cellulose substrate ™" and utilization of post-treatments such
as microwave and hydrothermal treatment to precisely control
the size and shape of the nanoparticles.lé’ls’zo However, these
post-treatments, involving a high temperature and pressure in
the presence of water, can disrupt the hydrogen bonding
between cellulose fibers and weaken the structure of the
composite. The strength of cellulose-based materials, such as
paper and membranes, largely relies on the hydrogen bonding
between the cellulose fibers. Consequently, they are unsuitable
for photocatalyst applications without additional treatments to
develop wet strength, as they can easily break down when
exposed to running water. As a result, most research on
photocatalyst composites based on cellulose substrates has
focused on fiber materials such as CNF, rather than the
structured materials such as paper or membrane. However,
compared to larger materials like paper, the one-dimensional
photocatalyst composite based on fiber materials is incon-
venient in terms of collection and reuse.

In this study, we demonstrate the straightforward approach
to prepare a photocatalyst composite membrane based on a
CNF. AgNPs-decorated ZnO NRs (ZnO—Ag) were synthe-
sized through the hydrothermal method and used as the
photocatalyst. In addition, the self-standing CNF membrane
with high wet strength was prepared by immersing the wet
CNF cake in a NaOH solution. By combining the self-
entanglement behavior of the CNF during the NaOH
treatment and the use of CNFs of varying widths, we can
control the pore size of the CNF membrane. For preparing the
photocatalyst composite, we simply dropped the ZnO—Ag
NRs solution onto the membrane and allowed it to dry.
Interestingly, the ZnO—Ag NRs were tightly embedded within
the membrane, possibly due to their attachment to the pores of
the membrane. This composite membrane exhibits exceptional
photocatalytic performance in the degradation of methylene
blue (MB) dye under visible light. Remarkably, even after S h
of light irradiation, the composite achieves complete
degradation of the dye. Importantly, we observe no significant
deterioration in the photocatalytic performance of the
composite membrane, even after it is reused for three cycles.
Our findings highlight the favorable reusability and photo-
catalytic efficiency of the composite membrane, underscoring
its potential for practical applications in the field of
photocatalysis.

B EXPERIMENTAL SECTION

Materials. Hardwood bleached kraft pulp (HwBKP, a
mixture of aspen and poplar from Canada) was kindly
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provided from a paper mill in Korea for the purpose of
preparing CNF. Zinc acetate dihydrate (Zn (CH;COO),
2H,0, 99.999%) was purchased from Sigma-Aldrich (USA).
Sodium hydroxide (NaOH), silver nitrate (AgNO;), MB
trihydrate (C,4H;3N;SCL.3H,0), and phenol (C;H;OH) were
purchased from Samchun Chemicals (Korea) and used
without purification.

Preparation of CNF. HwBKP suspension with 2 wt %
consistency was disintegrated using a laboratory valley beater,
and then it was repeatedly ground by passing through a super
masscolloider (SMC; MKGA- 6, Masuko Corp., Japan) at
1500 rpm. The gap between the two grinding stones of SMC
was set to —120 pm from the zero position by controlling the
bottom grinding stone after HWBKP was loaded. We produced
CNFs with different dimensions by varying the number of
passes through the SMC. CNFs were collected after 10, 20,
and 30 passes through the SMC, and each CNF was denoted
as CNF-10P, CNF-20P, and CNF-30P, respectively.

Preparation of Self-Entangled CNF Membrane. The
CNF suspension was diluted to a concentration of 0.2 wt % in
water using an Ultra Turrax instrument (T-25, IKA, Germany)
at 12,000 rpm for 10 min and degassed. The desired amount of
CNF suspension was then subjected to vacuum filtration on a
cellulose acetate membrane (0.45 ym pore size, HYUNDAI
MICRO, Republic of Korea) with a target basis weight of 50 g/
m? The obtained wet CNF cake with the membrane was
immersed in 20 wt % NaOH (aq) solution and kept at 50 °C.
During this process, the self-entangled membrane sheet, which
was able to be handled separately from the membrane, was
formed. After a 30 min treatment with NaOH solution, the
CNF membrane was subsequently transferred to a bath
containing a 2 wt % acetic acid (aq) solution and kept for
30 min for a neutralization. Finally, the neutralized CNF
membrane was thoroughly rinsed under running water
overnight. The prepared CNF membrane was frozen in liquid
nitrogen and lyophilized using a freezing dryer (FD8508, Ilshin
Lab. Co., Ltd., Korea).

Preparation of ZnO NRs and ZnO—Ag NRs. The ZnO
and ZnO—Ag NR samples were prepared through the
hydrothermal method as reported by Wei et al.”' The solution
of Zn (CH;C00),-2H,0 (0.059 M, 32 mL) was mixed with
NaOH solution (4 M, 4 mL). Then, 10 mL of AgNO; (0—5 wt
%) was added into the mixture under continuous stirring for 10
min to obtain the reaction solution system. The uniform
solution was transferred into a Teflon-line autoclave and
heated at 180 °C for 12 h. Then, the final product was
centrifuged with deionized (DI) water and ethanol multiple
times and dried in an oven at 65 °C. At last, the prepared
sample was collected in powder form. For pure ZnO, the
process was the same as mentioned above, without AgNO;.

Preparation of CNF-ZnO—Ag and CNF-ZnO Compo-
sites. The CNF membrane with NaOH treatment was cut into
small pieces (1 X 1 cm) for the preparation of composites. It
was dried in an oven at 65 °C for 2 h to reduce the humidity of
the membrane. After that, the CNF sample was heated on the
hot plate at 80 °C, and 2 mL of ZnO—Ag or ZnO NRs (2.20
wt % in EtOH) was drop-cast on both sides of the surfaces of
the CNF sample. After that, the composite membrane could be
used for a photocatalyst experiment.

Characterization of CNF. The tensile strength of the wet
membrane was measured by using a tensile tester (STB-1225S,
AND, Japan) equipped with a 2.5 kN load cell. Specimens of S
mm X 35 mm in size were prepared, and the length of the test
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Figure 1. Photographs and dimensional change results of CNF sheets by NaOH treatment. (a—c) Photographs of CNF sheets with different
degrees of fibrillation without or with NaOH treatment. Dimensional change of CNF membranes: (d) diameter, (e) thickness, and (f) density

(Photograph courtesy of J. Han. Copyright 2023.).
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Figure 2. SEM images of the prepared CNFs and their sheets without or with NaOH treatment. (a—c) Prepared CNFs with different degrees of
fibrillation. (d—f) CNF sheets without NaOH treatment (wo/NaOH). (g—i) CNF sheets with NaOH treatment (w/NaOH).

span was set at 25 mm. Before testing, the water on the
specimen surface was carefully wiped out using a filter paper.
The tensile test was conducted at a crosshead displacement
speed of 1 mm/min at 23 °C and 50% relative humidity. The
thickness of each sample was measured using a digital
micrometer (Digimatic 293-521-30, Mitutoyo, Japan), and
the density (g/cm?) of each film was calculated from the basis
weight (g/m”) divided by the thickness (um). The wet
membrane was freeze-dried for other characterizations.

The X-ray diffraction (XRD) patterns of samples were
obtained using an X-ray diffractometer (D8 DISCOVER,
Bruker AXS, Germany) equipped with a Cu Ka radiation
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source, operating at 40 kV, 40 mA, 20 = 5—-50°, a divergence
angle of 0.2° and a step size of 0.02. Attenuated total
reflectance—Fourier transform infrared spectroscopy (ATR—
FTIR) was performed to characterize the chemical structure of
samples. FTIR spectra were recorded on a Nicolet Nexus 670
instrument equipped with a KRS-5 crystal of refractive index
2.4, using an incidence angle of 45°. The spectra were collected
in a transmittance mode within the wavenumber range of
400—4000 cm™!, with a resolution of 4 cm™ and an
accumulation of 128 scans.

Mercury intrusion porosimetry measurements were con-
ducted on freeze-dried membranes by using a mercury

https://doi.org/10.1021/acsomega.3c09062
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Figure 3. Characteristics of prepared CNF membranes without (w/NaOH) and with NaOH treatment (w/NaOH). (a) XRD patterns, (b) ATR-
IR spectra, (c) stress—strain curve, (d) pore size distribution, (e) average pore size, and (f) porosity. (d—f) Are determined by mercury

porosimetry.

porosimeter (Autopore IV 9520, Micrometrics, UK). The
morphologies of the CNF, membrane, ZnO—Ag NRs, and
composite were analyzed by [field emission scanning electron
microscopy (FE-SEM) (S-4800, Hitachi, Japan). For measur-
ing the widths of CNFs, a droplet of 0.01 w/v % of the diluted
CNEF/water suspension was deposited on a silicon wafer and
air-dried. The dried wafer sample was coated with a platinum
layer and observed with FE-SEM at an accelerating voltage of
5—10 kV. The widths of the CNFs were evaluated at identical
magnifications using the image analysis program. The
measured width for each sample was at least 300.

Photocatalytic Experiment. The photocatalytic perform-
ance of samples was determined by the photodegradation of
MB aqueous solution under visible light (solar simulator,
66902, Newport; equipped with a 300 W Xe arc lamp and a
420 nm long pass filter) at room temperature. The sample (1 X
1 cm) with a weight of approximately 0.04 g was placed in 200
mL of a 10 mg/L MB solution. Prior to light irradiation, the
suspension was mechanically agitated in the dark for 90 min
under magnetic stirring conditions to establish an adsorption/
desorption equilibrium between MB and sample. The MB
solution was collected at regular time intervals (30 min under
dark conditions and 15 min under light irradiation conditions)
to evaluate the photocatalytic activity. The concentration of
MB was determined by recording its absorbance at 664 nm
wavelength using a UV—vis spectrometer (UV-2600i,
Shimadzu). The degradation efficiency was then calculated
based on the absorbance data.

B RESULTS AND DISCUSSION

Characteristics of CNF Membranes. We measured the
weights and apparent dimensions of the CNF membrane both
with and without NaOH treatment after freeze-drying.
Through NaOH treatment, the weight of the membrane was
reduced by approximately 15.08 + 0.9 wt %. It was attributed
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to the dissolution of hemicellulose in the CNF from the wood
fiber.”> Additionally, the membranes exhibited a decrease in
width in a wide direction (Figure la—d) and an increase in
thickness (Figure le). The dimensional change rates of CNF
membranes were higher for the diameter compared with the
thickness (Figure 1d,e). Consequently, the density of the
membranes increased after NaOH treatment (Figure 1f). The
NaOH treatment led to immediate aggregation and entangle-
ment of CNFs within the membrane, resulting in a significant
dimensional change.

To characterize the morphologies of CNFs with different
SMC pass numbers as well as the membrane structures before
and after NaOH treatment, FE-SEM analysis was performed
(Figure 2). With an increasing number of fibrillation passes,
the width of the CNFs decreased and the fibril aggregates
disappeared (Figure 2a—c). The weighted mean values of the
width of CNFs ranged from 126.3 to 66.4 nm, based on each
CNF width measurement. As the CNF width decreased, the
prepared membrane exhibited a more densely packed fibril
network and a smaller pore distribution (Figure 2d—f). Upon
NaOH treatment, however, the structure of CNF membranes
underwent significant transformation (Figure 2d,g, 2eh, and
2f}i, respectively). The surface of CNF membranes treated with
NaOH solution showed the formation of larger fibril bundles
with kinky features, which are attributed to the twist of each
CNFs and the aggregation of neighboring CNFs caused by
NaOH treatment.” Cellulose naturally contains both highly
ordered (crystalline) and less ordered (amorphous) structures.
Cellulose derived from natural plants, including wood,
possesses a crystalline structure called cellulose I, where
cellulose chains are tightly packed in parallel arrays. In the
process of immersing cellulose in a NaOH solution and
subsequent washing to eliminate NaOH, the crystalline
structure undergoes a transformation in polarity. The initial
parallel arrays configuration of cellulose changes to antiparallel

https://doi.org/10.1021/acsomega.3c09062
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arrays, commonly referred to as cellulose IL.>* When cellulose
is immersed in NaOH solution, NaOH hydrate molecules
penetrate the amorphous structure and diffuse into the cross
sections, enabling individual cellulose chains to fold back on
themselves to form antiparallel arrays of cellulose IL.>> These
conformational changes in cellulose chains during NaOH
treatment contribute to the morphological changes in CNFs
(Figure 2).2%*” These morphological changes of CNFs occur
largely in the NaOH solution with a concentration over 15 wt
%, which would lead to a strong entanglement of CNFs in the
membrane.”® That is why we use the 20 wt % NaOH solution
to make the CNF membrane.

The entanglement of CNFs within the membrane occurs as
a result of the morphological changes induced by NaOH
treatment, leading to the formation of a strong woven network.
This strong woven network is crucial in making the CNF—
ZnO—Ag composite resistant to breakage upon exposure to
water, which is important for preventing secondary pollution
by the leakage of photocatalyst NRs from the composite. In the
NaOH-treated sample, the width of the aggregates formed and
the pore sizes in the CNF sheets decreased as the pass number
increased. Particularly, in the CNF—30P sheet treated with
NaOH (Figure 2i), a remarkable change in the width of CNF
aggregates and pore structure was observed.

The self-entanglement of CNFs in the membrane by the
NaOH treatment can be attributed to the crystalline structural
change in cellulose consisting of CNFs. The XRD pattern of
the membrane before and after NaOH treatment indicates a
transformation from the cellulose I crystal structure [14.8° and
22.8° for (1—10) and (200) planes, respectively] to cellulose II
[12.3° 20.5° and 21.9° for (1—10), (110), and (020) planes,
respectively]. The change in the crystalline structure from
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cellulose I to cellulose II is also evident in the ATR—FTIR
spectrum, specifically in the hydroxyl group stretching
vibration (—CH—OH and —CH2—OH) at 3300—3400 cm™",
which corresponds to the inter- and intramolecular hydrogen
bonds between cellulose chains. NaOH treatment leads to a
broadening of this peak, indicating the disruption of
intermolecular hydrogen bonds and the formation of new
intramolecular hydrogen bonds as a result of the crystalline
structural change. Additional signature bands of cellulose II,
such as C—O vibration at 1060—1070 cm™, antisymmetric in-
phase ring stretching vibration at 1110 cm™', and symmetrical
CH vibration at 1440 cm™!, are also observed.”**’ Figure 3c
shows the mechanical properties of CNF membranes in the
wet state. In the absence of NaOH treatment, CNFs in the
membrane fail to form hydrogen bonds, leading to a low wet
strength (wo/NaOH in Figure 3c). However, the entangle-
ment of CNFs induced by NaOH treatment significantly
enhances the wet strength of the membrane (CNFs w/NaOH,
Figure 3c). Increasing the pass numbers during CNF
production reduces the dimensions of CNFs, resulting in
higher tensile stress and strain of the membrane. This effect
can be attributed to the increased specific surface area of
CNFs, which improves their ability to undergo self-
entanglement through NaOH treatment. The enhanced wet
strength of the CNF-based photocatalyst composite prevents
easy breakage during application in the running water. Mercury
porosimetry analysis was performed on the membranes, and
the results are presented in Figure 3d—f. As the width of CNF
decreases, the porosity and average pore size of CNF-10P,
CNF-20P, and CNF—30P are determined as follows: 55.6%
and 221.5 nm, 67.3% and 92.4 nm, and 49.5% and 56.9 nm,
respectively. Notably, CNF-10P exhibits a different pore size
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distribution compared with the other CNFs. By NaOH
treatment, the pore size and porosity of CNFs remarkably
decreased. The porosity of CNFs changes to S1.5, 46.0, and
39.9%, respectively (Figure 3e). The porosity of CNF-10P was
less changed after NaOH treatment compared to that of the
other CNFs, which is attributed to the limited development of
self-entanglement of CNF-10P due to its larger dimension.
Furthermore, NaOH treatment leads to a dramatic shrinkage
in the average pore diameter of CNF-10P, CNF-20P, and
CNE-30P, which become 49.0, 32.0, and 25.2 nm, respectively
(Figure 3f). The remarkable decrease in the pore size of CNF-
10P, rather than its porosity change, is attributed to its
heterogeneous pore distribution.

Photocatalytic Performance of the CNF-ZnO-Ag
Composite. Effect of CNF Type. To fabricate the photo-
catalyst composite, we employed the drop-cast method to
attach the photocatalyst to the CNF sheet. Initially, CNF—
ZnO composites with different CNF samples were prepared by
drop-casting the ZnO NRs onto NaOH-treated CNF
membranes, and their photocatalytic performances were
evaluated. The attachment of the photocatalyst, including
AgNPs and ZnO NRs, to the CNF sheet is crucial to prevent
subsequent secondary pollution when the composite is utilized
in water. The attachment ability of the CNF sheet is
dependent on its pore size. In the composite prepared using
CNF-10P (Figure 4a), large agglomerates of ZnO particles
were observed within the pores. CNF-10P possessed the
largest pore size (Figure 3f), which facilitated excessive
agglomeration of ZnO NRs onto the porous matrix, leadin
to accelerated recombination of holes and electrons,®”’
thereby negatively impacting the photocatalytic reaction. In
contrast, the composite prepared using CNF-20P, with a
smaller pore size and lower porosity, exhibited an even
distribution of small nanocatalyst particles around the pores,
resulting in improved photocatalytic activity compared to that
of the other two membranes (Figure 4b,e). On the other hand,
CNE-30P, with its smallest pore size and lowest porosity, had a
lower loading of ZnO NRs and experienced severe
agglomeration of the nanocatalyst particles (Figure 4c).
Consequently, CNF-30P failed to enhance the photocatalytic
capability of the composite membrane as these factors
hindered the efficient photocatalytic performance. Note that
the ZnO—Ag NRs also exhibited good attachment to the CNF
sheet (Figure S1 in Supporting Information-A).

The photocatalytic performances of the composites can be
attributed to the distinct pore structure and morphology of the
CNF membranes (Figure 2), which can affect the strength of
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photocatalyst attachment in the CNF membrane. This finding
is essential for considering the influence of CNF when
evaluating the photocatalytic effect of the composite
membrane. Furthermore, although CNF itself does not exhibit
photocatalytic activity, its supportive role in the composite
membranes is crucial for the overall activity of the membranes.
In some cases, cellulose can impede light absorption, prevent
electron generation, and diminish the degradation effect of
composite.32 However, in most cases, cellulose with a porous
structure possesses a high surface area and can provide more
active sites, thereby increasing the surface adsorption of
reaction species on the surface of the catalyst, which favors the
enhancement of photocatalytic performance.*

Figure 4d—f indicates that CNF-20P exhibited the most
optimal type of CNF for the preparation of composite
membranes. CNF-10P, containing a low concentration of
ZnO (0.02 wt %), exhibited unstable behavior with oscillations
during the degradation of MB under light irradiation (the black
line in Figure 4d). In contrast, the stable composites (black
lines in Figure 4ef) did not display such oscillations. This
instability observed in CNEF-10P could potentially impact its
subsequent photocatalytic activity. On the other hand, CNF-
30P, with a high concentration of ZnO (2.20 wt %), showed
low photocatalytic activity (the red line in Figure 4f). The
degradation efficiencies of CNF-10P and CNF-20P are quite
similar, while CNF-30P exhibited slower efficiency (Figure 4g).
As observed from all of these findings, CNF-20P is the
optimized sample in our experiment.

Effect of the ZnO Content on CNF. To optimize the
photocatalytic performance depending on the concentration of
ZnO NRs, we prepared ZnO NRs with varying relative
contents of ZnO and drop-dried them on CNF-20P (Figure
5a,b). It was determined that a ZnO content of 2.20 wt % was
suitable for the fabrication of the composite membrane, as it
exhibited excellent photocatalytic performance without ZnO
being washed out from the CNF membrane. Increasing the
ZnO content to 2.90 wt % induced the photodegradation
effect, but an excessive amount of catalyst led to ZnO being
leached out from the CNF membrane in an aqueous solution,
causing secondary pollution. Figure S2 and Table S1 in
Supporting Information-B indicate that some ZnO leaked out
of the CNF membrane and dispersed in the DI water for ZnO
contents of 2.90 and 3.60 wt %. Furthermore, the photo-
catalytic rate dramatically declined for the highest ZnO
content (3.60 wt %) on CNF, which can be attributed to
the significant leakage of ZnO from the CNF membrane.
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Effect of the Amount of AgNPs Decorated on ZnO NRs. In
an effort to enhance the photocatalytic performance of ZnO
NRs, we explored the decoration of AgNPs on the surface of
ZnO NRs. The silver content was increased to promote the
deposition of AgNPs on the ZnO NRs surface. Surprisingly,
the optimum ZnO—Ag NRs content for the preparation of
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CNF—-ZnO—Ag membrane was found to be only 1 wt %
(Figure 6a,b), due to a reported light-shielding effect. The high
density of AgNPs covering ZnO NRs can rapidly deteriorate
the photocatalytic performance of the heterostructure by
preventing the interactions between ZnO NRs, light, and
organic pollutant molecules.” To further investigate the
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crystalline structure of the ZnO—Ag NRs in the composite,
ZnO—Ag (1 wt %) and ZnO were subjected to XRD analysis
(Figure S3 in Supporting Information-C). These prominent
peaks in the 30—80° range corresponded to the wurtzite phase
of ZnO.** In addition, the strong peak at approximately 38.39,
44.62, and 64.95° represented the (111), (200), and (220)
crystal planes of cubic silver.”” The morphology of the as-
prepared ZnO exhibits a NR shape, which aggregates to form a
nanoflower-like structure, with average lengths and diameters
of approximately 496.34 + 144.52 and 121.50 + 38.72 nm,
respectively (Figure S4a in Supporting Information-D). In the
case of ZnO—Ag, Ag NPs were decorated on the ends of the
ZnO NRs, with an average diameter of approximately 33.9 +
82 nm (Figure S4b in the Supporting Information-E).
Additionally, Ag NPs with a diameter of 74 nm were also
prepared for a comparative photocatalytic experiment (Figure
SSa in the Supporting Information-E). Despite Ag NPs being
recognized for their high photocatalytic performance without
the presence of any semiconductor material,***” in this study,
Ag NPs exhibited no photocatalytic effect on MB within the
same period of time as ZnO—Ag (Figure SSb in Supporting
Information-E). To compare the degradation effect between
ZnO NRs and another ZnO nanostructure, namely, nanosheets
(NSs), ZnO NSs were prepared following the precipitate
method. The morphology of the as-prepared ZnO NSs exhibits
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a NS shape with an average size of 94.65 + 49.12 nm and an
average thickness of 1592 + 3.70 nm (Figure S6a in
Supporting Information-F). The as-prepared ZnO NSs exhibit
good crystallinity of the wurtzite phase (Figure S6b in the
Supporting Information-F). The photocatalytic reaction rate
showed that ZnO NRs are superior to ZnO NSs, ZnO NRs can
achieve 29.25%, while ZnO NSs only reach 26.68% efficiency
at the same time. It is observed that the photocatalytic activity
of ZnO NSs tends to decelerate over an extended duration of
the reaction, with the degradation rate gradually slowing down
between 90 and 120 min (Figure S6c in Supporting
Information-F). The degradation effect of ZnO—Ag NRs was
further examined with other compounds such as phenol, which
is a common pollutant found in wastewater from industrial,
agricultural, and domestic activities. Remediation of phenol is
challenging, and it often exhibits limited self-sensitization with
visible light illumination.*® The prepared ZnO—Ag NRs (1 wt
%) demonstrated high photocatalytic activity for phenol
degradation under white light illumination. Approximately
100% degradation of phenol was achieved after 120 min, and
the characteristic absorption peak of phenol at 270 nm was
completely undetectable after illumination (Figure S7a,b in
Supporting Information-G).

Performance of the CNF—-ZnO—Ag Membrane. The
photocatalytic performance of the CNF—ZnO—Ag composite
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is demonstrated in Figure 7a, where the absorption intensity of
MB at 664 nm gradually decreased with increasing reaction
time when immersed in the reacting solution under visible light
irradiation. This observation indicates that MB was degraded
as a result of the catalytic reaction of the CNF—ZnO—-Ag
composite. The visual degradation of the MB dye was further
confirmed by the change in solution color from deep to light
blue, as depicted in Figure 7b. The photocatalytic efficiency of
different CNF samples under visible light is presented in
Figure 7c,e. CNF alone exhibited the minimal degradation of
MB, which was attributed to MB molecules adsorbing onto the
CNF surface.”” However, the significant removal efficiency of
MB was observed only with the CNF decorated with ZnO—Ag
NRs. After 120 min, the maximum decomposition of MB
achieved was 74%, compared to 23 and 2% for CNF—ZnO and
bare CNF, respectively. The photocatalytic degradation of MB
over the CNF-ZnO—Ag membrane can be originated from
the formation of ROS, such as *O,” and °OH, through the
photocatalytic reaction of ZnO—Ag under light irradiation.
These ROS possess strong oxidizing properties and react with
MB to produce carbon dioxide and water, leading to the
degradation of MB.”> The photocatalytic efficiency of the
CNF—-ZnO—Ag composite was 3.2 times higher than that of
CNF-ZnO without Ag NPs. This enhancement can be
attributed to the higher photogeneration of electrons in
ZnO—Ag compared with ZnO. When Ag NPs are attached to
the ZnO NRs, the Schottky barrier forms in the ZnO—Ag
heterostructure. Upon irradiation, electrons in the valence
band of ZnO move to the conduction band (CB), generating
electron—hole (e”/h*) pairs. A schematic for the photo-
degradation of MB by the CNF—-ZnO—Ag composite is
proposed in Figure 8. The CB of ZnO is higher than the new
equilibrium Fermi energy level (E;) of ZnO—Ag, allowing for
the transfer of electrons from ZnO to Ag. As a result, Ag NPs
become highly enriched with electrons, reacting with oxygen
and generating more superoxide radicals (*O,”). Furthermore,
Ag NPs exhibit LSPR properties in the visible region, allowing
the excited electrons in Ag NPs to transfer the CB of ZnO
NRs.** This renders ZnO—Ag NRs highly active in the visible
region, unlike pristine ZnO that primarily responds to UV
light. These effects result in reduced recombination in pristine
ZnO and improved charge transfer, ultimately leading to
enhanced photocatalytic efficiency of the composite.

For quantitative comparison, the degradation curves of MB
were fitted using the pseudo-first-order kinetic model
described by the equation In(Cy/C) = kt, where k represents
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the kinetic rate constant (Figure 7d,e). The CNF membrane
and the control dye showed negligible k values of 1.2 X 107*
and 2.3 X 107" min~!, respectively, indicating no photo-
degradation activity. In contrast, the CNF—=ZnO and CNF—
ZnO—Ag NR decorated membranes exhibited k values of 2.2 X
107 and 1.1 X 107> min~', respectively. Among them, the
CNF—-ZnO—Ag NR membrane showed the highest k value,
indicating its superior photocatalytic performance. Another
approach was attempted to prepare the CNF—ZnO-Ag
membrane by directly synthesizing ZnO—Ag NRs onto the
CNF membrane (Supporting Information-H). However, the
result showed that the photodegradation efficiency of MB was
not as significant as that achieved with the drop-casting
method, despite using a 10-fold higher concentration of ZnO—
Ag (Figure S8 in the Supporting Information-H).

Figure 9a shows the photocatalytic performance of the
CNF-ZnO—Ag membrane for a longer duration compared to
previous tests. The results showed that after 5 h of visible light
irradiation, the CNF—ZnO—Ag membrane achieved complete
removal of MB with an efficiency of 100%. The color of
solution changed from a deep blue to a transparent color,
confirming the complete degradation of MB using the CNF—
ZnO—Ag membrane. Furthermore, to investigate the robust-
ness of the CNF—ZnO—Ag photocatalyst composite, reus-
ability tests were conducted by evaluating the degradation of
MB (Figure 9b). The results revealed that there was no
significant decrease in the photocatalytic degradation efficiency
during the recycling process. After three cycles, the photo-
catalytic efficiency reduced by only 16.52%. This demonstrated
that the CNF—ZnO—Ag composite exhibits stable photo-
catalytic performance for MB photodegradation under visible
light irradiation. Based on these findings, it can be concluded
that the CNF—ZnO—Ag membrane is a promising candidate
for practical applications in the photocatalytic degradation of
organic pollutants in aqueous environments. Its facile synthesis
approach and excellent reusability make it a viable option for
efficient and sustainable wastewater treatment.

B CONCLUSIONS

In this study, we demonstrated a simple and effective approach
for developing a composite membrane consisting of CNF and
ZnO—Ag NRs to address the treatment of dye wastewater.
CNF was utilized as the platform membrane for the composite
by inducing self-entanglement through NaOH treatment,
enhancing both the wet strength and the control over the
pore structure. As the photocatalyst material, ZnO—Ag NRs
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were drop-dried onto the porous CNF membrane, resulting in
attachment within the pores. The composite exhibited
remarkable photocatalytic activity in degrading MB under
visible light and displayed an excellent wet strength. The
attachment between the ZnO—Ag NRs and the porous CNF
structure significantly contributed to the photocatalytic
performance. Furthermore, the composite demonstrated
satisfactory reusability without significant deterioration after
three cycles. The simple preparation method, excellent
photocatalytic performance, and robustness of the composite
make it a valuable solution for practical applications in the
treatment of running water. Notably, when the CNF—=ZnO—
Ag membrane contained a minimal content of 2.20 wt % Ag
nanoparticles loaded onto ZnO NRs, its photocatalytic
efficiency was approximately 3.2 times higher compared to
that of CNF—ZnO without Ag nanoparticles. Moreover, the
CNF-ZnO—Ag membrane achieved complete decomposition
of MB (10 mg L™") within 300 min, with a photocatalytic rate
of 1.1 X 107> min~". The utilization of CNF as a platform
material provides a solution for carrying small photocatalytic
particles while preventing secondary pollution. This study
contributes to the development of sustainable and efficient
photocatalyst composites for dye wastewater treatment.
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