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Abstract: With the development of science and technology, photocatalytic technology is of great inter-
est. Nanosized photocatalysts are easy to agglomerate in an aqueous solution, which is unfavorable
for recycling. Therefore, hydrogel-based photocatalytic composites were born. Compared with other
photocatalytic carriers, hydrogels have a three-dimensional network structure, high water absorption,
and a controllable shape. Meanwhile, the high permeability of these composites is an effective way to
promote photocatalysis technology by inhibiting nanoparticle photo corrosion, while significantly
ensuring the catalytic activity of the photocatalysts. With the growing energy crisis and limited
reserves of traditional energy sources such as oil, the attention of researchers was drawn to natural
polymers. Like almost all abundant natural polymer compounds in the world, cellulose has the
advantages of non-toxicity, degradability, and biocompatibility. It is used as a class of reproducible
crude material for the preparation of hydrogel photocatalytic composites. The network structure and
high hydroxyl active sites of cellulose-based hydrogels improve the adsorption performance of cata-
lysts and avoid nanoparticle collisions, indirectly enhancing their photocatalytic performance. In this
paper, we sum up the current research progress of cellulose-based hydrogels. After briefly discussing
the properties and preparation methods of cellulose and its descendant hydrogels, we explore the
effects of hydrogels on photocatalytic properties. Next, the cellulose-based hydrogel photocatalytic
composites are classified according to the type of catalyst, and the research progress in different
fields is reviewed. Finally, the challenges they will face are summarized, and the development trends
are prospected.

Keywords: cellulose; cellulose derivatives; hydrogels; photocatalytic composites

1. Introduction

With the economy’s progress and the improvement in living standards, environmental
and energy problems are becoming increasingly prominent. The emission of dyes, heavy
metals, pesticides, and the emergence of a vast number of microbial pathogens is extremely
hazardous to human health and can even cause system disorders, cancer, and other dis-
eases [1,2]. Researchers have carried out the disposal of organic pollutants and heavy
metal ions by employing adsorption [3], reverse osmosis [4], and ion exchange [5]. Still,
these techniques have limitations, such as high cost and low efficiency. For the threat of
pathogenic bacteria, antibiotics [6], ultraviolet light, and high-temperature sterilization [7]
are commonly used. However, antibiotic sterilization tends to cause the development of
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drug-resistant strains, and UV and high-temperature sterilization also have limitations.
Meanwhile, energy shortages affect socioeconomic development and human living stan-
dards. Therefore, it is urgent to seek a green, safe, and sustainable energy technology.
Photocatalytic technology uses sunlight to irradiate photocatalytic materials in order to
degrade organic pollutants, reduce heavy metal ions, inactivate bacteria, and produce
hydrogen, which is highly efficient, green, safe, and cheap, and is one of the ideal ways to
solve environmental and energy problems.

Nanosized photocatalysts are easily agglomerated in water and are not suitable for
recovery. Activated carbon [8], molecular sieve [9], hydrogel [10], and other materials
are usually used as carriers to immobilize photocatalysts and improve the utilization
rate. Hydrogels, with high permeability, adsorption, and insolubility, are a type of bionic
photocatalytic reactor that has received wide attention from researchers [11]. Hydrogels are
three-dimensional network structures formed by electrostatic interaction, an entanglement
of molecular chains, and cross-linking of chemical bonds [12]. Due to their absorption of
large amounts of water and certain flexibility, they can form various hydrogels, such as gel
columns, gel spheres, gel films, etc. [13]. Meanwhile, supercritical drying, freeze-drying,
and evaporative drying can all be used to obtain porous solid aerogels [14].

With the increasing emphasis on the development and utilization of renewable re-
sources, bio-based polymers have received a lot of attention from researchers. The bio-
compatibility and degradability of bio-based hydrogels have led to their application in
agriculture [15], medical [16], and environmental fields [17]. Cellulose is a linear polymer
composed of many D-glucopyranose units interconnected by 3-glycosidic bonds. It is one
of the most widely distributed polysaccharides in nature, and is present in several plants,
bacteria, and algae such as cotton, rice straw, trees, and Chlorophyta. [18-20] (Figure 1).
The exposed hydroxyl groups of cellulose can undergo more chemical reactions, providing
the possibility of preparing cellulose derivatives, optimizing their disadvantages such as
water solubility and poor mechanical properties [21]. With their non-toxicity, and easy
degradability, hydrogels of cellulose and its descendants can be used in agriculture (storage
and continuous release of water and fertilizers [22]), water treatment (adsorption of heavy
metal ions [23], desalination of seawater [24], photocatalytic degradation of organic pollu-
tants [25], or photocatalytic sterilization [26]), and biomedicine (drug delivery [27], wound
dressings [28], tissue engineering [29], health care hygiene [30], and smart materials [31]),
among other areas.

Cellulose hydrogels are cited for use in both the water treatment [32] and antimicrobial
fields [33], emphasizing their adsorption properties as well as their photocatalytic proper-
ties. This paper mainly summarizes the properties, preparation methods, and classification
of cellulose-based hydrogel materials and their different applications in the direction of
photocatalysis over the past 15 years, providing a good basis for future development.
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Figure 1. Molecular structure of cellulose and its origin in nature.

2. Characteristics of Cellulose-Based Hydrogel Photocatalytic Composites

Cellulose hydrogels as semiconductor carriers have three main characteristics: high
adsorption, dispersibility, and morphological auxiliary. The adjustment of these character-
istics can change the structural features of the semiconductor, which in turn, can effectively
improve photocatalytic efficiency.

2.1. High Adsorption

Cellulose molecules form intramolecular and intermolecular hydrogen bonds, and the
molecular chains are coiled to form highly crystalline fibers that are more difficult to dis-
solve. At the same time, hydroxyl groups are blocked within, which affects their adsorption
properties for water, oil, and heavy metal ions [34]. In practical applications, cellulose is
chemically modified (oxidation, esterification, grafting, etc.) by introducing specific groups
to avoid its insolubility and enhance its adsorption properties [35,36]. Therefore, cellulose
derivatives are common materials for preparing cellulose-based hydrogels, specifically: hy-
droxy cellulose (HEC), carboxy cellulose (CMC), and amino cellulose. Han et al. prepared
titanium dioxide hydrogel cages using HEC and CMC. The hydrogel cages showed good
adsorption performance: within 5 min, the hydrogel cages adsorbed 43% more dye than
titanium dioxide nanoparticles, which greatly enhanced the photocatalytic performance of
the composites [37]. Adsorption is an essential part of the photocatalytic link, and a high
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stirring speed is usually used to reduce the mass transfer resistance. Hydroxy cellulose
and carboxy cellulose hydrogel photocatalytic composites enhance the adsorption of dyes
in wastewater through electrostatic interaction, which in turn promotes photocatalytic
reaction activity. In short, a synergistic adsorption—photocatalytic system was constructed
to enhance the photocatalytic effect [38,39]. Amino cellulose has an amino group at the
end, which is similar to the structure of chitosan. The introduction of the amino group
makes it very soluble, film-forming, and adsorbent of heavy metal ions, yielding good
prospects for biological applications such as wound dressing, immunofluorescence, and
drug release [40-42]. However, the complex synthesis process of amino cellulose and the
poor selectivity and economy of the synthesis process hinders the production and limits the
application of amino cellulose. No research on hydrogel-type photocatalytic composites
has been done in photocatalysis.

2.2. Dispersibility

Nanophotocatalysts have high specific surface energy and are thermodynamically
unstable systems. The nanoparticles agglomerate to form soft and hard agglomerates
due to van der Waals and Coulomb forces between the particles during preparation or
post-processing, affecting the adequate performance of their photocatalytic properties [43].
Therefore, cellulose can be a suitable carrier for improving the dispersion of nanophotocat-
alysts to expose more active sites to capture light or change the semiconductor bandgap to
participate in the reaction. The atoms and ions of semiconductors are anchored by func-
tional groups in cellulose through chemical or hydrogen bonding. For example, based on
the chemical interaction between Zn%* and COO~ of ZnO, Zn?* was adsorbed in floatable
carboxy methyl cellulose/polyphenyl amide hydrogel (PAM/CMC/DDM), which enabled
the practical separation of heavy metal ions in sewage. Subsequently, PAM/CMC/DDM-
ZnO photocatalytic composite was obtained by processing Zn?* into ZnO nanoparticles
using an in situ precipitation method. The nanoparticles in this composite avoided agglom-
eration during the preparation processes, creating a highly efficiently degradation of the
dye under visible light [25]. The hydroxyl groups of cellulose can form strong hydrogen-
bonding interactions with titanium dioxide nanoparticles, which can be made to adhere to
the cellulose surface using a hydrothermal method to obtain cellulose nanofiber/titanium
dioxide (P25) aerogel (CNFT) (Figure 2a). The P25 in CNFT2 is uniformly dispersed,
and the transmission electron micrographs show that its average diameter is around
6.8 nm (Figure 2b). Moreover, the spectral red-shift of the composites was obtained by
UV-vis diffuse reflection (Figure 2c), narrowing the bandgap of P25 and favoring the
photocatalytic reaction [44].

2.3. Morphological Adjuvants

Usually, controlling the photocatalyst morphology is also a meaningful means of
enhancing the catalyst activity. The structure, specific surface area, crystal shape, and
crystal defect of photocatalyst are the factors that affect the separation of photogenerated
electrons from holes [45]. In contrast to the existing morphology-modulating auxiliaries,
cellulose-based hydrogels have the advantages of being green, simple, and efficient.

Cellulose hydrogels can be used as reactors. Qin et al. successfully prepared flower-
like ZnO nanoparticles with a crystalline form of hexagonal fibrous zincite from sodium
hydroxide and zinc acetate. In this study, there is a chemical bonding between the hydrogel
reactor and sodium hydroxide and water, which makes Zn?* and OH~ slowly combine into
[Zn(OH)4]?>~ ions in the three-dimensional pores. Finally, the nanoflowers are generated
by dehydration, induction into nanosheets, and self-assembly, yielding homogeneous size
of the flower-like ZnO nanosheets in cellulose hydrogel pores and a high surface area
(39.18 m?/g) after calcination. It accelerated a decrease in rhodamine B concentration
under UV light [46].
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Figure 2. (a) Synthesis mechanism of cellulose nanotitanium dioxide aerogel (CNFT); (b) TEM
micrograph of CNFT2; (c) UV-Vis spectra of P25 and CNFT2 [44].

Cellulose hydrogels act as green capping agents to guide the semiconductor shape
change. As a typical example, Sabbaghan et al. selectively prepared cellulose oxide gel
membranes of different shapes (NFC/Cu,O) (spherical, cubic, and truncated cubic) using
the reduced end groups of cellulose for Cu?* ion binding. The bandgap of the NFC/Cu,O
films with different shapes was shown to be in the range of 2.02-2.25 eV by inspection, and
this optical property opens up new applications for cellulose gel films [47].

3. Preparation of Cellulose-Based Hydrogel Photocatalytic Composites

There is a cross-linking of the hydroxyl, acetyl, and carboxyl functional groups of
cellulose and a loading of photocatalyst to obtain hydrogel photocatalytic composites.
Standard cross-linking methods can be categorized as physical, chemical, and radiation
cross-linking methods (Table 1).
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Table 1. Classification of cellulose-based hydrogel photocatalytic composites.

. Specific
Categories  Photocatalysts Hydrogel Characteristics Preparation Surface References
Materials Methods Area /ng,l
Suspended hydrogels, Mechanical
adsorb heavy metal ions, foaming and in
PAM/CMC/DDM and degrade dyes situ - Zhao et al. 2021
efficiently polymerization
ZnO Cellulose Dispersion frame'work Phy§ic§1 B Jiao et al. 2018
for nanomaterials crosslinking
Bamboo fiber High specific surface area CIS)};selli?flSiarig 39.18 Qin et al. 2017
Cu,O0 Cellulose/AA/AM High adsorption CIS)ISISeIIiIrll ilSiar%g 89.56 Su et al. 2017
Superabsorbent,
biodegradable, and Chemical _
CMCNa/HEC photocatalytic crosslinking Mara et al. 2006
degradation crosslinker
Metal High Physical
- gh temperature ysica
sgﬁffn_ Cotton cellulose resistant crosslinking 6.10 Melone et al. 2013
ductor TiO; in situ generators, Chemical
Compos- a-Cellulose excellent strength and crosselrirrll llgian 550 Wang et al. 2017
ites TiO, good toughness J
TOCNs/PAM Super-tough Chemical - Yue et al. 2020
crosslinking
Self-cleaning, Chemical
BC antibacterial, and UV elmllsa - Rahman et al. 2021
shielding crosslinking
Good adsorption,
photocatalytic Chemical
CNFs degradation ability, low crosslinking 330 Li et al. 2021
density, and easy
recovery
Na,TizO7 Sisal cellulose High specific surface area Phy? 1ca.1 248.93 Liu et al. 2021
crosslinking
Bifunctional Chemical
MoS; BC adsorb;net 141 g?;;(égatalyst crosslinking 137 Ferreira-Neto et al. 2022
Metal Cds Straw cellulose Green recyclable ngsel?rlliﬁ?&g - Qian et al. 2020
sulfide . :
S High yield of hydrogen, .
(scgﬁrgg‘rf_) CdxZny+5 cMC good stability, easy Cr%?gﬁ:ﬁf&g - Wu et al. 2018
ductor recovery
composites Hydrogel beads, Chemical
Ag/AgCl CMC photocatalytic ey - Heidarpour et al. 2020
degradation of RhB crosslinking
Polyester High specific surface Chemical
fiber /cotton wool area, impact resistant crosslinking } Chen etal. 2019
- Cotton lint
o ) §-C3Ny otton fnter Enhanced carrier . - Bai et al. 2019;
rganic CMC/B- separation Yao et al. 2019
semicon- Cyclodextrin
ductor Adsorption:
composites ; Chemical .
GO MCC ph(;t;;gﬁgi]ytlc crosslinking 48.6 Liu et al. 2021
CMC/B- . o Chemical
MIL-100(Fe) Cyclodextrin Good water retainability crosslinking - Zhang et al. 2021

3.1. Physical Cross-Linking Method

The physical cross-linking method is mainly based on hydrogen bonding, crystal-
lization, and van der Waals forces to obtain hydrogels with a three-dimensional network
structure [48]. Its operation is simple, but the reversible connection between the chains
means that heat will return the gel the solution state [49]. Su et al. heated cellulose, car-
rageenan, and titanium dioxide in 1-ethyl-3-methylimidazole acetate solution, then cooled
and washed it to obtain hydrogel photocatalytic membranes by hydrogen bonding [50].
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3.2. Chemical Cross-Linking Method

The chemical cross-linking method uses covalent bonds between molecules to form hy-
drogels with desirable stable structures and mechanical strength. This method is accessible
using a broad range of monomers and mild conditions, usually with cross-linking agents
such as acrylic acid, polyethylene glycol, ammonium persulfate, polyethyleneimine, etc. Su
et al. used ammonium persulfate to generate free radicals in cellulose, which cross-linked
with acrylic acid (AA) and acrylamide (AM). Meanwhile, the Cu source was added and
freeze-dried to gain CuyO/ cellulose-based aerogels. The adsorption of large amounts of
molecular oxygen at the surface of aerogels promotes the separation of CuyO photoelectrons
and holes, thus enhancing the catalytic activity [51].

3.3. Radiation Cross-Linking Method

Radiation technology uses the interaction between rays, accelerated electrons, ions,
and substances to ionize and excite in order to produce free radicals, and initiate cross-
linking reactions [52]. The radiation cross linking method has the advantages of simple
operation, room temperature reaction, high efficiency, and green and non-polluting proper-
ties when compared to the above methods [53]. Liu and his colleagues used the electron
beam radiation method to develop poly-N-isopropyl acrylamide /highly substituted hy-
droxypropyl cellulose/carbon nitride (NIPAAm/HHPC/g-C3Ny) intelligent hydrogels,
which is a thermally driven property photocatalyst. The high specific surface area, porosity,
and large specific surface area of this hydrogel enhance the contact of rhodamine (RhB)
dyes. The networked three-dimensional structure of the hydrogel effectively adsorbed RhB
dye ions, achieving the combination of adsorption and photocatalysis [54].

4. Classification of Cellulose-Based Hydrogel Photocatalytic Materials

Based on the current research results, the cellulose-based hydrogel photocatalytic ma-
terials can be classified into metal oxide semiconductor composites, metal sulfide (chloride)
semiconductor composites, and organic semiconductor composites according to the types
of photocatalysts (Table 1).

4.1. Metal Oxide Semiconductor Composites

Currently, most of the metal oxide semiconductors applied in cellulose hydrogels
are titanium dioxide, due to their stable nature, non-toxicity, and cheapness [55]. Earlier,
researchers considered that toxic cross linking agents (dialkyl sulfone) would remain in the
synthesis of cellulose hydrogels, causing water contamination [56]. Therefore, a new highly
absorbent and biodegradable hydrogel was synthesized using sodium carboxymethyl
cellulose (CMCNa), hydroxyethyl cellulose (HEC), and titanium dioxide nanoparticles
(TiOy). This hydrogel was entirely degraded by dialkyl sulfone under 5 h of light [57].
Subsequently, several hydrogels with unique properties have been developed. For example,
high-temperature resistant cotton fiber aerogel [58]; x-cellulose hydrogel as TiO, in situ
reactors with excellent strength and good toughness [59]; high stiffness titanium diox-
ide/polyacrylamide/chitin oxide nanofiber hydrogel (TiO,-TOCNs-PAM), its compressive
strength at 70% strain is 1.46 MPa, tensile stress is 316 kPa, tensile strain is 310%, and
toughness is 47.25 kJ/ m?3 [60]; multifunctional flexible bacterial cellulose gel film with self-
cleaning, photocatalytic, and UV protection properties [61]; and cellulose nanofiber aerogels
loaded with TiO,, with good adsorption properties, high photocatalytic degradation, low
density, and easy recycling [62].

ZnO nanoparticles and cuprous oxide are also materials of interest to researchers.
Hasanpour et al. prepared six different shapes of cellulose/ZnO (CA/ZnO) heterogeneous
aerogels using microcrystalline cellulose (MCC) and zinc nitrate hexahydrate as the primary
raw materials by means of hydrothermal, sol-gel, and impregnation methods. Among these,
the highest degradation rate of MO was 94.78% for the CA/ZnO heterogeneous aerogel in
plate shape [63]. However, iron trioxide (x-Fe,O3), sodium trititanate (Nay TizOy), silver
phosphate (AgzPOy), and bismuth vanadate (BiVO,) semiconductors are relatively rare
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composites combined with cellulose hydrogels due to their high price or complexity of
preparation [64—68].

4.2. Metal Sulfide (Chloride) Semiconductor Composites

Metal sulfides have a narrower bandgap compared to metal oxides. Currently, cad-
mium sulfide (CdS) and molybdenum sulfide (MoS,) are mostly studied in cellulose-based
hydrogel photocatalytic materials [69]. CdS crystals are one of the best visible light-reactive
photocatalysts. Its forbidden bandwidth is 2.4 eV [70]. CdS nanoparticles are combined
with cellulose to form hydrogel composites, and their strong adsorption ability on MB
molecules indirectly improves photocatalytic activity [23,71]. Cadmium sulfide solid solu-
tion (CdxZn;.S) can be used to improve the optical properties of the catalyst by modulating
the elemental composition. Wu et al. used in situ chemistry to embed CdxZn;.,S particles
with a dimension of about 3 nm into carboxymethyl cellulose hydrogels. Among them,
the maximum hydrogen yield of Cdy2ZngS gel composites was 1762.5 pmol g’1 h—1.
This is 104 times the hydrogen production rate of pure cadmium sulfide. This hydro-
gel photocatalytic complex is stable and easily recyclable, meeting the criteria for green
hydrogen production [72]. The surface of noble metal nanoparticles can absorb visible
light and has a surface plasmon effect [73]. On the path of surface plasmon photocatalyst
exploration, Ag/AgCl has been the most studied by scientists. Heidarpour et al. wrapped
Ag/AgClin AI(III) and Fe(IlI) crosslinked cellulose hydrogel beads (Ag/AgCI@AI-CMC
and Ag/AgCl@Fe-CMC, respectively). Experimental tests showed that the gel beads have
good photocatalytic properties. The diverse cases on the photocatalytic performance was
also explored, and the photocatalytic reaction rate constants are shown in Table 2 [74].

Table 2. Photocatalytic rate constants of Ag/AgCI@Al-CMC and Ag/AgCl@Fe-CMC under different
conditions ((copied from Reference [74]).

Ag/AgCl@Ag-CMC AgCl@Fe-CMC
Catalyst Dosage 2 (g/L) 4 (g/L) 6 (g/L) 1 (g/L) 2 (g/L) 4 (g/L) 6 (g/L)
Ka}z,p 0.0223 0.0517 0.0711 0.0073 0.0152 0.0304 0.0395
R 0.99 0.95 0.98 0.98 0.99 0.99 0.99
RhB
concentration 10 (ppm) 15 (ppm) 20 (ppm) 25 (ppm) 10 (ppm) 15 (ppm) 20 (ppm) 25 (ppm)
Kalsz 0.0318 0.0233 0.0141 0.0304 0.0224 0.0170 0.0103
R 0.99 0.97 0.99 0.99 0.99 0.98 0.99
pH 7 9 4 7 9
Kalzpp 0.0517 0.0673 0.0198 0.0304 0.0352
R 0.95 0.99 0.99 0.99 0.95

4.3. Organic Semiconductor Composites

Graphitic phase carbon nitride (g-C3Ny), graphene oxide (GO), and organic metal
frameworks are representative materials for organic conjugated semiconductors. Graphitic-
phase carbon nitride is a layered material consisting of triazine and tri-s-triazine rings as
basic units [75]. It is of interest because of its advantages, such as being non-toxic, cheap,
and responsive in visible light. However, the disadvantages of carbon nitride, such as
a small specific surface area, easy polymerization, and few active sites, affect its photo-
catalytic performance [76]. Combining it with cellulose to form aerogel photocatalytic
materials can expand the specific surface area and upgrade carrier separation, thus im-
proving the photocatalytic ability [77-79]. GO has a large specific surface area compared
to g-C3Ny. Its large number of hydroxyl and carboxyl groups can be used for adsorption.
However, GO is soluble in water and difficult to use as an adsorbent [80]. Combining it
with MCC and polyaniline (PANI) perpetuates the adsorption performance and achieves
sound synergistic adsorption-photocatalytic degradation [81]. Metal-organic frameworks
(MOFs) are composed of metal units and organic ligands combined in a framework by
coordination to form an open network with high porosity, a stable network, and a massive
surface area. MIL-100(Fe) is merged with CMC and cyclodextrin to form a hydrogel with
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catalytic and water fixation capabilities. It has a good hydrophilicity, with a swelling rate
of 363%, which allows it to be used in environmental applications [82].

5. Application of Cellulose-Based Hydrogel Photocatalytic Materials

The advantages of cellulose-based hydrogel photocatalytic composites and photo-
catalysts and hydrogels are combined to promote cellulose with unique properties for
different applications. In this section, the latest applications of cellulose-based hydrogel
photocatalysts in wastewater treatment and energy will be briefly outlined.

5.1. Wastewater Treatment

The insolubility and hydrophilicity of most types of cellulose make cellulose-based
hydrogel photocatalytic composites widely used in wastewater treatment.

5.1.1. Removal of Dyes and Heavy Metal Ions

The degradation of dyes and heavy metals are the two most frequent methods used to
evaluate photocatalytic performance. Every year, printing and dyeing processes produce
hundreds of millions of tons of highly concentrated wastewater containing different types
of dyes, in addition to heavy metals, acids, and bases, causing severe environmental prob-
lems [83,84]. The dyes and heavy metals commonly used for photocatalytic degradation
are rhodamine B [85,86], methyl orange [87,88], methylene blue [89], carmine [90], and
hexavalent chromium ions [91]. Cellulose hydrogels carry functional groups that enhance
the adsorption and induce the photocatalytic degradation of dyes [92,93]. Table 3 lists the
degradation efficiency of methyl orange (MO) by different photocatalytic materials.

Table 3. Degradation efficiency of MO by different photocatalytic materials.

Dye Concentration

Dye Catalysts (mg/L) Time (min)  Degradation (%) References
TiO,-TOCNs-PAM 10 90 97.3 Yue et al. 2020
CA/ZnO 20 120 94.78 Hasanpour et al. 2021
g-C3Ny Cellulose aerogel 20 180 99 Ma et al. 2021
MO Ag@AgCl-contained 10 70 93 Tang et al. 2018
cellulose hydrogel
CuyO/TiO, /CNF/rGH 20 120 85.62 Zheng et al. 2022
Cu@Cu0/RGO/ cellulose 10 120 92.8 Du et al. 2019
hybrid aerogel

Two representative cases are presented in particular. Du et al. synthesized layered
stomatal Cu/doped CuyO/reduced graphene oxide/cellulose (Cu@Cu,O/RGO/CE) cat-
alytic materials using the in situ deposition method (Figure 3a). It had a high photocatalytic
performance for the degradation of MO in visible light. A reasonable photocatalytic degra-
dation diagram was obtained by EPR tests showing that hydroxyl radicals and superoxide
radicals take effect in the photocatalytic process (Figure 3b) [94]. NH,-MIL-88B(Fe) (NM88)
and g-C3Ny4 loaded onto aerogels, combined with natural cellulose and polyacrylonitrile
fibers (BMFAs), achieved a 99% reduction of Cr(VI) within 20 min. At the same time, this
composite has excellent memory properties and shape deformability (Figure 3c) [95].



Gels 2022, 8,270

10 of 16

GO suspensions CuSO,

~| Dissolution | i “|  Self-assembly

NaOH/urea Cellulose solution GO/CE hydrogel

In-suit deposition

Freeze drying

S——

Cu,0/RGO/CE aerogel Cu,0/RGO/CE hydrogel

(b)

Q ©
X ¢ 00 vo
g %o

O
QO
X n0

CO+H,0

Figure 3. (a) Synthesis process of Cu@CuyO/RGO/CE hybrid catalysts; (b) Mechanism diagram of
Cu@Cu,;O0/RGO/CE photocatalytic degradation of MO; (c) Elasticity test map; and (d) plasticity of
BMFAs [94,95].

5.1.2. Degradation of Antibiotics

Antibiotics are remarkably effective in treating infectious diseases and are in high
demand in the livestock and aquaculture industries. However, residual antibiotics can
also have severe ecological and public health impacts [96]. Therefore, the problem of
antibiotic reprocessing is among the urgent issues to be addressed. Currently, efficient,
mild, and non-polluting photocatalytic technology shows good prospects for degrading
antibiotic wastewater. Tetracycline, as a spectral antibiotic, has received significant attention
from researchers. Recent literature reported that the combination of photocatalyst and
cellulose to form an open porous three-dimensional structure and high specific surface
area enhanced its adsorption, thus improving the degradation efficiency [97]. The high
mechanical strength of hydrogels allows the reusability of the composites [98].
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5.1.3. Antibacterial Properties

After an assessment by the World Health Organization (WHO), the following informa-
tion was obtained. In developing countries, 80% of diseases originate from water sources
contaminated with pathogenic microorganisms, including fungi, bacteria, and viruses [99].
These microorganisms can cause diseases such as diarrhea, typhoid, and pneumonia. Pho-
tocatalysis has received attention from researchers as an effective and inexpensive method
for sterilization. Zhang et al. synthesized multifunctional cellulose/TiO,/3-CD hydrogels
with extreme photocatalytic antibacterial properties and drug release capacity. Their excel-
lent photocatalytic antibacterial activity was verified by the inhibition circle method under
dark and light conditions [100].

5.2. Energy
5.2.1. Hydrogen Energy

In today’s society, the development of green energy plays a vital role in economic
development and human living standards. Hydrogen energy with high calorific value and
no secondary pollution is becoming a hot spot for research. In contrast to electrochemi-
cal hydrogen generation [101] and anaerobic microbial fermentation [102], photocatalytic
hydrogen generation is essential for the development of hydrogen energy by converting
sunlight into hydrogen energy using water as a raw material. Kang et al. used an in situ
method to combine nanoscale CdS and CMC, while doping with trace amounts of Pt, to
produce highly efficient hydrogen-producing photocatalytic hydrogels, with a hydrogen
generation efficiency of 1365 umol h~!g~1. The cellulose hydrogel enabled a better dis-
persion of CdS nanoparticles and avoided the secondary contamination of nanoparticles,
which has practical implications for the development of hydrogen energy [103].

5.2.2. Food Packaging

Food packaging bags mainly include two types: plastic and paper bags. Plastic bags
make up the bulk of packaging materials, prepared by the polymerization of ethylene in
petroleum cracking; these are not easily degradable, and doing so will cause secondary
pollution. At the same time, due to energy constraints, the transformation of plastic
packaging bags is imminent. Cellulose is easily accessible and biodegradable, laying the
foundation for the development of green packaging materials. Xie et al. prepared a cellulose
gel film containing zinc oxide nanoparticles on the surface by chemical cross-linking and
hydrothermal methods. This food packaging film has specific mechanical properties to
block oxygen and water vapor and ensure the freshness of food. At the same time, it has
some antibacterial effects under both dark and UV light irradiation conditions. Under UV
light, the bacteria were inactivated more efficiently by synergistic photocatalytic oxidation
and mechanical rupture [104].

6. Conclusions and Prospect

Cellulose is widely distributed in nature, has the largest reserves, and is easily degrad-
able. Therefore, the development of functional cellulose materials is of significant meaning
to the progress of green chemistry and the reduction of dependence on fossil resources.
The functional properties of cellulose, including hydrophilicity and good biocompatibility,
make it a suitable carrier for photocatalysts. In this paper, we review the research progress
of cellulose-based hydrogel photocatalytic materials, detailing the properties, preparation
methods, classification, and applications of the composites in the environmental and energy
fields. Combined with the above literature, it is concluded that cellulose hydrogels as carri-
ers exhibit the following main advantages. First, the three-dimensional network of cellulose
hydrogels increases the specific surface area, which dramatically improves the adsorption
performance of composites. Second, the negative ions on cellulose can bind metal cations,
which can immobilize the photocatalyst on the surface and improve the dispersibility of
nanoparticles. Finally, cellulose can improve the carrier separation efficiency.
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Although the research on cellulose-based hydrogel photocatalytic composites contin-
ues to progress, there are still some issues of concern: (1) From the preparation method of
composites, radiation preparation has the advantages of green qualities and high efficiency,
but relatively little research has been reported on this method. (2) Whether or not the
mechanical strength of a hydrogel carrier will be affected during the photocatalytic cycle.
Therefore, further research is needed. (3) Most of the applications of the composites are
concentrated in the environmental field and very few are developed in the energy field. We
have not seen any research in the medical fields, such as photodynamic therapy. Therefore,
future research can focus on this area and fully expand its biocompatibility to enable its
application in the medical field.

Author Contributions: Writing—original draft, ].Y.; Resources, D.L. and X.S.; Methodology, Y.Z.;
Formal analysis, Y.W.; Visualization, L.R.; Investigation, L.F. and Z.W.; Supervision, X.Y.; Writing—
review & editing, Y.L. (Yuesheng Li) and Y.L. (Yi Liu). All authors have read and agreed to the
published version of the manuscript.

Funding: The authors extend their appreciation to the National Natural Science Foundation of China
(No. 11405050), the Hubei Provincial Colleges and Universities Outstanding Young and Middle-aged
Technological Innovation Team Project (No. T2020022), Xianning City Key Program of Science and
Technology (No. 2021GXYF021), and the Science Development Foundation of the Hubei University
of Science and Technology (No. 2020TD01, 2021ZX01).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: This work was supported by the National Natural Science Foundation of China
(No. 11405050), the Hubei Provincial Colleges and Universities Outstanding Young and Middle-aged
Technological Innovation Team Project (No. T2020022), Xianning City Key Program of Science and
Technology (No. 2021GXYF021), and the Science Development Foundation of the Hubei University
of Science and Technology (No. 2020TD01, 2021ZX01).

Conflicts of Interest: The author declares no conflict of interest.

References

1.  Yakamercan, E.; Ari, A.; Aygiin, A. Land application of municipal sewage sludge: Human health risk assessment of heavy metals.
J. Clean. Prod. 2021, 319, 128568. [CrossRef]

2. Su, H.C; Liu, Y.S,; Pan, C.G,; Chen, J.; He, L.Y.; Ying, G.G. Persistence of antibiotic resistance genes and bacterial commu-
nity changes in drinking water treatment system: From drinking water source to tap water. Sci. Total Environ. 2018, 616,
453-461. [CrossRef] [PubMed]

3. Chen, X,; Song, Z.; Yuan, B.; Li, X;; Li, S.; Nguyen, T.T.; Guo, M.; Guo, Z. Fluorescent carbon dots crosslinked cellulose
nanofibril /chitosan interpenetrating hydrogel system for sensitive detection and efficient adsorption of Cu (II) and Cr (VI). Chem.
Eng. J. 2022, 430, 133154. [CrossRef]

4. Alhalili, Z.; Romdhani, C.; Chemingui, H.; Smiri, M. Removal of dithioterethiol (DTT) from water by membranes of cellulose
acetate (AC) and AC doped ZnO and TiO, nanoparticles. J. Saudi Chem. Soc. 2021, 25, 101282. [CrossRef]

5. Cui, J,; Li, J.E; Cui, J.; Wang, W.; Wu, Y.; Xu, B.; Chang, YJ.; Liu, X.J.; Li, H.; Yao, D.R. Removal effects of a biomass bot-
tom ash composite on tailwater phosphate and its application in a rural sewage treatment plant. Sci. Total Environ. 2021,
812, 152549. [CrossRef]

6.  Calero-Caceres, M.; Muniesa, M. Persistence of naturally occurring antibiotic resistance genes in the bacteria and bacteriophage
fractions of wastewater. Water Res. 2016, 95, 11-18. [CrossRef]

7. Matsunaga, T.; Tomoda, R.; Nakajima, T.; Wake, H. Photoelectrochemical sterilization of microbial cells by semiconductor
powders. FEMS Microbiol. Lett. 1985, 29, 211-214. [CrossRef]

8.  Khan, M.E. State-of-the-art developments in carbon-based metal nanocomposites as a catalyst: Photocatalysis. Nanoscale Adv.
2021, 3, 1887-1900. [CrossRef]

9. He, X,; Antonelli, D. Recent Advances in Synthesis and Applications of Transition Metal Containing Mesoporous Molecular
Sieves. Angew. Chem. Int. Ed. 2002, 41, 214-229. [CrossRef]

10. Chaubey, S.; Singh, P.; Singh, C.; Shambhavi; Sharma, K.; Yadav, R.K.; Kumar, A.; Baeg, J.; Dwivedi, D.K,; Singh, A.P. Self-

assembled protein/carbon nitride/sulfur hydrogel photocatalyst for highly selective solar chemical production. Mater. Lett. 2020,
259, 126752. [CrossRef]


http://doi.org/10.1016/j.jclepro.2021.128568
http://doi.org/10.1016/j.scitotenv.2017.10.318
http://www.ncbi.nlm.nih.gov/pubmed/29127799
http://doi.org/10.1016/j.cej.2021.133154
http://doi.org/10.1016/j.jscs.2021.101282
http://doi.org/10.1016/j.scitotenv.2021.152549
http://doi.org/10.1016/j.watres.2016.03.006
http://doi.org/10.1111/j.1574-6968.1985.tb00864.x
http://doi.org/10.1039/D1NA00041A
http://doi.org/10.1002/1521-3773(20020118)41:2&lt;214::AID-ANIE214&gt;3.0.CO;2-D
http://doi.org/10.1016/j.matlet.2019.126752

Gels 2022, 8, 270 13 of 16

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Koo, H.J.; Velev, O.D. Biomimetic photocatalytic reactor with a hydrogel-embedded microfluidic network. J. Mater. Chem. A 2013,
1,11106-11110. [CrossRef]

Bao, Z.T.; Xian, C.H.; Yuan, Q.J.; Liu, G.T.; Wu, J. Natural Polymer-Based Hydrogels with Enhanced Mechanical Performances:
Preparation, Structure, and Property. Adv. Healthc. Mater. 2019, 8, 1900670. [CrossRef] [PubMed]

Yao, B.W,; Wang, H.Y.; Zhou, Q.Q.; Wu, M.M.; Zhang, M,; Li, C.; Shi, G.Q. Ultrahigh-Conductivity Polymer Hydrogels with
Arbitrary Structures. Adv. Mater. 2017, 29, 1700974. [CrossRef]

Job, N.; Théry, A.; Pirard, R.; Marien, J.; Kocon, L.; Rouzaud, J.-N.; Béguin, F.; Pirard, J.-P. Carbon aerogels, cryogels and xerogels:
Influence of the drying method on the textural properties of porous carbon materials. Carbon 2005, 43, 2481-2494. [CrossRef]
Michalik, R.; Wandzik, I. A Mini-Review on Chitosan-Based Hydrogels with Potential for Sustainable Agricultural Applications.
Polymers 2020, 12, 2425. [CrossRef]

Zhu, T.; Mao, J.; Cheng, Y,; Liu, H.; Lv, L.; Ge, M.; Li, S.; Huang, J.; Chen, Z.; Li, H.; et al. Recent Progress of Polysaccharide-Based
Hydrogel Interfaces for Wound Healing and Tissue Engineering. Adv. Mater. Interfaces 2019, 6, 1900761. [CrossRef]

Dragan, E.S.; Dinu, M.V. Progress in Polysaccharide/Zeolites and Polysaccharide Hydrogel Composite Sorbents and Their
Applications in Removal of Heavy Metal Ions and Dyes. Curr. Green Chem. 2015, 2, 342-353. [CrossRef]

Hemmati, F,; Jafari, S.M.; Taheri, R.A. Optimization of homogenization-sonication technique for the production of cellulose
nanocrystals from cotton linter. Int. J. Biol. Macromol. 2019, 137, 374-381. [CrossRef]

Marin, D.C.; Vecchio, A.; Ludueia, L.N.; Fasce, D.; Alvarez, V.A.; Stefani, PM. Revalorization of Rice Husk Waste as a Source of
Cellulose and Silica. Fibers Polym. 2015, 16, 285-293. [CrossRef]

Gullo, M.; La China, S.; Falcone, PM.; Giudici, P. Biotechnological production of cellulose by acetic acid bacteria: Current state
and perspectives. Appl. Microbiol. Biotechnol. 2018, 102, 6885-6898. [CrossRef]

Rincon-Iglesias, M.; Lizundia, E.; Lanceros-Méndez, S. Water-Soluble Cellulose Derivatives as Suitable Matrices for Multifunc-
tional Materials. Biomacromolecules 2019, 20, 2786-2795. [CrossRef] [PubMed]

Kareem, S.A,; Dere, I.; Gungula, D.T.; Andrew, F.P; Saddiq, A.M.; Adebayo, E.F,; Tame, V.T.; Kefas, HM.; Joseph, J.; Patrick,
D.O. Synthesis and Characterization of Slow-Release Fertilizer Hydrogel Based on Hydroxy Propyl Methyl Cellulose, Polyvinyl
Alcohol, Glycerol and Blended Paper. Gels 2021, 7, 262. [CrossRef] [PubMed]

Wang, ED.; Li, J.; Su, Y,; Li, Q.; Gao, B.Y,; Yue, Q.Y.; Zhou, W.Z. Adsorption and recycling of Cd(II) from wastewater using straw
cellulose hydrogel beads. J. Ind. Eng. Chem. 2019, 80, 361-369. [CrossRef]

Sun, Z.Z.; Li, Z.X; Li, W.Z,; Bian, F.G. Mesoporous cellulose/TiO, /SiO, / TiN-based nanocomposite hydrogels for efficient solar
steam evaporation: Low thermal conductivity and high light-heat conversion. Cellulose 2020, 27, 481-491. [CrossRef]

Zhao, H.; Li, Y. Removal of heavy metal ion by floatable hydrogel and reusability of its waste material in photocatalytic
degradation of organic dyes. J. Environ. Chem. Eng. 2021, 9, 105316. [CrossRef]

Luo, Y.; Huang, ]J.G. Hierarchical-Structured Anatase-Titania/Cellulose Composite Sheet with High Photocatalytic Performance
and Antibacterial Activity. Chem. A Eur. J. 2015, 21, 2568-2575. [CrossRef]

Dhanya, G.; Palanisamy Uma, M.; Khadar Mohamed Meera Sherifffa, B.; Gangasalam, A. Biomass-Derived Dialdehyde Cellulose
Cross-linked Chitosan-Based Nanocomposite Hydrogel with Phytosynthesized Zinc Oxide Nanoparticles for Enhanced Curcumin
Delivery and Bioactivity. . Agric. Food Chem. 2019, 67, 10880-10890.

Azarniya, A.; Tamjid, E.; Eslahi, N.; Simchi, A. Modification of bacterial cellulose/keratin nanofibrous mats by a tragacanth
gum-conjugated hydrogel for wound healing. Int. |. Biol. Macromol. 2019, 134, 280-289. [CrossRef]

Dorishetty, P.; Balu, R.; Athukoralalage, S.S.; Greaves, T.L.; Mata, J.; De Campo, L.; Saha, N.; Zannettino, A.C.W.; Dutta,
N.K.; Choudhury, N.R. Tunable biomimetic hydrogels from silk fibroin and nanocellulose. ACS Sustain. Chem. Eng. 2020, 8,
2375-2389. [CrossRef]

Enawgaw, H.; Tesfaye, T.; Yilma, K.T.; Limeneh, D.Y. Synthesis of a Cellulose-Co-AMPS Hydrogel for Personal Hygiene
Applications Using Cellulose Extracted from Corncobs. Gels 2021, 7, 236. [CrossRef]

Arias, S.L.; Cheng, M.K,; Civantos, A.; Devorkin, J.; Jaramillo, C.; Allain, J.P. Ion-Induced Nanopatterning of Bacterial Cellulose
Hydrogels for Biosensing and Anti-Biofouling Interfaces. ACS Appl. Nano Mater. 2020, 3, 6719-6728. [CrossRef]

Yu, J.; Wang, A.C.; Zhang, M.; Lin, Z. Water treatment via non-membrane inorganic nanoparticles/cellulose composites. Mater.
Today 2021, 50, 329-357. [CrossRef]

Bao, Y;; He, J.; Song, K.; Guo, J.; Zhou, X; Liu, S. Functionalization and Antibacterial Applications of Cellulose-Based Composite
Hydrogels. Polymers 2022, 14, 769. [CrossRef]

Gnanasambandam, R.; Proctor, A. Soy hull as an adsorbent source in processing soy oil. |. Am. Oil Chem. Soc. 1997, 74,
685-692. [CrossRef]

Bendahou, A.; Hajlane, A.; Dufresne, A.; Boufi, S.; Kaddami, H. Esterification and amidation for grafting long aliphatic chains on
to cellulose nanocrystals: A comparative study. Res. Chem. Intermed. 2015, 41, 4293-4310. [CrossRef]

Sim, K.; Youn, H.J; Jo, Y. Surface modification of cellulose nanofibrils by carboxymethylation and tempo-mediated oxidation.
Palpu Chongi Gisul/]. Korea Tech. Assoc. Pulp Pap. Ind. 2015, 47, 42-52. [CrossRef]

Han, S.; Wang, T; Li, B. Preparation of a hydroxyethyl-titanium dioxide-carboxymethyl cellulose hydrogel cage and its effect on
the removal of methylene blue. J. Appl. Polym. Sci. 2017, 134, 44925. [CrossRef]


http://doi.org/10.1039/c3ta12483e
http://doi.org/10.1002/adhm.201900670
http://www.ncbi.nlm.nih.gov/pubmed/31364824
http://doi.org/10.1002/adma.201700974
http://doi.org/10.1016/j.carbon.2005.04.031
http://doi.org/10.3390/polym12102425
http://doi.org/10.1002/admi.201900761
http://doi.org/10.2174/2213346102666150918190635
http://doi.org/10.1016/j.ijbiomac.2019.06.241
http://doi.org/10.1007/s12221-015-0285-5
http://doi.org/10.1007/s00253-018-9164-5
http://doi.org/10.1021/acs.biomac.9b00574
http://www.ncbi.nlm.nih.gov/pubmed/31150225
http://doi.org/10.3390/gels7040262
http://www.ncbi.nlm.nih.gov/pubmed/34940322
http://doi.org/10.1016/j.jiec.2019.08.015
http://doi.org/10.1007/s10570-019-02823-0
http://doi.org/10.1016/j.jece.2021.105316
http://doi.org/10.1002/chem.201405066
http://doi.org/10.1016/j.ijbiomac.2019.05.023
http://doi.org/10.1021/acssuschemeng.9b05317
http://doi.org/10.3390/gels7040236
http://doi.org/10.1021/acsanm.0c01151
http://doi.org/10.1016/j.mattod.2021.03.024
http://doi.org/10.3390/polym14040769
http://doi.org/10.1007/s11746-997-0201-2
http://doi.org/10.1007/s11164-014-1530-z
http://doi.org/10.7584/ktappi.2015.47.2.042
http://doi.org/10.1002/app.44925

Gels 2022, 8, 270 14 of 16

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Thomas, M.; Naikoo, G.A.; Sheikh, M.U.D.; Bano, M.; Khan, F. Effective photocatalytic degradation of Congo red dye using
alginate/carboxymethyl cellulose/TiO, nanocomposite hydrogel under direct sunlight irradiation. J. Photochem. Photobiol. A
Chem. 2016, 327, 33-43. [CrossRef]

Jiao, Y.; Wan, C.; Li, J. Hydrothermal synthesis of SnO,-ZnO aggregates in cellulose aerogels for photocatalytic degradation of
rhodamine b. Cellul. Chem. Technol. 2018, 52, 481-491.

Hu, Y,; Li, N.; Yue, P; Chen, G.; Hao, X; Bian, ]J.; Peng, F. Highly antibacterial hydrogels prepared from amino cellulose,
dialdehyde xylan, and Ag nanoparticles by a green reduction method. Cellulose 2022, 29, 1055-1067. [CrossRef]

Obst, M.; Heinze, T. Simple synthesis of reactive and nanostructure forming hydrophobic amino cellulose derivatives. Macromol.
Mater. Eng. 2016, 301, 65-70. [CrossRef]

Ansari, M\M.; Ahmad, A.; Kumar, A.; Alam, P.; Khan, T.H.; Jayamurugan, G.; Raza, S.S.; Khan, R. Aminocellulose-grafted-
polycaprolactone coated gelatin nanoparticles alleviate inflammation in rheumatoid arthritis: A combinational therapeutic
approach. Carbohydr. Polym. 2021, 258, 117600. [CrossRef]

Stohr, M.; Sadhukhan, M.; Al-Hamdani, Y.S.; Hermann, J.; Tkatchenko, A. Coulomb interactions between dipolar quantum
fluctuations in van der waals bound molecules and materials. Nat. Commun. 2021, 12, 1-9. [CrossRef]

Li, S.; Hao, X; Dai, X.; Tao, T. Rapid photocatalytic degradation of pollutant from water under UV and sunlight via cellulose
nanofiber aerogel wrapped by TiO,. J. Nanomater. 2018, 2018, 1-12. [CrossRef]

Habibi, S.; Jamshidi, M. Synthesis of TiO, nanoparticles coated on cellulose nanofibers with different morphologies: Effect of the
template and sol-gel parameters. Mater. Sci. Semicond. Process. 2020, 109, 104927. [CrossRef]

Qin, C.C; Lj, S.J.; Jiang, G.Q.; Cao, J.; Guo, Y.L.; Li, ].W.; Zhang, B.; Han, S.S. Preparation of Flower-like ZnO Nanoparticles in a
Cellulose Hydrogel Microreactor. BioResources 2017, 12, 3182-3191. [CrossRef]

Sabbaghan, M.; Argyropoulos, D.S. Synthesis and characterization of nano fibrillated cellulose/Cu,O films; micro and nano
particle nucleation effects. Carbohydr. Polym. 2018, 197, 614-622. [CrossRef]

Qi, X;; Guan, Y.; Chen, G.; Zhang, B.; Ren, J.; Peng, F; Sun, R. A non-covalent strategy for montmorillonite /xylose self-healing
hydrogels. RSC Adv. 2015, 5, 41006—-41012. [CrossRef]

Gu, Y;; Zhang, L.; Du, X,; Fan, Z.; Wang, L.; Sun, W.; Cheng, Y.; Zhu, Y.; Chen, C. Reversible physical crosslinking strategy with
optimal temperature for 3D bioprinting of human chondrocyte-laden gelatin methacryloyl bioink. J. Biomater. Appl. 2018, 33,
609-618. [CrossRef]

Jo,S.; Oh, Y,; Park, S.; Kan, E.; Lee, S.H. Cellulose/carrageenan/TiO, nanocomposite for adsorption and photodegradation of
cationic dye. Biotechnol. Bioprocess Eng. 2017, 22, 734-738. [CrossRef]

Su, X,; Liao, Q.; Liu, L.; Meng, R.; Qian, Z.; Gao, H.; Yao, J. Cu20 nanoparticle -functionalized cellulose-based aerogel as
high-performance visible-light photocatalyst. Cellulose 2017, 24, 1017-1029. [CrossRef]

Volokhova, A.A.; Kudryavtseva, V.L.; Spiridonova, T.I.; Kolesnik, I.; Goreninskii, S.I.; Sazonov, R.V.; Remnev, G.E.; Tverdokhlebov,
S.I. Controlled drug release from electrospun PCL non-woven scaffolds via multi-layering and e-beam treatment. Mater. Today
Commun. 2021, 26, 102134. [CrossRef]

Ishak, WH.W,; Jia, O.Y.; Ahmad, I. pH-responsive gamma-irradiated poly(acrylic acid)-cellulose-nanocrystal-reinforced hydrogels.
Polymers 2020, 12, 1932. [CrossRef]

Liu, G,; Li, T.T,; Song, X.F; Yang, J.Y,; Qin, ]J.T.; Zhang, FF; Wang, Z.X.; Chen, H.G.; Wu, M.H,; Li, Y.S. Thermally driven
characteristic and highly photocatalytic activity based on N-isopropyl acrylamide/high-substituted hydroxypropyl cellulose/g-
C3Ny4 hydrogel by electron beam pre-radiation method. J. Thermoplast. Compos. Mater. 2020, 33, 089270572094421. [CrossRef]
Mhsin, I.; Maria, Z. Titanium dioxide nanostructures as efficient photocatalyst: Progress, challenges and perspective. Int. ]. Energy
Res. 2021, 45, 3569-3589.

Dearfield, K.L.; Harrington-Brock, K.; Doerr, C.L.; Rabinowitz, J.R.; Moore, M.M. Genotoxicity in mouse lymphoma cells of
chemicals capable of Michael addition. Mutagenesis 1991, 6, 519-525. [CrossRef]

Marci, G.; Mele, G.; Palmisano, L.; Pulito, P.; Sannino, A. Environmentally sustainable production of cellulose-based superab-
sorbent hydrogels. Green Chem. 2006, 8, 439—444.

Melone, L.; Altomare, L.; Alfieri, I.; Lorenzi, A.; De Nardo, L.; Punta, C. Ceramic aerogels from TEMPO-oxidized cellulose
nanofibre templates: Synthesis, characterization, and photocatalytic properties. J. Photochem. Photobiol. A Chem. 2013, 261,
53-60. [CrossRef]

Wang, Q.; Wang, Y.; Chen, L.; Cai, J.; Zhang, L. Facile construction of cellulose nanocomposite aerogel containing TiO,
nanoparticles with high content and small size and their applications. Cellulose 2017, 24, 2229-2240. [CrossRef]

Yue, Y.; Wang, X.; Wu, Q.; Han, J.; Jiang, J. Highly recyclable and super-tough hydrogel mediated by dual-functional TiO,
nanoparticles toward efficient photodegradation of organic water pollutants. J. Colloid Interface Sci. 2020, 564, 99-112. [CrossRef]
Rahman, K.U.; Ferreira-Neto, E.P.; Rahman, G.U.; Parveen, R.; Monteiro, A.S.; Rahman, G.; Van Le, Q.; Domeneguetti, RR,;
Ribeiro, S.J.L.; Ullah, S. Flexible bacterial cellulose-based BC-5i02-TiO,-Ag membranes with self-cleaning, photocatalytic,
antibacterial and UV-shielding properties as a potential multifunctional material for combating infections and environmental
applications. J. Environ. Chem. Eng. 2021, 9, 104708. [CrossRef]

Li, K.; Zhang, X;; Qin, Y,; Li, Y. Construction of the Cellulose Nanofibers (CNFs) Aerogel Loading TiO, NPs and Its Application in
Disposal of Organic Pollutants. Polymers 2021, 13, 1841. [CrossRef]


http://doi.org/10.1016/j.jphotochem.2016.05.005
http://doi.org/10.1007/s10570-021-04359-8
http://doi.org/10.1002/mame.201500144
http://doi.org/10.1016/j.carbpol.2020.117600
http://doi.org/10.1038/s41467-020-20473-w
http://doi.org/10.1155/2018/8752015
http://doi.org/10.1016/j.mssp.2020.104927
http://doi.org/10.15376/biores.12.2.3182-3191
http://doi.org/10.1016/j.carbpol.2018.06.011
http://doi.org/10.1039/C5RA04115E
http://doi.org/10.1177/0885328218805864
http://doi.org/10.1007/s12257-017-0267-0
http://doi.org/10.1007/s10570-016-1154-0
http://doi.org/10.1016/j.mtcomm.2021.102134
http://doi.org/10.3390/polym12091932
http://doi.org/10.1177/0892705720944214
http://doi.org/10.1093/mutage/6.6.519
http://doi.org/10.1016/j.jphotochem.2013.04.004
http://doi.org/10.1007/s10570-017-1262-5
http://doi.org/10.1016/j.jcis.2019.12.069
http://doi.org/10.1016/j.jece.2020.104708
http://doi.org/10.3390/polym13111841

Gels 2022, 8, 270 15 of 16

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.
84.

85.

86.

87.

88.

Hasanpour, M.; Motahari, S.; Jing, D.; Hatami, M. Investigation of the Different Morphologies of Zinc Oxide (ZnO) in Cellu-
lose/ZnO Hybrid Aerogel on the Photocatalytic Degradation Efficiency of Methyl Orange. Top. Catal. 2021, 64, 1-14. [CrossRef]
Wang, J.; Li, X.; Cheng, Q.; Lv, E; Chang, C.; Zhang, L. Construction of 3-FeOOH®@tunicate cellulose nanocomposite hydrogels
and their highly efficient photocatalytic properties. Carbohydr. Polym. 2019, 229, 115470. [CrossRef]

Zhu, Z.; Qu, J.; Hao, S.; Han, S; Jia, K.; Yu, Z. Alpha-Fe203 Nanodisk/Bacterial Cellulose Hybrid Membranes as High-
Performance Sulfate-Radical-Based Visible Light Photocatalysts under Stirring /Flowing States. ACS Appl. Mater. Interfaces 2018,
10, 30670-30679. [CrossRef]

Liu, Y.; Chen, Y.; Chen, Z.; Qi, H. A novel cellulose-derived carbon aerogel@Na;Ti;O; composite for efficient photocatalytic
degradation of methylene blue. J. Appl. Polym. Sci. 2021, 138, 5134. [CrossRef]

Hoa, N.T.; Tien, N.T,; Phong, L.H.; Tai, V.V,; Hung, N.V,; Nui, P.X. Photocatalytic activity of Ag-Ag;PO,/Cellulose aerogel
composite for degradation of dye pollutants under visible light irradiation. Vietnam. J. Catal. Adsorpt. 2021, 10, 6-17.

Wang, L.; Chen, S.; Wu, P.; Wu, K.; Wu, J.; Meng, G.; Hou, J.; Liu, Z.; Guo, X. Enhanced optical absorption and pollutant adsorption
for photocatalytic performance of three-dimensional porous cellulose aerogel with BiVO4 and PANI. J. Mater. Res. 2020, 35,
1316-1328. [CrossRef]

Ferreira-Neto, E.P; Ullah, S.; Silva, T.C.A.; Domeneguetti, R.R.; Perrissinotto, A.P.; Vicente, F.S.; Rodrigues-Filho, U.P.; Ribeiro,
S.J.L. Bacterial Nanocellulose/MoS, Hybrid Aerogels as Bifunctional Adsorbent/Photocatalyst Membranes for in-Flow Water
Decontamination. ACS Appl. Mater. Interfaces 2020, 12, 41627-41643. [CrossRef]

Wang, S.; Zhu, B.; Liu, M.; Zhang, L.; Yu, J.; Zhou, M. Direct Z-scheme ZnO/CdS hierarchical photocatalyst for enhanced
photocatalytic H2-production activity. Appl. Catal. B: Environ. 2019, 243, 19-26. [CrossRef]

Qian, X.; Xu, Y.; Yue, X.; Wang, C.; Liu, M.; Duan, C.; Xu, Y,; Zhu, C.; Dai, L. Microwave-assisted solvothermal in-situ synthesis of
CdS nanoparticles on bacterial cellulose matrix for photocatalytic application. Cellulose 2020, 27, 5939-5954. [CrossRef]

Wu, Y,; Gao, J.; Hao, C.; Mei, S.; Yang, J.; Wang, X.; Zhao, R.; Zhai, X; Liu, Y. Easily recoverable CdxZn1-xS-Gel photocatalyst with
a tunable band structure for efficient and stable H2 production mediated by visible light. Cellulose 2018, 25, 167-177. [CrossRef]
Ghosh, S.K,; Pal, T. Interparticle Coupling Effect on the Surface Plasmon Resonance of Gold Nanoparticles: From Theory to
Applications. Chem. Rev. 2007, 107, 4797-4862. [CrossRef] [PubMed]

Heidarpour, H.; Golizadeh, M.; Padervand, M.; Karimi, A.; Vossoughi, M.; Tavakoli, M.H. In-situ formation and entrapment of
Ag/AgCl photocatalyst inside cross-linked carboxymethyl cellulose beads: A novel photoactive hydrogel for visible-light-induced
photocatalysis. J. Photochem. Photobiol. A Chem. 2020, 398, 112559. [CrossRef]

Ong, WJ.; Tan, L.L.; Ng, Y.H.; Yong, S.T.; Chai, S.P. Graphitic Carbon Nitride (g-C3N4)-Based Photocatalysts for Artificial
Photosynthesis and Environmental Remediation: Are We a Step Closer To Achieving Sustainability? Chem. Rev. 2016, 116,
7159-7329. [CrossRef]

Jiang, T,; Liu, S.; Gao, Y.; Rony, A.H.; Fan, M.,; Tan, G. Surface modification of porous g-C3N4 materials using a waste product for
enhanced photocatalytic performance under visible light. Green Chem. 2019, 21, 5934-5944. [CrossRef]

Chen, S.; Lu, W,; Han, J.; Zhong, H.; Xu, T.; Wang, G.; Chen, W. Robust three-dimensional g-C3N4@cellulose aerogel enhanced
by cross-linked polyester fibers for simultaneous removal of hexavalent chromium and antibiotics. Chem. Eng. J. 2019, 359,
119-129. [CrossRef]

Bai, W.; Yang, X.; Du, X,; Qian, Z.; Zhang, Y.; Liu, L.; Yao, J. Robust and recyclable macroscopic g-C3N4/cellulose hybrid
photocatalysts with enhanced visible light photocatalytic activity. Appl. Surf. Sci. 2019, 504, 144179. [CrossRef]

Qi, H.; Ji, X;; Shi, C.; Ma, R,; Huang, Z.; Guo, M,; Li, J.; Guo, Z. Bio-templated 3D porous graphitic carbon nitride hybrid aerogel
with enhanced charge carrier separation for efficient removal of hazardous organic pollutants. J. Colloid Interface Sci. 2019, 556,
366-375. [CrossRef]

Yao, M.; Wang, Z.; Liu, Y.; Yang, G.; Chen, ]. Preparation of dialdehyde cellulose graftead graphene oxide composite and its
adsorption behavior for heavy metals from aqueous solution. Carbohydr. Polym. 2019, 212, 345-351. [CrossRef]

Liu, T.; Wang, Z.; Wang, X.; Yang, G.; Liu, Y. Adsorption-photocatalysis performance of polyaniline/dicarboxyl acid cellu-
lose@graphene oxide for dye removal. Int. ]. Biol. Macromol. 2021, 182, 492-501. [CrossRef] [PubMed]

Zhang, H.; Zhou, L.; Li, ].; Rong, S.; Jiang, J.; Liu, S. Photocatalytic Degradation of Tetracycline by a Novel (CMC)/MIL-101(Fe)/ 3-
CDP Composite Hydrogel. Front. Chem. 2021, 8, 593730. [CrossRef] [PubMed]

Levec, J.; Pintar, A. Catalytic wet-air oxidation processes: A review. Catal. Today 2007, 124, 172-184. [CrossRef]

Li, Y.; Zhao, K.; Yang, W.; Chen, G.; Zhang, X.; Zhao, Y.; Liu, L.; Chen, M. Efficient removal of Cd?* ion from water by calcium
alginate hydrogel filtration membrane. Water Sci. Technol. 2017, 75, 2322-2330. [CrossRef]

Ma, Z.; Zhou, P; Zhang, L.; Zhong, Y.; Sui, X.; Wang, B.; Ma, Y.; Feng, X.; Xu, H.; Mao, Z. A recyclable 3D g-C3N4 based
nanocellulose aerogel composite for photodegradation of organic pollutants. Cellulose 2021, 28, 3531-3547. [CrossRef]

Lu, Y.; Sun, Q.F; Li, J.; Liu, Y. Fabrication, Characterization and Photocatalytic Activity of TiO,/Cellulose Composite Aerogel.
Key Eng. Mater. 2014, 609-610, 542-546. [CrossRef]

Tang, L.; Fu, T,; Li, M,; Li, L. Facile synthesis of Ag@AgCl-contained cellulose hydrogels and their application. Colloids Surf. A
Physicochem. Eng. Asp. 2018, 553, 618-623. [CrossRef]

Hasanpour, M.; Motahari, S.; Jing, D.; Hatami, M. Statistical analysis and optimization of photodegradation efficiency of methyl
orange from aqueous solution using cellulose/zinc oxide hybrid aerogel by response surface methodology (RSM). Arab. J. Chem.
2021, 14, 103401. [CrossRef]


http://doi.org/10.1007/s11244-021-01476-3
http://doi.org/10.1016/j.carbpol.2019.115470
http://doi.org/10.1021/acsami.8b10128
http://doi.org/10.1002/app.51347
http://doi.org/10.1557/jmr.2020.40
http://doi.org/10.1021/acsami.0c14137
http://doi.org/10.1016/j.apcatb.2018.10.019
http://doi.org/10.1007/s10570-020-03196-5
http://doi.org/10.1007/s10570-017-1600-7
http://doi.org/10.1021/cr0680282
http://www.ncbi.nlm.nih.gov/pubmed/17999554
http://doi.org/10.1016/j.jphotochem.2020.112559
http://doi.org/10.1021/acs.chemrev.6b00075
http://doi.org/10.1039/C9GC02631B
http://doi.org/10.1016/j.cej.2018.11.110
http://doi.org/10.1016/j.apsusc.2019.144179
http://doi.org/10.1016/j.jcis.2019.08.072
http://doi.org/10.1016/j.carbpol.2019.02.052
http://doi.org/10.1016/j.ijbiomac.2021.04.038
http://www.ncbi.nlm.nih.gov/pubmed/33848548
http://doi.org/10.3389/fchem.2020.593730
http://www.ncbi.nlm.nih.gov/pubmed/33520930
http://doi.org/10.1016/j.cattod.2007.03.035
http://doi.org/10.2166/wst.2017.059
http://doi.org/10.1007/s10570-021-03748-3
http://doi.org/10.4028/www.scientific.net/KEM.609-610.542
http://doi.org/10.1016/j.colsurfa.2018.06.016
http://doi.org/10.1016/j.arabjc.2021.103401

Gels 2022, 8, 270 16 of 16

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Brandes, R.; Trindade, E.C.A.; Vanin, D.F;; Vargas, VM.M.; Carminatti, C.A.; AL-Qureshi, H.A.; Recouvreux, D.O. Spherical
Bacterial Cellulose/TiO, Nanocomposite with Potential Application in Contaminants Removal from Wastewater by Photocatalysis.
Fibers Polym. 2018, 19, 1861-1868. [CrossRef]

Jiao, Y;; Wan, C.; Li, ]. Room-temperature embedment of anatase titania nanoparticles into porous cellulose aerogels. Appl. Phys.
2015, 120, 341-347. [CrossRef]

Li, M.; Qiu, J.; Xu, J.; Yao, J. Cellulose/TiO,-based carbonaceous composite film and aerogel for high-efficient photocatalysis
under visible light. Ind. Eng. Chem. Res. 2020, 59, 13997-14003. [CrossRef]

Zhang, Q.; Cheng, Y.; Fang, C.; Shi, J.; Chen, J.; Han, H. Novel and multifunctional adsorbent fabricated by Zeolitic imidazolate
framworks-8 and waste cigarette filters for wastewater treatment: Effective adsorption and photocatalysis. ]. Solid State Chem.
2021, 299, 122190. [CrossRef]

Zheng, A.L.T,; Sabidi, S.; Ohno, T.; Maeda, T.; Andou, Y. CupO/TiO, decorated on cellulose nanofiber/reduced graphene hydrogel
for enhanced photocatalytic activity and its antibacterial applications. Chemosphere 2022, 286, 131731. [CrossRef] [PubMed]

Du, X.; Wang, Z.; Pan, J.; Gong, W.; Liao, Q.; Liu, L.; Yao, J. High photocatalytic activity of Cu@Cu,O/RGO/ cellulose hybrid
aerogels as reusable catalysts with enhanced mass and electron transfer. React. Funct. Polym. 2019, 138, 79-87.

Qiu, J.; Fan, P; Yue, C.; Liu, E; Li, A. Multi-networked nanofibrous aerogel supported by heterojunction photocatalysts with
excellent dispersion and stability for photocatalysis. ]. Mater. Chem. A 2019, 7, 7053-7064. [CrossRef]

Xue, C.; Zheng, C.; Zhao, Q.; Sun, S. Occurrence of antibiotics and antibiotic resistance genes in cultured prawns from rice-prawn
co-culture and prawn monoculture systems in China. Sci. Total Environ. 2022, 806, 150307. [CrossRef]

Amaly, N.; EL-Moghazy, A.Y.; Nitin, N.; Sun, G.; Pandey, P.K. Synergistic adsorption-photocatalytic degradation of tetracycline
by microcrystalline cellulose composite aerogel dopped with montmorillonite hosted methylene blue. Chem. Eng. ]. 2022,
430, 133077. [CrossRef]

Yue, Y.; Shen, S.; Cheng, W.; Han, G.; Wu, Q,; Jiang, J. Construction of mechanically robust and recyclable photocatalytic hydrogel
based on nanocellulose-supported CdS/MoS;/Montmorillonite hybrid for antibiotic degradation. Colloids Surf. A Physicochem.
Eng. Asp. 2022, 636, 128035. [CrossRef]

Montgomery, M.A.; Elimelech, M. Water and Sanitation in Developing Countries: Including Health in the Equation. Environ. Sci.
Technol. 2007, 41, 17-24. [CrossRef]

Zhang, H.; Zhu, J.; Hu, Y.; Chen, A.; Zhou, L.; Gao, H; Liu, Y;; Liu, S. Study on Photocatalytic Antibacterial and Sustained-Release
Properties of Cellulose/TiO, / 3-CD Composite Hydrogel. ]. Nanomater. 2019, 2019, 1-12. [CrossRef]

Li, W,; Zhang, H.; Hong, M.; Zhang, L.; Feng, X.; Shi, M.; Hu, W.; Mu, S. Defective RuO, / TiO, nano-heterostructure advances
hydrogen production by Electrochemical Water Splitting. Chem. Eng. J. 2021, 431, 134072. [CrossRef]

Zhong, D.; Li, J.; Ma, W.; Xin, H. Magnetite nanoparticles enhanced glucose anaerobic fermentation for bio-hydrogen production
using an expanded granular sludge bed (EGSB) reactor. Int. J. Hydrog. Energy 2020, 45, 10664-10672. [CrossRef]

Kang, H.; Gao, J.; Xie, M.; Sun, Y.; Wu, E; Gao, C.; Liu, Y.; Qiu, H. Carboxymethyl cellulose gel membrane loaded with nanoparticle
photocatalysts for hydrogen production. Int. . Hydrog. Energy 2019, 44, 13011-13021. [CrossRef]

Xie, Y.; Pan, Y.; Cai, P. Cellulose-based antimicrobial films incroporated with ZnO nanopillars on surface as biodegradable and
antimicrobial packaging. Food Chem. 2021, 368, 130784. [CrossRef] [PubMed]


http://doi.org/10.1007/s12221-018-7798-7
http://doi.org/10.1007/s00339-015-9192-2
http://doi.org/10.1021/acs.iecr.0c01682
http://doi.org/10.1016/j.jssc.2021.122190
http://doi.org/10.1016/j.chemosphere.2021.131731
http://www.ncbi.nlm.nih.gov/pubmed/34388866
http://doi.org/10.1039/C9TA00388F
http://doi.org/10.1016/j.scitotenv.2021.150307
http://doi.org/10.1016/j.cej.2021.133077
http://doi.org/10.1016/j.colsurfa.2021.128035
http://doi.org/10.1021/es072435t
http://doi.org/10.1155/2019/2326042
http://doi.org/10.1016/j.cej.2021.134072
http://doi.org/10.1016/j.ijhydene.2020.01.095
http://doi.org/10.1016/j.ijhydene.2019.03.167
http://doi.org/10.1016/j.foodchem.2021.130784
http://www.ncbi.nlm.nih.gov/pubmed/34411864

	Introduction 
	Characteristics of Cellulose-Based Hydrogel Photocatalytic Composites 
	High Adsorption 
	Dispersibility 
	Morphological Adjuvants 

	Preparation of Cellulose-Based Hydrogel Photocatalytic Composites 
	Physical Cross-Linking Method 
	Chemical Cross-Linking Method 
	Radiation Cross-Linking Method 

	Classification of Cellulose-Based Hydrogel Photocatalytic Materials 
	Metal Oxide Semiconductor Composites 
	Metal Sulfide (Chloride) Semiconductor Composites 
	Organic Semiconductor Composites 

	Application of Cellulose-Based Hydrogel Photocatalytic Materials 
	Wastewater Treatment 
	Removal of Dyes and Heavy Metal Ions 
	Degradation of Antibiotics 
	Antibacterial Properties 

	Energy 
	Hydrogen Energy 
	Food Packaging 


	Conclusions and Prospect 
	References

