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Due to the frequent occurrence of oil spills and the large-scale production of oily wastewater, the treat-
ment of oily sewage has become an important issue for sustainable development. Recently, materials
prepared from lignocellulosic biomass (LCB) for oil-water separation have been found to be effective due
to their high separation efficiency, good recyclability, and superior sustainability. However, few reviews
have focused on the advantages and limitations of LCB for sewage treatment. This review summarizes the
performance of modified LCB in oily wastewater treatment, in terms of the advanced modification meth-
ods applied and the structural dimensions of LCB materials according to the principle of superwetting
oil-water separation. Research on the preparation technologies, separation mechanisms, and treatment
efficiency of different LCB materials are briefly summarized, along with the characteristics of different
LCB material types for oily wastewater treatment. Finally, the future prospects and challenges faced in

the development of LCB materials are discussed.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The increasing global demand for energy, along with rapid so-
cial and economic development, has resulted in a continual in-
crease in the discharge of oily industrial wastewater and domes-
tic sewage in recent years [1,2]. Human survival and the health
of most habitats worldwide are dependent in some manner on
ocean ecosystems and therefore, oil spills or the release of un-
treated oily wastewater is a critical issue for marine ecosystem
[3,4]. Oily wastewater and oil spills introduce toxic compounds
into terrestrial and marine environments, threatening species from
every level of the trophic system from the bottom (e.g., algae) to
the top (e.g.,, mammal), including humans. The improper handling
of oil-water mixtures causes significant harm to both the water-
body and the surrounding ecological environment [5-8]. Therefore,
the materials and technologies applied to oily wastewater treat-
ment are receiving increased research attention and development.

Oily wastewater can be categorized as a simple oil-water mix-
ture (oil-water stratification), a highly dispersed (uniform) mix-
ture, or a miscible (homogeneous phase) mixture, according to its
macroscopic physical state [9,10]. The primary oil pollutants in do-
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mestic and industrial sewage are the lipids formed from biological
fats and petroleum, respectively, including fatty acids, fats, waxes,
and other similar substances. Crude oil is a mixture containing wa-
ter, which is mainly composed of alkanes, cycloalkanes, aromat-
ics, and unsaturated hydrocarbons [11,12]. In addition to the pol-
lution caused by oil itself, various pollutants dissolved in oil can
also induce serious toxic effects, such as organic pesticides, poly-
cyclic aromatic hydrocarbons, aromatic hydrocarbons, polychlori-
nated biphenyls, and dyes [13,14]. The traditional treatment tech-
nologies used for oily wastewater treatment generally adopt phys-
ical methods such as gravity sedimentation and coarse-grained
oil removal. More sophisticated treatment methods utilize physi-
cal (air flotation and filtration), chemical (flocculation and chemi-
cal oxidation), and biological (active sludge and biofilms) methods
[15,16]. However, these traditional methods are time-consuming,
labor-intensive, and incur high operational costs. Furthermore, the
additional use of fillers such as flocculants, produces secondary
pollution and results in the need for stringent control mechanisms
[17].

Degradable lignocellulosic biomass (LCB) material has exhibited
good potential for practical application for the purification of oily
wastewater [18,19]. It is attractive to use LCB as a promising can-
didate material for the purification of oily wastewater [20,21]. The
different components and structures of LCB are powerful mod-
ification platforms for technological development, which can be
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selectively modified according to specific requirements, allowing
an advanced level of oily wastewater treatment that achieves ef-
fective separation and purification. A wide variety of functional
materials have been manufactured for oily wastewater treatment;
however, few review articles are available on the application of
LCB in this field. In this review, we summarize the latest research
progress in the preparation of materials from LCB for oily wastewa-
ter treatment. The mechanism of action and the wettability of LCB
materials which are beneficial for oily wastewater treatment are
discussed initially, followed by the advantages and disadvantages
of their application for oily wastewater treatment, in view of the
structures and compositions of LCB. Based on this, new methods
of LCB material modification for oily wastewater treatment were
reviewed, summarizing the oil-water separation efficiency and re-
cycling performance of LCB materials with O-dimensional (0D)
powder, 2-dimensional (2D) membrane, and 3-dimensional (3D)
structures. In particular, the emerging materials, derived from LCB
and exhibiting special wettability performance for oily wastewater
treatment are discussed, demonstrating the relationship between
the material structure and oil-water separation efficiency. Finally,
the potential for large-scale application of LCB materials is summa-
rized. By assessing the existing methods of LCB material prepara-
tion, this review is intended to provide clear information about the
latest technological developments on the use of LCB biomass ma-
terials for oily wastewater treatment, and provide reference mate-
rial for scientists investigating how to achieve optimized, low-cost
biomass capable of high efficiency oil-water separation.

2. The mechanism of superwettability for oily wastewater
treatment

Adjusting the wettability of materials is an effective method to
improve oil absorption capability [22,23]. Materials with superhy-
drophobic and superlipophilic properties can simultaneously repel
the water phase and make it easier for the oil phase to diffuse, ab-
sorb and penetrate substances, achieving oil-water separation [24].
The wettability of materials is affected by the surface roughness
and chemical composition. Fig. 1a presents a schematic of the ef-
fect of contact angle (CA). The wetting system can theoretically
be divided into three-phase gas/liquid/solid and liquid/liquid/solid
systems according to the different media in contact with the func-

Fig. 1. Schematic diagram of three-phase wetting system. (a) Schematic of the con-
tact angle. (b) Wenzel model. (c) Cassie model. (d) The transitional state between
Wenzel's and Cassie’s states. (e) Schematic of the contact angles of liquid 1 in air. (f)
Schematic of the contact angles of liquid 2 in air. (g) Three-phase system of liquid 1
in liquid 2. (h) Underoil superhydrophobic surface. (i) Underwater superoleophobic
surface.
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tional surface, according to Young’s equation (Eq. 1) [25]:

Ysv = YsL + Yivcost (1)

where, ysy, ¥Ys. and yy represent the surface tensions of solid-
gas, solid-liquid, and gas-liquid interfaces, respectively. Young's
equation is only applicable for smooth, non-deformed, and ideal
isotropic surfaces, while for the non-ideal solid surfaces, the Wen-
zel equation must be applied (Eq. 2) [26]:

cosO, = rcos

(2)

where, 0., 6 and r represent the apparent contact angle, balanced
contact angle, and roughness, respectively. Wenzel model is shown
in Fig. 1b. Considering the non-ideality of solid surfaces, Eq. 2 was
optimized, assuming that the material surface consists of two sub-
stances (1 and 2) as shown in Fig. 1c, with the intrinsic contact
angles of substance 1 and 2 being 6, and 65, respectively. There-
fore, the Cassie-Baxter equation was proposed (Eq. 3) [27]:

(3)

where f; and f, represent the surface area fractions of two sub-
stances on the solid surface (f; +f;=1). When the solid surface
possesses strong hydrophobicity, the droplets would have non-
wetting contact with the solid surface (Fig. 1d), with f; and f,
defined as the surface area fractions of liquid-solid and droplet-
air pore contacts (f; +f, = 1), respectively. The CA between droplet
and the air is 180° and therefore, Eq. 3 can be developed to form
Eq. 4 as follows:

ficosbq + frcos6, = cosO,

cost, = ficosb; — fo

(4)

According to Eq. 4, the hydrophobicity of the material is enhanced
with an increase in f,. The wettability of the material surface,
therefore, can be reasonably designed according to the Cassie-
Baxter equation (Eq. 3) in order to endow materials with the su-
perwettability required for effective oil-water separation [28,29].

For the liquid/liquid/solid three-phase wetting system, Ly, Ly, S,
and V are expressed as the liquid phase 1, liquid phase 2, ideal
solid surface, and gas phase, respectively. Schematics of the CA in
different three-phase systems are shown in Fig. 1e (liquid 1 in air),
Fig. 1f (liquid 2 in air), and Fig. 1g (liquid 1 in liquid 2). Introducing
the Young’s equation (Eq. 1) into this three-phase system generates
Egs. 5-7 as follow:

Ysv = Yst1 + Y1iveost; (5)
Ysv = Ysi2 + Vi2vC0s0, (6)
Ysi2 = VsL1 + iz €osfs (7)
Combining Eqs. 5-7 results in Eq. 8 as follows:

cosfs Yi,v €osby — yi,y cost, (8)

yuL,

where, the 04, 6, and 05 individually represent the CA of liquid 1
to the solid surface in air, the CA of liquid 2 to the solid surface
in air, and the CA of liquid 1 to the ideal solid surface in a lig-
uid/liquid/solid three-phase system. Eq. 8 can describe the wetting
behavior of smooth, non-deformed, and isotropic ideal surfaces in
a liquid/liquid/solid three-phase system, with 63 calculated from
01 and 65, as the liquid phases are known [30,31].

For the wettability model of liquid/liquid/solid three-phase sys-
tems with a rough surface, the Cassie-Baxter equation (Eq. 3)
should be introduced into the system for derivation. The state
of rough solid surfaces in the liquid phase can be regarded as
a binary composite interface formed between one liquid and the
solid surface, resulting in the contact state between the other liq-
uid and the solid surface being referred to as the Cassie state. In
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this case, f; is defined as the surface area fraction of contact be-
tween one liquid and the solid, while f, is defined as the surface
area fraction of contact between the other liquid and the solid
(fi +fo=1), with the CA of the droplet to another liquid phase
considered to be 180°. Thus, the wettability equation for the lig-
uid/liquid/solid three-phase system with a rough surface can be
obtained, as shown in Eq. (9):

cosB} = f; cosbs + f — 1 (9)

where, 0} represents the CA of liquid 1 to the rough solid surface
in the system [32,33].

The above equations illustrate the theoretical wettability of
three-phase systems. Materials selectively absorb water or oil on
their surface as they possess higher hydrophilicity and oleopho-
bicity or lipophilicity and hydrophobicity, respectively, resulting
in oil-water separation. In liquid/liquid/solid three-phase systems,
the underoil superhydrophobic (Fig. 1h) and the underwater su-
peroleophobic surfaces (Fig. 1i) are the two surfaces with mu-
tually contradictory wettability characteristics, which depend on
an exact match of the materials surface geometry and chemistry
[34-36]. Generally, the oil-water separation effect can only be
achieved when the material surfaces show the opposite wettabil-
ity for water/oil. The superhydrophobic/superlipophilic surfaces are
conducive for oil filtration and absorption, while the underoil su-
perhydrophobic and the underwater superoleophobic surfaces pos-
sess more comprehensive oil-water separation ability, the former
and the latter are mainly used to separate water-in-oil and oil-in-
water mixtures, respectively. In the next section, we will elaborate
on various new modification methods for LCB, so that the readers
can quickly understand the methods based on reasonable adjust-
ment of the wettability of LCB for the oily wastewater treatment.

3. The use of LCB as an applied material for oily wastewater
treatment

3.1. LCB components and pretreatment methods

3.1.1. LCB components

LCB is a main component of plant resources and its effective
utilization is an important way of developing environmentally sus-
tainable industrial practices, as the biomass resource LCB usually
has surplus availability [37]. LCB is composed of cellulose, hemi-
cellulose, and lignin as its three major components, with the pro-
portion of cellulose being the highest (35%—50%). Cellulose is a
polymer (up to 10,000 units) that is connected linearly via §—1,4
glycosidic linkages [38]. Glucose molecules contain a large num-
ber of intramolecular and intermolecular hydrogen bonds, which
result in the cellulose compound being difficult to degrade. Mean-
while, the large number of hydroxyl groups (—OH) endow the LCB
surface with high activity and surface energy. Hemicellulose is an
amorphous polysaccharide compound that contains various unit
compositions including xylose, glucose, mannose, galactose, and
arabinose, along with other types of structural units. The num-
ber of sugar units in hemicellulose ranges from 100 to 200, re-
sulting in its molecular weight being far lower than that of cellu-
lose [39]. The hemicellulose component acts as a binder between
cellulose and lignin, improving the rigidity of the biomass overall
[40]. In contrast, lignin has a 3D-grid polymeric structure without
a fixed shape, in which the basic unit is composed of methoxy-
lated phenylpropanoid units including sinaphyl, coniferyl, and p-
coumaryl alcohols [41,42]. Cellulose and hemicellulose can tightly
combine with lignin to form lignocellulose. These components pro-
vide plants with the strength and hardness required to resist exter-
nal forces, while also forming a protective layer to prevent external
microbial degradation of polysaccharides [43].
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3.1.2. A brief description about pretreatment of LCB

LCB must be pretreated before functionalization. Generally, the
pretreatment includes physical, chemical, physicochemical, and bi-
ological methods. The particle size and degree of polymerization of
the LCB material largely depend on the pretreatment methods ap-
plied. [44-46]. Physical pretreatment methods are generally used
to reduce the size of biomass, increase the specific surface area and
pore size, or reduce the crystallinity and polymerization degree of
cellulose. Chemical treatment is mostly performed using acids, al-
kalis, organic solvents, or co-solvents, which are capable of selec-
tively removing the main structural components [47,48]. Physico-
chemical approaches include steam explosion, ammonia fiber ex-
plosion (AFEX), and liquid hot water (LHW) methods [49,50]. Bio-
logical pretreatment allows lignin to be specifically degraded and
obtains the corresponding products [51].

3.2. Advantages of LCB application for oily wastewater treatment

The recent rapid development of biomass energy technologies
and bionics has provided new ideas for the invention of low-
cost materials capable of high efficiency oily wastewater treatment
[20,52]. The complete separation of oil-water mixtures using LCB
materials without the consumption of any external energy, has be-
come a key research focus.

The linear molecular structure of cellulose (B-p-glucopyranose,
(CgH1005)n), is the main component of LCB and is, therefore, diffi-
cult to dissolve using common polar and non-polar solvents as the
chemical bonds are not easily broken. The strong hydrogen bond-
ing is attributed to the large number of hydroxyl functional groups
(—OH) on the surface of cellulose, which make LCB inherently hy-
drophilic, enabling it to chemically react with different functional
groups. The main —OH functional group reactions of LCB include
oxidation to aldehyde groups (—CHO), oxidation to carboxyl groups
(—COOH), hydroxyl group substitution reactions, alcoholysis with
alkoxy groups to form new alkoxy bonds, condensation reactions
with phenolic and melamine resins, hydrogen bonding, coordina-
tion, electrostatic, and van der Waals interactions. The intercon-
nected lignin, cellulose, and hemicellulose compounds in LCB form
a lignin-carbohydrate complex, providing mechanical strength and
forming the internal structure of LCB materials. Furthermore, the
lignin in LCB contains active groups such as aromatic, phenolic
hydroxyl, alcoholic hydroxyl, carbonyl, methoxy, carboxyl groups,
and conjugated double bonds, capable of selective functional group
chemical reactions [53]. Therefore, suitable reactions can be se-
lected to facilitate the addition or removal of specific functional
groups on LCB, supporting further functionalization. For example,
the use of different long-chain silanes for hydrolysis and grafting
onto the surface of LCB, allows precise control over the wettabil-
ity of LCB, endowing it with the characteristics required for oily
wastewater treatment [54,55]. In addition, the 3D pore structure
of the original LCB material makes it suitable as a natural filter
and filler material [56,57]. Due to the 3D network structure of LCB,
there are an abundance of controllable factors (pretreatment mod-
ification, pore shape, length, diameter, etc.), allowing the 3D chan-
nels of LCB to be filled using functional particles and surface mod-
ifications [58].

4. Advanced LCB modification techniques for oily wastewater
treatment

LCB has the advantages of excellent sustainability, degradability,
and an abundance of natural resources, resulting in it becoming a
sustainable development research hotspot. The different potential
wettability characteristics and multilayer structures of LCB mate-
rials are the main factors contributing to the oil-water separation
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capability. In order to improve the efficiency of oil-water separa-
tion, the selection of suitable LCB material modification methods
has been found to be the key factor.

4.1. Dip coating

Dip coating is an effective method for superwetting oily
wastewater treatment, in which the pretreated LCB substrate is
fully immersed into a solution containing micro/nano particles,
a low surface energy substance, or a mixture of both, form-
ing an LCB structure with low surface energy and achieving su-
perwettability. The micro/nano particles commonly used to con-
struct micro-nano surface structures include SiO,, TiO,, ZnO, car-
bon materials, and metal nanoparticles [59]. Generally, the low
surface energy substances used include fluorine-containing silanes,
fluorine-containing resins, silicone resins, and fluorine-free long-
chain silanes. Wang et al. immersed wood in a mixed solution of
zinc acetate and triethylamine, modifying the wood with stearic
acid to obtain a stable superhydrophobic surface with a water
contact angle (WCA) of up to 151° [60]. Furthermore, modifying
wood using potassium methyl siliconate (PMS) and controlling the
dipping conditions, resulted in the formation of superhydrophobic
wood with a WCA of 153° [61]. Rahman et al. constructed micro-
nano structures on a fabric surface by enzymatic hydrolysis and
then treated it using the polydimethylsiloxane (PDMS) dip coat-
ing method [62]. Superhydrophobic cellulosic biomass could be ob-
tained by optimizing the treatment conditions. In practice, the ef-
fectiveness of the dip coating method is limited due to the frag-
ile adhesion between the micro-nano structure and the LCB sub-
strate surface, affecting the stability and recyclability of the modi-
fied LCB material, although this limitation can be overcome using
other methods and techniques. Overall, the dip coating technique is
simple to implement and provides a convenient method for achiev-
ing superwettability of LCB and other materials [63,64].

4.2. Spray coating

The spray coating technique atomizes raw materials and applies
them to the substrate surface through a spray gun or an atomizer,
avoiding the limitations of the substrate and efficiently accom-
plishing coating on a large-scale. Hydrophobic silica nanoparticles
dispersed in a solution can be sprayed on tape to prepare a mul-
tifunctional superhydrophobic surface, using a simple and practi-
cal method [65]. Xie et al. first utilized polydopamine (PDA) coat-
ing to generate a double-sided superhydrophilic surface on a re-
generated cellulose (RC) membrane, then spraying superhydropho-
bic attapulgite (SOATP) onto one of the surfaces to finally obtain
a membrane with opposing characteristics on each side [66]. This
modified RC membrane achieved efficient oil-water separation of
up to 99%. Shang et al. produced a superhydrophobic cotton fab-
ric by spraying it with a solution composed of the oligomer and
hydrophobic SiO, nanoparticles [67]. Due to its excellent superhy-
drophobicity and superlipophilicity, the functional cotton fabric ef-
fectively separated a variety of oil-water mixtures and emulsions
with ultrahigh efficiency and reusability, with the separation ef-
ficiency remaining above 99.990% after 30 separation cycles. The
spray coating method can effectively construct micro-nano struc-
tures on the surface of various complex substrates, although these
structures can easily be damaged. Another key limitation is that
spray coating cannot be applied to the modification of 3D mi-
cro/mesoporous internal structures [68].

4.3. Chemical vapor deposition (CVD)

In the chemical vapor deposition (CVD) method, precursors are
reacted and the products are deposited on the substrate to form
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multifunctional nanomaterial coatings. CVD coating can be used
to efficiently modify LCB and other substrates for oily wastewa-
ter treatment. Ultra-light cellulose aerogel can be modified by CVD
to become hydrophobic, resulting in a capability for oil absorp-
tion, with high surface and internal hydrophobicity [69]. Zhang et
al. conducted a comprehensive study on the CVD of SiO, on soot-
coated copper mesh and prepared a network of SiO, nanofibers
with superhydrophobicity and superlipophilicity, offering a solu-
tion for the treatment of oily wastewater [70]. Similarly, silk fabric
was enzymatically etched using the CVD process, achieving stable
oil-water separation performance [71]. Furthermore, an oil-water
separation aerogel with thermal management function was fabri-
cated via CVD modification by Zhu et al. using a top-down strategy
to combine balsa wood, PDMS, and carbon nanotubes (CNTs) [72].
The photothermal effect of CNTs promotes rapid volatilization of
the absorbed oil and due to the automatically continuous output
path, oil absorption by the superhydrophobic CNTs/wood aerogel
does not become saturated, providing a novel system for the de-
velopment of functional materials capable of oily wastewater treat-
ment.

4.4. Sol-gel technique

The sol-gel method incorporates precursors into solution and
gel states, then processes them to form a composite solid [73].
Briefly, the preparation process hydrolyzes the precursor to form
a solution and then forms a compound with the substrate to gen-
erate the functional material. For example, a hydrophobic cellulose
membrane was modified with hexadecyltrimethoxysilane (HDTMS)
by Medina-Sandoval et al., using a SiO, sol-gel method, achieving
the separation of immiscible oil-water mixtures at an efficiency
of over 99% and remaining effective (separating a water/oil (1:1)
emulsion) after 18 cycles of reuse [74]. Through a one-step sol-
gel strategy, Xie et al. utilized sol-gel strategy for the hydrolysis
and polycondensation of tetraethylorthosilicate (TEOS) and hexade-
cyltrimethoxysilane (HDTMS), preparing a superhydrophobic cellu-
lose membrane (SOCM) with nano-micro structures and a low sur-
face energy, achieving a separation efficiency of over 98% for vari-
ous oil-water mixtures and exhibiting good stability and recyclabil-
ity [75]. Using a simple vapor-liquid sol-gel method, underoil su-
perhydrophobic and underwater superoleophobic fabrics with ex-
cellent durability were prepared by Chen et al., effectively separat-
ing heavy oil/water, light oil/water, water-in-oil (W/O), oil-in-water
(O/W) emulsions, and immiscible organic solvents [76]. Overall, the
sol-gel technique provides a foundation for the preparation of mul-
tifunctional materials for use in oil-water separation.

4.5. Other advanced modification techniques

Due to recent technological progress, novel LCB modification
methods and LCB smart materials are likely to be applied to the
oily wastewater treatment, especially techniques forming smart
materials with self-healing properties, catalytic activity, photother-
mal performance, and multi-functionality.

Cao et al. developed a carbon black membrane (CBM) with
a layered structure and suitable chemical composition, exhibit-
ing excellent multiphase emulsion separation performance due to
its underwater superoleophobicity and underoil superhydropho-
bicity [77]. Using a process based on dual-function aqueous sus-
pensions, a superhydrophobic nanocellulose fiber (SHNCF) aerogel
was developed by Wang et al.,, achieving high capacity oil absorp-
tion (13.03-32.95g/g), with efficiently continuous oil-water sepa-
ration [78]. Although materials with special wettability have been
proven capable of oil-water separation, they can easily be polluted
by oil during practical application. The preparation of materials
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Fig. 2. Schematic diagram of the process of LCB used in oily wastewater treatment after refining and advanced modification techniques.

capable of catalytic degradation or intelligent wettability conver-
sion is a promising solution to overcome this limitation. Yang et
al. proposed a fluorine-free strategy for the modification of super-
hydrophobic cotton with TiO, nanoparticles, generating a cotton
fabric capable of self-cleaning via superhydrophobicity and pho-
tocatalytic degradation, with an oil-water separation efficiency of
>99.0% maintained after 7 cycles of reuse [79]. Chen et al. fab-
ricated a smart fabric coating based on pH-responsive and UV-
curable polyurethane, which endowed the fabric with wettabil-
ity characteristics switching from superhydrophobic to underwa-
ter superoleophobic with changing pH conditions [80]. The smart
Janus membrane has shown much promise for application in oily
wastewater treatment, exhibiting different wettability character-
istics on both sides and effectively separating various emulsions
and oil-water mixtures. Lehtinen et al. prepared a Janus filter by
spraying polydimethylsiloxane (PDMS) on one side of cotton fabric
and treating the other side with dimethylaminoethyl methacrylate
(DMAEMA) [81]. Due to the demulsification, the Janus fabric can
achieve a high rate of oil-water separation (4.9 x 10~4mL/s). De-
spite significant progress in the development of intelligent materi-
als for oily wastewater treatment, their use in large-scale applica-
tions remains a significant challenge.

These various techniques of advanced modification applied to
LCB for oily wastewater treatment are summarized in Fig. 2. The
different modification methods and corresponding key findings are
summarized in Table 1. By comparing the effect of different mod-
ification methods, this review summarizes key references for the
practical application of modified LCB materials in oily wastewater
treatment.

5. Construction of 0D, 2D and 3D-LCB materials for oily
wastewater treatment

Different types of LCB materials exhibit specific characteristics
for oily wastewater treatment due to varying structures and wet-
tability behaviors. As a basis for representative comparison, the
dimensions of materials are used as the discussion standard: 0D-
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LCB modified powders, 2D-LCB membranes, and 3D-LCB structures
with continuous channels for oily wastewater treatment.

5.1. OD-LCB materials for oily wastewater treatment

The mature LCB powder materials used in oily wastewa-
ter treatment include superhydrophobic-superlipophilic (water-
removing) and superhydrophilic-underwater superoleophobic (oil-
removing) powders. Using sawdust as a raw material, a su-
perhydrophobic and superoleophilic oil sorbent LCB was de-
signed by Zang et al., combining sawdust fibers with SiO, par-
ticles and self-assembly octadecyltrichlorosilane (OTS) monomers
[82]. The WCA and oil contact angle (OCA) of sawdust oil ab-
sorbents were 153° and ~0°, respectively, exhibiting an excel-
lent oil absorption capacity of 14.4g/g. In order to improve
the oil absorption and recycling capacity of LCB powders, hol-
low spherical ZnO particles and HDTMS were deposited on
the surface of corn straw powders via chemical hydrophobic
modification, effectively improving surface roughness and re-
ducing the surface free energy of corn straw fibers [83]. The
WCA and OCA of the corn straw oil absorbent were 155° and
~0°, respectively, achieving an absorption capacity of 20.4g/g,
resulting in high efficiency oil removal (99%—100%). Similarly, Xu et
al. fabricated a novel superhydrophobic/superoleophilic corn straw
fiber using the impregnation method, achieving excellent super-
hydrophobicity (WCA ~ 152°) and superlipophilicity (OCA ~ 0°),
with the modified corn straw fiber exhibiting an oil absorption ca-
pacity of up to 27.8g/g [84]. Furthermore, the WCA and OCA re-
mained unchanged after 150 days of storage under ambient tem-
perature and humidity conditions. Overall, the corn straw oil ab-
sorbent has high potential for use in the treatment of oily wastew-
ater, due to its good environmental stability and high efficiency oil-
water separation capability. Hydrophobic wood powders modified
with ZnO nanoparticles can effectively treat oily wastewater, with
modified wood flour shown to possess excellent stability with a
WCA and OCA of 156° and 0°, respectively [85]. The oil absorp-
tion capacity of modified wood flour was 20.81 g/g, with an oil ab-
sorption efficiency ranging from 98% to 100%. A key advantage is
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Table 1
Comparison of different modification methods and corresponding key findings.
Methods Material Wettability Key findings Ref.
Dip coating Poplar lumber, zinc acetate, triethylamine WCA=151° Superhydrophobic wood surface showed that the [60]
surface roughness and low-surface energy are needed
to form superhydrophobicity.
Poplar wood, PMS WCA=153° Using the waterproof reagent PMS as the reactant in a [61]
solution-immersion method, the superhydrophobic
surface was assembled on the wood surface.
Cellulase from Aspergillus niger, WCA=162° Using the biological enzyme dipping method, by [62]
polydimethylsiloxane (PDMS) changing the conditions to find the enzyme value with
the largest superhydrophobicity.
Spray coating 1H,1H,2H,2H- WCA=156.1° Excellent scratch and abrasion resistance, strong acid [65]
Perfluorodecyltrimethoxysilane, SiO,, and alkali resistance.
Ausbond 92 conformal coating
Cellulose, attapulgite (ATP), HDTMS WCA =150.4°, 0CA=152.6° A Janus membrane possessed broad development [66]
(underwater) potential in the design of special wettability oil-water
separation membranes.
Octavinyl polyhedron oligomeric WCA=159.6°+1.8° Modified fabric separated oil-water mixture multiple [67]
sesquiloxane, SiO,, fabric times, stable, low-cost, and environmentally friendly.
Chemical vapor Cotton linter, WCA=128.4° Aerogel possessed high hydrophobicity with oil [69]
deposition NaOH, urea (inside) absorption capacity of 59.32 g/g.
Si0,, soot, copper mesh WCA =165°, OCA ~ 0° A kinetic model was proposed and a device of tubular [70]
separator to purify the oily wastewater is
demonstrated.
Cellulose, cotton fabrics, papain, alkaline WCA =156.7° Enzymes were used to form structures on the surface [71]
protease of silk fabrics.
Balsa wood, carbon nanotubes, PDMS WCA ~ 155° A condensation/reflux platform married to CNT/wood [72]
aerogel system was set up for oil condensation/reflux.
Sol-gel Cellulose filter paper, SiO,, TEOS, HDTMS WCA ~ 121° 0il and water can be filtered under gravity by the [74]
modified membrane, which is an attractive method for
treating oily wastewater.
Cellulose membrane, HDTMS WCA =164.4° The separation efficiency was > 98% on harsh [75]
conditions and could be reused > 10 times.
Cotton fabric, TEOS WCA =162° (under oil), Modified cotton fabric was used for separation of oil [76]
OCA=162° (under water) and water (99.99%), and had excellent durability.
Other techniques Carbon black, polyurethane, PVDF WCA = 155° (under oil), The membrane overcoming the problem of liquid layer [77]
OCA =152° (under water) clogging during continuous filtration of multiphase
emulsions.
Nano cellulose fiber, SiO,, HDTMS, WCA =160° Innovatively proposed a water-based superhydrophobic [78]
aminopropyltriethoxysilane (AS) suspension and prepared a super-hydrophobic aerogel
with a maximum oil absorption of 32.95 g/g.
Cotton fabric, titanium tetraisopropoxide, WCA=157.6° Modified cotton with oil-water separation and [79]
3-mercaptopropyltriethoxysilae, photocatalytic degradation ability, fluorine-free and
2-hydroxy-2-methylpropiophenone environmentally friendly.
Cotton fabrics, silane coupling agent, etc. OCA =155° (under water) Modified cotton fabric with self-cleaning and [80]
pH-controllable oil/water separating ability.
Cotton fabric, PDMS, HEMA, MMA WCA = 146° £ 4° (one side) Janus membrane with oil-water separation and [81]

antibacterial functions.

that modified wood flour can be recycled after removal of the ab-
sorbed oil. Therefore, the superior oil-water separation efficiency
and environmental durability of the modified wood flour greatly
enhance its commercial applicability and feasibility. The compos-
ite modification of LCB with a variety of nanoparticles is an impor-
tant method for improving the capability for oily wastewater treat-
ment. Similarly, through the composite modification of LCB with
Zn0/Si0, and octyltriethoxysilane (OTES), a superhydrophobic-
superoleophilic corn straw material was fabricated for the sep-
aration of oil from liquid mixtures, achieving absorption capaci-
ties for crude and bean oils of 20.05 and 22.50g/g, respectively
[86]. Although LCB powdered materials possess high oil absorp-
tion and oil removal efficiencies, they remain limited by their ca-
pacity for recycling and reuse. Di et al. designed Fe;0,4/sawdust
composites (HFSCs) capable of high efficiency oil-water separation
(up to 99%) [87]. It is of note, that the oil-absorbing composites of
LCB were easily separated magnetically, allowing the oil-absorbed
Fe;04/sawdust to be collected using a magnet and reused after
treatment. Recyclability, cost-effectiveness, and environmental im-
pact are the important evaluation criteria for the selection of ma-
terials for use in oily wastewater treatment. Overall, 0D-LCB mate-
rials have been shown to exhibit great potential for application in
the treatment of oily wastewater.
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5.2. 2D-LCB materials for oily wastewater treatment

Oil-water mixtures can be passed through 2D-LCB membranes
modified by superwettable materials to achieve complete oily
wastewater treatment. The separation efficiency, flux, stability,
cost, and sustainability of LCB membranes are the key parameters
for assessing whether they can be applied in practice. Therefore,
establishing simple preparation processes, low-cost raw materials,
excellent separation efficiency, and high membrane strength, re-
quires the further exploration of materials such as LCB compos-
ites for use in filter membranes. Yu et al. prepared a corn straw
powder-nylon 6,6 membrane (CSPNM) using the phase-inversion
method, achieving superhydrophilicity and underwater superoleo-
phobicity [88]. After 20 separation cycles, the oil rejection rate
remained > 99.50%, with a flux of 1561.09L m~2 h~!, indicating
that the CSPNM possessed good reuse capability and environmen-
tal stability. A similar nylon membrane coated with a superhy-
drophilic/underwater superoleophobic cellulose-starch-silica (CSS)
composite was designed by Zhang et al, exhibiting a WCA and
underwater OCA of 0° and 159.5°, respectively [89]. The mem-
brane possessed a mixture flux of 31,847 L~ m~2 h~! bar~! and
after 100 cycles, the separation efficiency remained above 97%,
with the membrane able to be maintained for at least 24h un-
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der extreme environmental conditions (pH 4-10), exhibiting high
removal flux, good stability, and reusability. The separation of two-
phase oil-water mixtures under laboratory conditions is idealized,
while three-phase or more complex light oil/water/heavy oil mix-
tures are more representative of real wastewater conditions. Using
the strategy of continuous gravity separation of three-phase oil-
water mixtures, a dually prewetted LCB membrane with underwa-
ter superoleophobicity and underoil superhydrophobicity, has been
shown to possess superior oil-water separation capabilities [90].
A superamphiphilic waste corn straw powder (CSP)-coated fabric
(CSPF) was designed by spraying CSP and polyurethane (PU) so-
lutions onto cotton fabrics. The CSPF was dually prewetted using
water and oil (DCSPF) to form a water-containing region (WCR)
and an oil-containing region (OCR), respectively, in which the oil
and water were selectively passed through the WCR or OCR to
separate the three-phase oil-water mixtures. The average fluxes of
water, light oil, and heavy oil in the DCSPF were ~3.8, ~8.9 and
~13.3L m2 s~1, respectively, with a three-phase mixture separa-
tion efficiency of over 97% maintained after 50 separation cycles.
The Janus membrane with asymmetric surface properties was also
found to perform very well in oily wastewater treatment. Utiliz-
ing cellulose and Ag nanoparticles, a double-sided Janus compos-
ite membrane (JCM) was fabricated by Lv et al., with both super-
hydrophilic and superhydrophobic properties [91]. The separation
fluxes of oil-in-water and water-in-oil emulsions in the JCM were
640L m~2 h~! and 323.04L m~2 h~1, respectively, with the separa-
tion efficiency exceeding 96%. At present, the trend in development
of 2D-LCB materials for oily wastewater treatment has shifted from
single- to multi-functional modifications and from single emulsion
to multiphase emulsion treatments, supporting the development of
low-cost, readily available, environmentally friendly, and sustain-
able materials. Therefore, further studies are required in order to
transition from laboratory research to industrial applications.

5.3. 3D-LCB materials for the oily wastewater treatment

The high porosity, suitable pore sizes and compressibility of
3D-LCB porous oil-absorbing materials make them suitable for
application in oily wastewater treatment. Due to the complex-
ity and diversity of oily wastewater, there is an urgent need to
develop low-energy and high-efficiency 3D-LCB materials for oily
wastewater treatment. Yang et al. performed controlled dissolu-
tion treatment using raw cotton, freeze-drying the product to de-
velop a cellulose sponge with excellent underwater superoleopho-
bicity [92]. The oil-water separation efficiency and flux of the
3D cellulose sponge were 99.2% and up to 485L m~2 h~!, re-
spectively. Sawdust waste can also be used for oily wastewater
treatment [93]. A 3D liquefied-larch-based polymer foam (LLB-
PF) with a honeycomb interconnected structure and its carbonized
product, LLB-CF, were prepared using larch sawdust waste as the
raw material. The unique 3D structure endowed LLB-PF/CF with
a high abundance of pores, hydrophobicity, and superoleophilic-
ity. The absorption of tetrachloromethane and epoxidized soy-
bean oil by LLB-PF and LLB-CF reached 88-fold and 153-fold
greater than their own weight, respectively. A balsa wood sponge
with the fluoroalkyl silane modified reduced graphene oxide (F-
rGO@WS) was produced by Huang et al. for oily wastewater
treatment, achieving an oil-water separation efficiency of 99.0%
due to its hydrophobicity (WCA=145°) and longitudinal chan-
nels [94]. In addition, F-rGO@WS possesses electric-heating per-
formance, resulting in a 10-fold higher heavy oil and water sep-
aration rate under a voltage of 20V, significantly enhancing its
capability for the treatment of complex oily wastewater. Simi-
larly, innovative 3D-LCB aerogels have shown great potential for
oily wastewater treatment, with cellulose aerogels (CEA) and aero-
gels coated with Cu nanoparticles (Cu/CEA) possessing high oil
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absorption capabilities (67.8-164.5g/g) [95]. Cu/CEA can quickly
separate oil-water mixtures with a high separation efficiency
of >97%, while also exhibiting good recyclability (>10 times)
making it a promising material for practical application. Meng et al.
constructed a lignin-based carbon aerogel enhanced by graphene
oxide (LCAGO), resulting in synergistic superhydrophobicity and
good mechanical properties for oily wastewater treatment [96].
The oil absorption capacity of LCAGO was 32-34g/g, making it
suitable for use in environmental remediation. The combination
of wood pulp cellulose nanofibers (CNF) and three silane modi-
fiers, resulted in the fabrication of a novel hydrophilic and oleo-
phobic composite aerogel, which achieved a good absorption ca-
pacity of 11.5g/g. After 5 absorption-regeneration cycles, the oil
absorption capability of the modified aerogels remained at 10 g/g,
with its rugged compression performance and excellent water re-
sistance being beneficial for practical industrial applications [97].
Yuan et al. utilized natural sisal cellulose as a raw material, us-
ing carbonization and MnO, self-assembly to prepare a hierarchical
biomass carbon@SiO,@MnO, (HBCSM) aerogel with a high specific
surface area and good mechanical flexibility [98]. The WCA of the
HBCSM aerogel was 155°, resulting in a large absorption capacity
for different oils and organic solvents (60-120g/g). Furthermore,
the HBCSM aerogel remained effective for more than 9 cycles of
reuse, making it a promising candidate material for oily wastew-
ater treatment. LCB porous oil-absorbing materials are a promis-
ing development in the field of oily wastewater treatment due to
their unique 3D structures, with the research focus now aimed at
developing environmentally friendly, economical, and low-energy
consuming 3D-LCB materials for oily wastewater treatment.

Factors such as separation efficiency, separation quality, and re-
cyclability determine the potential for practical application of LCB
materials. A comparison of the parameters of 0D-, 2D- and 3D-LCB
materials for oily wastewater treatment is shown in Table 2. Over-
all, selecting LCB materials with an appropriate structure for oily
wastewater treatment according to the actual treatment conditions
is the key to achieving optimal treatment performance.

6. Current challenges and future prospects

The diversity and biocompatibility of the natural components of
LCB, provide biomass materials with inherent advantages and po-
tentially transformative characteristics. Taking LCB biomass as raw
materials possesses the advantages of being green and sustainable.
They are nontoxic after degradation and capable of avoiding sec-
ondary pollution effectively. In addition, LCB biomass is economi-
cally feasible, and most of them are waste resources such as wood
flour and corn stalk. Therefore, the use of LCB to prepare oil-water
separation materials not only meets the needs of environmental
protection but also the requirements of low cost. However, despite
the achievements made in the preparation, microscopic morphol-
ogy, chemical structure, and composition of LCB materials, there
remain various limitations and deficiencies, as shown in Fig. 3.
The challenges include single functions, poor stability and circula-
tion, low efficiency oil-water separation, and high environmental-
impact modification processes. Therefore, developing strategies for
the conversion of LCB components into the materials capable of
high efficiency oil-water separation is essential, particularly sim-
ple strategies to adjust the morphology of LCB materials from OD
fibers, 2D membranes to 3D structures for oily wastewater treat-
ment.

The recycling and regeneration capabilities of materials for oily
wastewater treatment are of great significance to their practical
application. Due to the high recycling cost and complex recycling
processes, most 0D-LCB powder absorbents are difficult to use re-
peatedly. In contrast, 2D-LCB membranes rarely involve recovery
problems, but they are often used in the later stages of water treat-
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Table 2
Comparison of the oily wastewater treatment parameters of 0D-, 2D-, 3D-LCB materials.

Structure state Material Wettability Separation efficiency/absorptive capacity  Recyclable performance Ref.

0D-LCB oily Sawdust WCA =153°, OCA ~ 0° 14.4¢glg / [82]

wastewater treatment  Corn straw powder WCA =155°, OCA ~ 0° 99%—100%/20.4 g/g 77%~89% (3 cycles) [83]

materials Corn straw fiber WCA ~ 152°, OCA ~ 0° 27.8¢glg / [84]
Wood WCA =156°, OCA ~ 0° 98%—100%/20.81 g/g 77% (3 cycles) [85]
Corn straw WCA=152°, OCA=0° 22.50g/g / [86]
Sawdust WCA > 150° 99% >10 cycles [87]

2D-LCB oily Corn straw powder-nylon ~ WCA =0°, OCA=157° oil rejection >99.60% 20 cycles [88]

wastewater treatment 6,6 membrane (under water) flux > 660.00L m~2 h~!

materials Cellulose-starch-silica WCA =0°, OCA=159.5° 31,847 L' m~2 h~! bar! 100 cycles (97%) [89]
nylon membrane
Waste corn straw WCA =152° (under oil), ~13.3L m 2 s! (heavy oil) 50 cycles (97%) [90]

OCA =155° (under water)
Cellulose membrane WCA =150.3° (hydrophobic side), 640L m~2 h~! (oil-in-water) 10 cycles (94%) [91]
OCA=153° (under water) 323.04L m~2 h~! (water-in-oil)

3D-LCB oily Cotton WCA=1414+1.6°, 485L m~2 h™! >10 cycles [92]

wastewater treatment OCA=160+1.3° (underwater)

materials Larch sawdust WCA =144.6° 55-153¢g/g >5 cycles [93]
Balsa wood WCA =145° 99.0%/16.73 g/g (Chloroform) 30 cycles (95%) [94]
biomass cellulose WCA =150.3° >97%/67.8 ~ 164.5g/g >10 cycles [95]
Alkali lignin WCA > 150° 32-34g/g / [96]
pulp cellulose nanofibers ~ WCA=0°, OCA=106.5° 11.5g/g >5 cycles [97]
natural sisal cellulose WCA =155° 60-120¢g/g > 9 cycles [98]

Fig. 3. The advantages and disadvantages of LCB in wastewater treatment applications.

ment processes, as membrane filtration requires high water qual-
ity and large impurities may damage the membrane. In particu-
lar, in filtration membranes for the separation of oil-water emul-
sions, if the emulsion enters the 2D membrane together with a
large amount of un-emulsified water or oil, a serious decline in
flux will occur in the membrane [99]. 3D-LCB materials are suit-
able for oily wastewater treatment due to their abundance of in-
terconnected pores or channels [100]. Whether LCB materials can
be used industrially for oily wastewater treatment is a main fac-
tor in the evaluation of their practical value. It is essential to de-
velop sustainable LCB materials with catalytic properties such as
visible light catalysis, electrocatalysis, and advanced oxidation for
oily wastewater treatment, overcoming the limitations of single-
performance separation materials.

A comprehensive technical and economic sustainability analy-
sis should be conducted to determine the optimal LCB pretreat-
ment methods and modification routes, to achieve high-efficiency
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oily wastewater treatment. It is of note, that most of the chemicals
used in wettability modification are not environmentally friendly
and in particular, fluorine-free modifiers should be selected for use
in the modification process [101-103]. Separation efficiency, re-
cyclability, and cost are the preferred evaluation criteria for LCB
materials usable in industrial and domestic oily wastewater treat-
ment. The ideal intelligent sewage separation systems are easy to
repair itself after being damaged and capable of treating compos-
ite pollutants. The characteristics of rapid degradation and self-
decontamination of intelligent systems will enable the treated
wastewater to meet the qualified standards, which possess the ad-
vantages of low cost, high separation efficiency, easy self-cleaning,
and low labor cost. The cost optimization of the intelligent system
should be operated in accordance with the process and technical
requirements. Controlling the cost of raw materials and optimiz-
ing the design and structure of the LCB treating medium can im-
prove separation efficiency and quality. A cost-benefit calculation
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Fig. 4. The development prospect of LCB in wastewater treatment applications.

system should be established to optimize the treatment process to
improve the economic benefits of the intelligent system. More ef-
forts should be made to analyze the mechanism of biomass ma-
terials for removal of complex pollutants in sewage on the basis
of ensuring the effect of oil-water separation [104,105]. Therefore,
there is a strong need to develop LCB materials with different di-
mensions and structures, in order to meet the actual requirements
of different field applications.

At present, most of the materials used in oily wastewater treat-
ment reported in the literature have been non-renewable materi-
als [106]. Fig. 4 highlights the development prospects of LCB for
wastewater treatment applications. From the perspective of sus-
tainable development, some important aspects need to be consid-
ered during the deployment of LCB materials for oily wastewater
treatment:

(1) In the utilization of a certain component of LCB, it is nec-
essary to develop efficient separation processes to achieve
environmentally friendly and low-cost separation.
Further research is needed to explore the internal rela-
tionship between the mechanical properties of LCB-2D/3D
porous materials and their structure. LCB materials should
be optimized to allow the sustainable recycling of oil and
water resources.
LCB materials are susceptible to damage after repeated use
and mechanical abrasion, resulting in a reduction or even
loss of separation efficiency. The construction of sustainable
and recyclable superwetting LCB materials for oily wastew-
ater treatment materials remains a key problem that needs
to be solved.

(4) The design of LCB materials capable of simultaneously treat-
ing oily wastewater and pollutants on a large scale remains
a challenge, especially the large-scale treatment of organic
dyes, heavy metal ions, pesticides, antibiotics and other pol-
lutants.

(5) The construction and development of multifunctional, intel-
ligent sewage separation systems using LCB are essential,
with self-healing capabilities and multiple response mecha-
nisms (such as temperature, light, electric, pH, and magnetic
responses).

(2)

7. Conclusions

The application of LCB materials has become an attractive so-
lution for oily wastewater treatment, although there are still some
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shortcomings that must be overcome. In order to effectively sepa-
rate and purify oily wastewater, it is necessary to develop sustain-
able and multifunctional LCB materials. Multi-dimensional wastew-
ater treatment and purification system utilizing LCB is a key trend
in sustainable development, requiring thorough evaluation for ef-
fective large-scale application. Considering the feasibility of taking
LCB as raw materials to build the sewage treatment system with
cost optimization, treatment efficiency, and recyclability, which is
conducive to the develop a high-efficiency intelligent sewage treat-
ment system. Ultimately, the current research indicates that these
materials are promising for sustainable oily wastewater treatment
and that further development of LCB materials will overcome the
present challenges and limitations.

Declaration of competing interest
The authors declare no conflict of interest.
Acknowledgments

This work was financially supported by the National Natural
Science Foundation of China (No. 51961165104) and the Project of
Thousand Youth Talents.

References

[1] J. Ge, H.Y. Zhao, H.W. Zhu, Adv. Mater. 28 (2016) 10459-10490.
[2] J.L. Yong, F. Chen, Q. Yang, Chem. Soc. Rev. 46 (2017) 4168-4217.
[3] B. Doshi, M. Sillanpaa, S. Kalliola, Water Res. 135 (2018) 262-277.
[4] Z. Huang, ]. Zhang, S. Li, ]. Hazard. Mater. 417 (2021) 125979-125979.
[5] K.G. Akpomie, ]. Conradie, Environ. Chem. Lett. 18 (2020) 1085-1112.
[6] S. Gong, W. Liu, Y. Li, Chin. Chem. Lett. 31 (2020) 2854-2858.
[7] T.L. Hancock, S.L. Blonder, A.A. Bury, Sci. Total Environ. 784 (2021) 12.
[8] X. Wang, Y. Pan, H. Yuan, Chin. Chem. Lett. 31 (2020) 365-368.
[9] A.L Adetunji, A.O. Olaniran, Appl. Water Sci. 11 (2021) 19.
[10] S.N.W. Ikhsan, N. Yusof, E. Aziz, ]. Environ. Manage. 290 (2021) 14.
[11] H. Negi, P. Verma, RK. Singh, Carbohydr. Polym. 266 (2021) 17.
[12] M. Tucci, C.C. Viggi, A.E. Nunez, Chem. Eng. J. 419 (2021) 130008.
[13] S.L. Tang, Y. Zhang, S. Zhong, Chin. Chem. Lett. 23 (2012) 109-112.
[14] HJ. Tanudjaja, C.A. Hejase, V.V. Tarabara, Water Res. 156 (2019) 347-365.
[15] K. Abuhasel, M. Kchaou, M. Alquraish, Water (Basel) 13 (2021) 35.
[16] M. Tawalbeh, A. Al Mojjly, A. Al-Othman, Desalination 447 (2018) 182-202.
[17] QR. Yang, RJ. Xu, P. Wu, Sep. Purif. Technol. 270 (2021) 10.
[18] J.F. Liu, Y. Cao, M.H. Yang, Chin. Chem. Lett. 25 (2014) 1485-1488.
[19] E. Ximenes, C.S. Farinas, A.C. Badino, Biofuels Bioprod. Biorefin. 15 (2021)
563-573.
[20] R.R. Choudhury, S.K. Sahoo, J.M. Gohil, Cellulose 27 (2020) 6719-6746.
[21] Q. Mei, X. Shen, H. Liu, Chin. Chem. Lett. 30 (2019) 15-24.
[22] MJ. Liu, S.T. Wang, L. Jiang, Nat. Rev. Mater. 2 (2017) 17.
[23] B. Su, Y. Tian, L. Jiang, J. Am. Chem. Soc. 138 (2016) 1727-1748.
[24] L. Qiu, Y.H. Sun, Z.G. Guo, ]J. Mater. Chem. A 8 (2020) 16831-16853.



M. Wang, H.-S. Tsai, C. Zhang et al.

[25] Y.F. Rao, S.T. Qiao, Z.H. Dai, J. Mech. Phys. Solids 151 (2021) 28.

[26] H. Li, X.L. Feng, K. Zhang, ]J. Bionic Eng. 18 (2021) 398-408.

[27] H.Y. Erbil, Langmuir 36 (2020) 2493-2509.

[28] J. Jeevahan, M. Chandrasekaran, G.B. Joseph, J. Coat. Technol. Res. 15 (2018)
231-250.

[29] J.T. Simpson, S.R. Hunter, T. Aytug, Rep. Prog. Phys. 78 (2015) 14.

[30] M. Liu, Y. Zheng, ]. Zhai, Acc. Chem. Res. 43 (2010) 368-377.

[31] M. Liu, S. Wang, Z. Wei, Adv. Mater. 21 (2009) 665-669.

[32] C.GJ. Prakash, R. Prasanth, J. Mater. Sci. 56 (2021) 108-135.

[33] X.L. Yin, S.R. Yu, LY. Wang, Sep. Purif. Technol. 234 (2020) 8.

[34] M.Y. Long, Y. Ma, C. Yang, ]J. Mater. Chem. A 9 (2021) 1395-1417.

[35] H. Zhou, Z.G. Guo, ]. Mater. Chem. A 7 (2019) 12921-12950.

[36] W.E. Zhang, N. Liu, Y.Z. Cao, Adv. Mater. Interfaces 4 (2017) 18.

[37] S. Kassaye, K.K. Pant, S. Jain, Renew. Energy 104 (2017) 177-184.

[38] K. Dhali, M. Ghasemlou, F. Daver, Sci. Total Environ. 775 (2021) 24.

[39] S. Kassaye, K.K. Pant, S. Jain, Fuel Process. Technol. 148 (2016) 289-294.

[40] S. Quereshi, E. Ahmad, KKK. Pant, ACS Sustain. Chem. Eng. 8 (2020)
1721-1729

[41] C. Zhang, F. Wang, Acc. Chem. Res. 53 (2020) 470-484.

[42] L. Jia, CJ. Li, HY. Zeng, Chin. Chem. Lett. 33 (2022) 1519-1523.

[43] AK. Singh, M. Bilal, H.M.N. Igbal, Sci. Total Environ. 777 (2021) 145988.

[44] ZW. Wang, X.T. Zhu, PJ. Deuss, Ind. Crop. Prod. 167 (2021) 11.

[45] 1. Sapouna, M. Lawoko, Green Chem. 23 (2021) 3348-3364.

[46] N. Le Moigne, R. Sonnier, R. El Hage, Ind. Crop. Prod. 109 (2017) 199-213.

[47] EH.B. Sosa, D.O. Abranches, A.M.D. Lopes, ACS Sustain. Chem. Eng. 8 (2020)
18577-18589.

[48] G. Solowski, I. Konkol, A. Cenian, ]J. Clean Prod. 267 (2020) 21.

[49] J. Mantovan, G.A.G. Giraldo, B.M. Marim, ]. Sci. Food Agric. 101 (2021)
2362-2370.

[50] B.M. Marim, J. Mantovan, G.A.G. Giraldo, ]. Chem. Technol. Biotechnol. 96
(2021) 630-638.

[51] H.S. Hafid, A.S. Baharuddin, M.N. Mokhtar, Biomass Bioenergy 144 (2021) 11.

[52] R. Shi, Y. Tian, L.Q. Wang, ACS Nano 15 (2021) 7907-7930.

[53] C.L Xia, L.P. Cai, H.F. Zhang, Biofuel Res. J. 8 (2021) 1296-1315.

[54] M. Petric, Rev. Adhes. Adhes. 6 (2018) 26-81.

[55] Z.G. Bai, Y.Y. Bai, G.P. Zhang, Prog. Org. Coat. 151 (2021) 10.

[56] L.Z. Wu, Y.Z. Chen, Y. Li, Appl. Surf. Sci. 540 (2021) 8.

[57] TT. Ma, LP. Li, CT. Mei, QW. Wang, C.G. Guo, ]J. Mater. Sci. 56 (2021)
5624-5636.

[58] J. Gao, W.S. Lin, S.M. Lin, Polymers (Basel) 13 (2021) 13.

[59] KS. Liu, X. Yao, L. Jiang, Chem. Soc. Rev. 39 (2010) 3240-3255.

[60] S.L. Wang, J.Y. Shi, C.Y. Liu, Appl. Surf. Sci. 257 (2011) 9362-9365.

[61] C.Y. Liu, S.L. Wang, ].Y. Shi, Appl. Surf. Sci. 258 (2011) 761-765.

[62] M.A. Rahman, C. Yun, C.H. Park, Text. Res. J. 91 (2021) 40-50.

[63] A. Matin, U. Baig, M.A. Gondal, Process Saf. Environ. Prot. 134 (2020) 226-
238.

2816

Chinese Chemical Letters 33 (2022) 2807-2816

[64] X.T. Zhang, D.Y. Liu, G.X. Sui, Adv. Mater. Interfaces 5 (2018) 7.

[65] T. Yang, M. Wang, X. Wang, Soft Matter 16 (2020) 3678-3685.

[66] A. Xie, J. Cui, Y. Liu, J. Membr. Sci. 627 (2021) 119242.

[67] Q. Shang, C. Liu, J. Chen, ACS Sustain. Chem. Eng. 8 (2020) 7423-7435.

[68] H. Teisala, M. Tuominen, J. Kuusipalo, Adv. Mater. Interfaces 1 (2014) 20.

[69] Q. Liao, X. Su, W. Zhu, RSC Adv. 6 (2016) 63773-63781.

[70] F. Zhang, Z. Shi, C. Xu, Mater. Design 154 (2018) 370-377.

[71] Y. Cheng, T. Zhu, S. Li, Chem. Eng. ]. 355 (2019) 290-298.

[72] Z. Zhu, S. Fu, LA. Lucia, Chem. Eng. 7 (2019) 16428-16439.

[73] A.P. Periyasamy, M. Venkataraman, D. Kremenakova, Materials (Basel) 13

(2020) 34.
[74] CF. Medina-Sandoval, J.A. Valencia-Davila, M.Y. Combariza, Fuel 231 (2018)
297-306.

[75] A. Xie, ]. Cui, Y. Chen, Surf. Coat. Technol. 361 (2019) 19-26.

[76] J. Chen, Y. Zhou, C. Zhou, Chem. Eng. J. 370 (2019) 1218-1227.

[77] G. Cao, Y. Wang, C. Wang, ]. Mater. Chem. A 7 (2019) 11305-11313.

[78] X. Wang, F. Liu, Y. Li, Green Chem. 22 (2020) 7424-7434.

[79] M. Yang, W. Liu, L. Liang, Cellulose 27 (2020) 2847-2857.

[80] K. Chen, J. Zhou, F. Ge, Colloids Surf. A 565 (2019) 86-96.

[81] MJ. Lehtinen, G. Liu, J. Wu, ACS Appl. Polym. Mater. 2 (2020) 5851-5863.

[82] D. Zang, F. Liu, M. Zhang, Chem. Eng. Res. Des. 102 (2015) 34-41.

[83] D. Zang, M. Zhang, F. Liuy, ]J. Chem. Technol. Biotechnol. 91 (2016) 2449-2456.

[84] Y. Xu, H. Yang, D. Zang, Bioresour. Bioprocess. 5 (2018) 8.

[85] X. Tan, D. Zang, H. Qi, Processes 7 (2019) 414.

[86] X. Tan, HM.D. Wang, D. Zang, Clean Technol. Environ. Policy 23 (2021)

145-152.

[87] X. Di, W. Zhang, Z. Jiang, Chem. Eng. Res. Des. 129 (2018) 102-110.

[88] Q. Yu, W. Zhang, X. Zhao, Polymers (Basel) 10 (2018) 323.

[89] X. Zhang, C. Wang, X. Liu, J. Clean Prod. 193 (2018) 702-708.

[90] G. Cao, W. Zhang, Z. Jia, ACS Appl. Mater. Interfaces 9 (2017) 36368-36376.

[91] Y. Lv, Q. Li, Y. Hou, ACS Sustain. Chem. Eng. 7 (2019) 15002-15011.

[92] S. Yang, L. Chen, S. Liu, ]. Hazard. Mater. 408 (2021) 124408.

[93] J. Tan, W. Li, C. Ma, Materials (Basel) 11 (2018) 1106.

[94] W. Huang, L. Zhang, X. Lai, Chem. Eng. ]. 386 (2020) 123994.

[95] Z. Li, L. Zhong, T. Zhang, ACS Sustain. Chem. Eng. 7 (2019) 9984-9994.

[96] Y. Meng, T. Liu, S. Yu, Fuel 278 (2020) 118376.

[97] Z. Wu, T. Zhang, H. Zhang, Cellulose 28 (2021) 1443-1453.

[98] D. Yuan, T. Zhang, Q. Guo, Chem. Eng. ]. 351 (2018) 622-630.

[99] E. Tummons, Q. Han, H.J. Tanudjaja, Sep. Purif. Technol. 248 (2020) 22.
[100] Z.D. Zhu, S.Y. Fu, LA. Lucia, ACS Sustain. Chem. Eng. 7 (2019) 16428-16439.
[101] T. Nj, J. Lin, L. Kong, Chin. Chem. Lett. 32 (2021) 3298-3306.

[102] G.F. Zhang, J.X. Jiang, Q.H. Zhang, AIChE ] 63 (2017) 739-750.

[103] Z. Zhu, L. Zhong, Y. Wang, Chin. Chem. Lett. 31 (2020) 2619-2622.
[104] H. Meng, C. Nie, W. Li, J. Hazard. Mater. 399 (2020) 123043-123046.
[105] W. Liu, C. Nie, W. Li, ]. Hazard. Mater. 414 (2021) 125552-125552.
[106] M. Zhu, Y. Liu, M. Chen, Chin. Chem. Lett. 31 (2020) 2683-2688.



