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ABSTRACT

Cellulose is a natural polymer and most abundant organic substance on Earth. Inexhaustible hydroxyl groups on the
cellulose surface allow derivatives of cellulose produced. This article discusses the recent progress of cellulose and
cellulose derivatives in membrane development for oil/water separation. Functional groups that are available on the
cellulose and its derivatives provide modification features to improve membrane wettability. Membranes with super
wetting properties possess remarkable self-cleaning abilities which in turn can enhance permeation fluxes and extend
membrane lifespan. However, the role of cellulose-based membranes in oily wastewater treatments is still in its early
stages. This review article emphasizes on the development and modification of cellulose-based membranes for
improvement of wettability, flux and separation efficiency, and the future directions of research.

Keywords: membrane; cellulose; cellulose derivatives; wettability; oil/water separation

ARTICLE INFO

Received: 30 August 2023
Accepted: 1 December 2023
Auvailable online: 13 March 2024

COPYRIGHT

Copyright © 2024 by author(s).

Applied Chemical Engineering is published by
Arts and Science Press Pte. Ltd. This work is
licensed under the Creative Commons
Attribution-NonCommercial 4.0 International
License (CC BY 4.0).
https://creativecommons.org/licenses/by/4.0/

1. Introduction

In 2018, the United Nation Water remarked that 40% of people
in the world are affected by water scarcity; 80% of wastewater is
discharged into the environment without treatment; more than 2
billion people still lacked access to safe water; and more than 4.5
billion people lacked adequate sanitation services!l. Continuous
discharging large volumes of wastewater is inevitable due to the rapid
growth of urbanization and industrialization. Qil slick as well as oil
emulsion is one of the utmost elements of wastewater discharged by
various industries such as oil and gas exploration and production,
petroleum refineries, metallurgical processing, food and beverage,
textile, cosmetic and pharmaceutical. The oily substances contained
in the wastewaters are carcinogenic and mutagenic that highly
threaten human health as well as flora and fauna.

Membrane technology has been recognized as one of the
promising wastewater treatment techniques to produce high quality
of water for reuse which directly supports the circular economy
strategy and the Goal 6 of the Sustainable Development Goals
(SDGs)™. In the process of oil removing from water, membrane
separation demonstrates to be more viable than the traditional
treatment techniques such as skimming, floatation, burning and
chemical demulsification. The membrane techniques exhibit low
energy consumption, low cost, light weight, mechanical flexibility,
high separation efficiency, small footprint and compact design.
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Separation of various types of oils from water can be accomplished by using the membranes with different
wetting properties. In brief, as illustrated in Figure 1a, a hydrophilic and oleophobic membrane is used when
oil is lighter than water. This membrane allows the water to pass through but retains the oil. On the other hand,
a hydrophobic and oleophilic membrane rejects the water and permits the oil to transport through the
membrane as described in Figure 1b. This type of membrane is suitable for denser oils. Many researchers
have developed numerous techniques to enhance membrane wettability from hydrophilic/oleophobic to
superhydrophilic/superoleophobic ~ for  lighter ~ oils or  from  hydrophobic/oleophilic  to
superhydrophobic/superoleophilic for denser oils. The reference of contact angles for different wetting
properties is given in Table 1. With these super-wetting properties, membrane fouling is minimized while
maximizing the permeation flux and the membrane lifespan.
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Figure 1. Separation of oil/water mixture using (a) hydrophilic and oleophobic (b) hydrophobic and oleophilic membrane.

Table 1. Wettability of membrane and contact angle.

Wettability Droplet Contact angle
Hydrophilic/Oleophilic Water/QOil <90°
Hydrophobic/Oleophobic Water/Qil 90 <0< 150°
Superhydrophilic/Superoleophilic Water/Qil <5<in a few seconds
Superhydrophobic/Superoleophobic Water/Qil >150°

Recently, super-wetting membranes have been tremendously designed and synthesized especially by
modifying the traditional organic polymeric membranes such as polyvinylidene fluoride (PVDF)E4,
polypropylene (PP)P!, polyethersulfone (PES)® and polysulfone (PSf)Ul. However, the organic polymers such
as PSf, PP and PVDF can be easily damaged in harsh conditions® and they are poor in biodegradability.
Sustainable materials as well as techniques to fabricate the membranes are in urgent need to reduce the hazards.
Various types of biomaterials and biomaterial-derived solvents have been actively explored to prepare greener
membranes due to their low toxicity, natural abundantly available, low cost and excellent biodegradability®l,
In the recent years, biopolymers derived from animal and vegetable sources have been recognized as more
sustainable materials and potentially to replace fossil-based polymers in membrane development*!l, Number
of publications relevant to biomaterials as well as biopolymers used in membrane separation for oily
wastewater treatment has increased exponentially since about 10 years ago, as presented in Figure 2.
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Nevertheless, membrane properties such as antifouling, stability in harsh environment and mechanical strength
are crucial in oil/water separation when the membrane is fully as well as partially formulated from biopolymers.
Biopolymers in generally can be categorized into natural and synthetic; both types of biopolymers can be
biodegradable and non-biodegradable as illustrated in Figure 3.
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Figure 2. Publications related to biomaterial, biopolymer and cellulose-based membranes since 2000. (Data were analyzed from the
SCOPUS database: “All fields’ for ‘oily wastewater treatment’, ‘biomaterial’ and ‘biopolymer’, and ‘Keywords’ for ‘cellulose’).

Cellulose has received a great attention as sustainable and low-cost material in membrane development
because it is the most abundant biopolymer on Earth. Cellulose exists in different size and shape: (1) cellulose
nanocrystals (CNC) which include nanocrystalline cellulose, nanocellulose whiskers and rod-like cellulose
nanocrystals, (2) cellulose nanofibrils (CNF) which cover nanofibrillated cellulose, microfibrillated cellulose
or cellulose nanofibers, and (3) bacterial nanocellulose. Cellulose derivatives such as carboxylmethyl cellulose
(CMC), cellulose acetate (CA), hydroxypropyl methyl cellulose (HPMC) and methyl cellulose (MC) have
been successfully used to modify and improve the properties of other membranes in water purifications*?-°],
The application of cellulose-based membranes in the oily wastewater treatment keeps increasing as depicted
in Figure 2. This review highlights the recent techniques used to formulate membranes with various wetting
properties from cellulose and its derivatives, and also to underline their performance in oil/water separation.
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Figure 3. Categories of biopolymers.
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2. Cellulose

Cellulose is a linear polymer composes of as many as ten thousand repeating D-glucose units covalently
linked by B-1,4 glycosidic bonds stably. Figure 4 shows the molecular structure of cellulose. Cellulose is an
amphipathic macromolecule due to each glucose unit contains both equatorial hydroxyl groups that point
radially away from the face of the pyranose ring and axial hydrogen atoms that are perpendicular to the face
of the pyranose ring!*®. The existence of various strong intra- and inter-molecular hydrogen bonds between
individual chains leads the cellulose becomes insoluble in water as well as conventional organic solvents*”
although it is characterized as hydrophilic with a mean water contact angle 34 <81,
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Figure 4. Molecular structure of cellulose.

In the case of oil/water separation by using membrane filtrations, numerous modification techniques have
been explored to elevate wetting properties of cellulose membranes for improving self-cleaning capability and
extending lifespan of the membranes. Xu et al.[**l oxidized some of the hydroxyl groups of cellulose filter
paper with sodium periodate (NalO.) to become aldehyde groups, followed by a crosslinking process with
hydrophilic polyvinyl alcohol (PVA) in a water solvent. The formation of covalent bonds from the crosslinking
process revealed a stronger mechanical strength of the cellulose-PVA membrane. The cellulose-PVA
membrane exhibited superamphilic in the air and underwater superoleophobic. Both water and oil droplets
immediately spread and permeated through the membrane in air; while underwater contact angles (CAs) for
different types of oils such as toluene, hexane, chloroform, cyclohexane, dichloromethane and kerosene
exceeded 150 < Oil/water separation is achieved at the moment a milky white oil/water emulsion touched with
the cellulose-PVA membrane surface, water is captured and passed through the membrane. The contact area
between oil droplets and membrane surface decreased when water is permeated. The oil droplets coalesced,
and they are repelled by the membrane surface.

Sodium alginate is a natural polymer derived from brown algae and it is comprised of a large number of
polyanionic groups such as hydroxyl and carboxyl groups. Yang et al.”°! used cation Ca?* to crosslink sodium
alginate film grafted on the surface of cellulose filter paper. The cellulose filter paper was firstly coated with
sodium alginate, followed by immersing into CaCl, aqueous solution. An ion-exchange process occurred
between COONa/Ca?*. The crosslinking reaction between sodium alginate chains took place which improved
the stability. During submerging into Na,COs aqueous solution, the sodium alginate-Ca coated composite
cellulose membrane captured the CO3z? ions and formed CaCOs through crystallization. The sodium alginate-
Ca ionic bond adhered the generated CaCOs particles on the membrane surface. CaCOs is a hydrophilic
inorganic compound. Compared with the underwater oil contact angle (OCA) of cellulose filter paper at 133.2<
the OCAs of cellulose-sodium alginate-CaCO3z; composite membranes increased from 148.2 to 150.1°when
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the soaking in CaCl and Na,COs3 aqueous solutions increased from 3 to 9 cycles due to the growing of CaCOs3
particles on the membrane surface.

Abundant hydroxyl groups on the long chains enable cellulose fibers to form strong hydrogen bonding
among themselves. As a result, cellulose membrane can be fabricated naturally through cellulose fibers self-
crosslinking without complex post-crosslinking procedures and extra special crosslinkers. Li et al.[?! extracted
the cellulose from cattail inflorescence by using NaOH, NaClO, and acetic acid aqueous solutions. The
extracted cellulose hydrosols comprised of microfibers and nanofibers were washed to neutral pH. Next, the
purified hydrosol was placed in a petri dish and dried at 40 C to obtain pure self-crosslinking cellulose
membrane. Water and oil droplets spread out completely and quickly on the membrane in the air. Conversely,
an oil droplet sat steadily on the membrane surface without any penetration in water and thus made an OCA
of approximately 151.3< Additionally, the cellulose membrane possessed an excellent cleaning property as
the oil droplets bounced back quickly without adhering to the membrane surface. Dissociation of hydrogen
bonds between fibers might take place due to water adsorption, but the long microfibers still could form
integral network structure and the short nanofibers filled in the network structure. On the other hand, cellulose
nanocrystals that extracted from the mantle of tunicate have also been used to modify the underwater
oleophobic cellulose filter paper into underwater superoleophobic through the physical formation of hydrogen
bonding and epichlorohydrin crosslinking??.

Nanofibers of cellulose that have nanoscale diameter possess more hydroxyl groups expose to the surface
compare to the native cellulose. With these plentiful hydroxyl groups, cellulose membranes deposited by
cellulose nanofibers reveal more oleophobicity in water. For instance, Halim et al.l?®! fabricated cellulose
membranes from two types of cellulose nanofibers, bamboo-based counter collision cellulose nanofiber
(MECH-CNF) and wood-free fiber-based 2,2,6,6-tetramethylpiperidine-1-oxyl oxidized cellulose nanofiber
(TEMP-CNF). Both MECH-CNF and TEMPO-CNF sheets displayed superoleophobic with underwater OCA
exceeded 150“while the regenerated cellulose sheet showed oleophobic with OCA 140<

Realistic oily wastewaters can contain dyes which comprise of cationic and anionic dyes. Separation of
oil/water using superhydrophilic membranes becomes more cumbersome when dealing with water-miscible
dyes because the dyes can foul the membranes. Ao et al.?l in situ grew La(OH)3 nanosheets on the cellulose
nanofibrous membrane through one-pot electrospinning approach. The LaCls/cellulose spinning solution was
electrospun and the resultant nanofibers were immersed into a coagulation bath contained 0.01 M NaOH
aqueous solution. The La(OH)s transformed from nanoparticles to thin nanosheets when increasing the time
of coagulant immersion due to reaction between La** and OH" was extended. The solid particles were anchored
on cellulose nanofibers mainly through hydrogen bonding and physical wrapping. In air, a water droplet
required 160 ms to spread on the La(OH)s/cellulose membrane surface while 400 ms on pristine cellulose
nanofibrous membrane surface. Underwater OCA for the La(OH)s/cellulose membrane recorded as exceeding
150<and even the oil droplet was forced against on the membrane surface with a visible deformed shape, the
oil droplet detached easily which attributed to the synergy effect of enhanced hydroxyl groups in the membrane.
Simultaneously, the La(OH)s/cellulose membrane was able to separate the dye mixture of opposite as well as
same charges.

Industrial oily wastewaters compose various types of organics, metallic dyes and ions as well as
microorganism. Consequently, development of multifunctional membranes which not only can separate oil
and water, but also reduce organic pollutants and microbial fouling is in urgent need. Corrosive substances in
wastewaters and their precipitations can devastate the hydrophilicity of cellulose membranes. A
superhydrophobic surface on cellulose membrane surface is possibly more resistant towards the erosion due
to chemicals in wastewaters. Yin and co-researchers have created micro/nano structures on the cellulose-based
membrane surface by depositing various types of photocatalysts such as Fe,03%%1, MnO,?¢l, CuO®2"1, ZnOel

5



and CeO,?°, and then coated with stearic acid (STA) to obtain superhydrophobic cellulose-based membranes.
These membranes exhibited excellent self-cleaning ability with water contact angle (WCA) ranged from 162
to 167< photocatalytic degradation of methylene blue organic dye exceeded 89%, underwater writable with
WCA of 154.2< reduced bio-adhesion of green algae Chlorella by more than 95%, separation efficiencies of
oils greater than 88% whereby the oils included toluene, trichloromethane, n-hexane, chloroform and vegetable
oil, and good fire-proof.

Nevertheless, poor affinity due to weak non-covalent interaction between inorganic nanoparticles and
polymers lead to gradual detachment of nanoparticles which eventually reduces the multifunctional properties
of modified membranes and create secondary pollutiont®31, Polydopamine (PDA) is a powerful mussel-
inspired adhesive material for various types of organic and inorganic materials. A combination of catechol and
amine in PDA can physically interact with inorganic materials through metal coordination, n-n stacking,
cation-r interaction and hydrogen bonding®2%!, Li et al.*® roughened cellulose paper surface by using PDA-
induced in situ reduction of Ag ions to form Ag nanoparticles, followed by lowering the surface energy using
n-dodecyl mercaptan grafting. Covalent immobilization of Ag nanoparticles prevents detachment of the
nanoparticles from cellulosic substrate. The cellulose-PDA@Ag@n-DM  membrane exhibited
superhydrophobic which was excellent self-cleaning and anti-staining abilities. In addition, the membrane
effectively reduced bacteria adhesion by approximately 97.2% for E. coli and 96.0% for S. aureus. In 30
minutes under visible light irradiation, photocatalytic bactericidal degradation achieved 100%.

A single piece of membrane owns both hydrophilic and hydrophobic properties can extend to more types
of oil/water mixtures or emulsions. Such a switchable separation can be accomplished by a Janus membrane
which possesses opposite wettability on both sides. Xie et al.B” designed a Janus membrane by coating one
surface of cellulose membrane with superhydrophilic PDA and another surface with superhydrophobic
attapulgite (ATP). ATP itself is a hydrophilic nanomaterial with abundant active hydroxyl groups occupied on
its surface. It is naturally available as MgAl-rich silicate clay mineral and comprises of a rod-shaped structure
with 30 nm-80 nm diameters. ATP is hydrophobized by tetraethyl orthosilicate (TEOS) and
hexadecyltrimethoxysilane (HDTMS) via the sol-gel method. On the PDA surface, OCAs under water, acid,
alkaline and salty 3.5% NaCl exceeded 150< while WCA in the air was 0<and water droplet that under oil
penetrated the surface which characterized the PDA surface was superhydrophilicity/underwater
superoleophobicity. On the hydrophobized ATP surface, WCAs in air, underoil, acid, alkaline and salty
solution were greater than 150< while OCA underwater was 0< which confirmed the surface was
superhydrophobic/superoleophilic. Another fabrication method of Janus membrane is to use a
superhydrophilic cellulose paper with a fibrous structure as the bottom layer and a superhydrophobic top layer
formulated from polyurethane (PU), PVDF and SiO; nanoparticles is sequentially surface-loaded™. WCA in
the air of this Janus membrane is 153 <for the superhydrophilic surface and OCA underwater is 157 <for the
superhydrophobic surface.

Most of the membranes developed from cellulose materials show high separation efficiency, i.e., greater
than 95% as listed in Table 2. However, the membrane flux varies differently which is significantly affected
by configuration of raw cellulose materials and modification techniques®“%, Sophisticated and complex
procedures with toxic and expensive reagents used to modify the cellulose membrane can hinder in large-scale
application and commercialization. For instance, constructions of Cu(OH), nanoribbons on cellulose
membrane through adsorption and immersion process* and Co(OH), macro/nano structure on nanocellulose
membrane via chemical soaking method“?! peeling-off of the inorganic nanoparticles is possible when subject
to long filtration process especially the nanostructured surfaces are in direct contact with challenging
wastewaters. Both Cu(OH). and Co(OH) are very hazardous and toxic to aquatic life with long lasting effect.
Although nanoparticle-free as well as fluorine-free superwetting cellulose composite membrane has been
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successfully fabricated, the raw materials used such as furfurylamine, paraformaldehyde, etc. are toxictl,
Tetraethyl orthosilicate (TEOS) that used to fabricate micro/nano hierarchical structures and superhydrophobic
cellulose membrane surface by using one-step facile sol-gel strategy™, is flammable and chronic hazardous
to the aquatic environment. Handling and management of toxic chemicals during transportation, storage and
disposal are cost ineffective which can burden in large-scale development.

3. Bacterial cellulose

Bacterial cellulose (BC), which is also known as microbial cellulose, is a pure cellulose synthesized
through fermentation processes by various types of bacteria such as Acetobacter, Pseudomonas, Achrobacter,
Alcaligene, Aerobacter and Azotobacter. The diameter of BC fibers ranges from 20 to 100 nm. Water retention
of BC is high and exists as hydrogel when water content is as high as 99% which leads to being very
hydrophilic. Nevertheless, the tightened fibers and small pore size of BC have limited its application as a
permeable membrane filter.

Silica microparticles have successfully created irregular micropores in BC membrane with a high flux of
about 10,660 L/m? h and a high separation efficiency of >99.9% in oil/water separation[*]. PDA has been used
as a coating material to adhere the particles on the BC membrane through a one-pot approach technique. A
water droplet made an angle of 26.2°on the pristine BC membrane and became zero after a few seconds while
a water droplet spread immediately with zero angle on the silica/PDA modified BC membranes. The higher
microporosity of the composite membranes and hydrophilic properties of silica and PDA have made the
composite membranes become superhydrophilic.

Table 2. Performance of various configurations of cellulose membranes in oil/water separation process.

Configuration Modification Wettability Oil/Water System J(L/m?h) SE (%) Findings Reference
Cellulose filter Hydroxyl oxidation Superhydrophilic/lun Hexane/water + 37 99.99 Complicated [19]
paper by NalO,4 and derwater Tween 80 40 99.98 composition of
crosslinking with  superoleophobic Chloroform/water + 64 99.75 commercial
PVA Tween 80 52 98.74 kerosene resulted in
Cyclohexane/water + 39 95.59 a relatively low SE;
Tween 80 68 99.98 flux decreased with
Dichloromethane/wat increasing the oil
er + Tween 80 volume in emulsion
Kerosene/water + because oil droplet
Tween 80 became smaller;
Toluene/water + after 10 cycles
Tween 80 toluene/water

separation, SE still
showed > 98%

Cellulose filter Coating with SA,  Superhydrophilic/ Petroleum ether/water ~790 >09.2 Showed high flux [20]
paper followed by underwater Hexane/water ~780 >99.2 for low viscosity oil;
grafting SA on superoleophobic Toluene/water ~800 >99.2 exhibited low flux
filter paper surface Soybean oil/water ~550 >09.2 for heavy oil
using Ca?* Dichloroethane/water ~420 >99.2 (dichloroethane) and

high viscosity oil
(soybean oil); SE
retained above 99%
after 20 cycles and
water flux decreased
slightly; membrane
weight loss after 20
cycles was
negligible which
proved that the
stable film-forming

property of SA and

CaCOa3 particles

were adhered stably.
Cellulose Drying of purified  Superhydrophilic/ Cyclohexane/water + ~170 ~97.8 SE of [21]
hydrosols uniform cellulose  underwater Span ~180 ~98.2 cyclohexane/water
extracted from hydrosols at 40<C  superoleophobic ~160 ~97 emulsion increased




cattail
inflorescence

Cellulose
nanofibrous
membrane

Cellulose fibers

Cellulose
membrane

Microcrystalline
cellulose

One-pot
electrospinning;
spinning solution
contained cellulose,
LiCl, DMA and
LaCI3

Superhydrophilic/
underwater
superoleophobic

Crosslinking with
MA via

esterification and
plasma treatment

Superhydrophilic/
underwater
superoleophobic

Sol-gel strategy
with TEOS and
HDTMS hydrolysis
and
polycondensation

Superhydrophobic/
superoleophilic

MCC and PVDF
were mixed to form
a membrane at
25<C and next
lauric acid grafting

Superhydrophobic

n-Hexane/water + ~165
Span ~145
Trichloromethane/wat

er + Span
Dichloromethane/wat

er + Span

Soybean oil/water +

Span

Hexane/water 5897.7
Cyclohexane/water 6318.9
Toluene/water ~6400
Petroleum ether/water ~7600
Pump oil/water ~6100
Crude oil/water 8586.1
n-Hexane/water + 12070
Tween 80 10154

Petroleum ether/water 10035
+ Tween 80

Soybean oil/water +

Tween 80

Diesel oil/water -
Toluene/water
Hexane/water

Petroleum ether/water
Dichloroethane/water

n-Hexane/water 8800
Kerosene/water 3600
Xylene/water ~5100
Petroleum ether/water ~7700
Oleic acid/water 130

~98.1 with increasing the

~98 membrane thickness
while flux
decreased; flux
showed over 160
L/m? h during 10
cycles.

98.8
98.9
99.7
99.3
98.9
99.1

Water flux by L-
CNM was almost 2
times of CNM; SE
still high and above
98.2% along with
high flux over 5443
L/m? h after 60
cycles of
hexane/water
separation; able to
separate tween 80-
stablilized
toluene/water
emulsion with SE of
98.5% and water
flux 436.4 L/m? h.

99.0
99.6
98.1

Both micro-sized
cellulose fibers and
BC fibers improved
the GFM structure
and hydrophilic
property; composite
membrane reached a
wet strength at 6.55
N.m/g after MA
crosslinking which
is same strength as
commercial filter
paper; high flux at
9000 L/m? h and
high SE of 98.1%
after 20 cycles of n-
hexane/water
emulsion separation;

~99.2
~99.3
~99.1
~99.7
~99.5

SE has no significant
changes for 2 M of
acid, alkali and
salt/water
separation; SE
showed above 99%
for petroleum ether
after 10 cycles;
micro/nano
hierarchical structure
remained unchanged
after 10 cycles
separation; great
tape peeling
resistance; great
mechanical
durability after
scratch resistance
test.

>99
>99
> 99
>99
>99

High viscosity of
organic solvent
resulted in low flux;
stable performance
after 20 cycles of
kerosene/water
separation; the
membrane was
stable under harsh
acid (pH=1), base
(pH=13) and salt
environment with SE

[24]

(39]

[44]

[40]




maintain above
99%; 91.01% and
94.92% of SEs for
kerosene and xylene
emulsions,
respectively;
membrane can
degrade under
natural conditions.

Regenerated PDA interface Janus 1,2- ~800 >99 SEs were > 97.5% [37]
cellulose regulation and dichloroethane/water  2567.7 > 99 and no obvious
superhydrophobic + Tween 80 ~1600 > 99 reduction of flux
SOATP spraying Petroleum ether/water 597.1 >99 after 10 cycles of
+ Tween 80 ~2300 >99 separation for
Toluene/water + different types of
Tween 80 emulsions which
Soybean oil/water + indicated SOATP
Tween 80 coating was strongly
n-Hexane/water + adhered to the
Tween 80 membrane surface

and exhibited good
structural stability.

PVA: Polyviny alcohol; SA: Sodium alginate; MCC: Microcrystalline cellulose; MA: Maleic anhydride; BC: Bacterial cellulose;
GFM: Glass fiber membrane; SOATP: superhydrophobic attapulgite.

The multifunctional BC membrane is developed by introducing photocatalysts such as titanium dioxide
(TiOy). TiO; has been tremendously investigated in many types of membrane separation applications due to
its capabilities of self-cleaning, antifouling and pollutant degradation in addition to non-toxic and cost
effectivel6471, Cui et al.[*l used PDA adhered TiO, on BC fibers and micro-nano structure was created with
large specific surface area. The porosity of the BC/PDA-TiO, membrane was further improved by adding
sodium alginate (SA) crosslinked by CaCl, whereby a honeycomb porous morphology was successfully
created. Although oil/water separation efficiencies were over 99% for six different types of oils i.e.,
dichloroethane, petroleum ether, toluene, soybean oil, diesel and hexane, the water fluxes obtained by the
BC/PDA/SA-TiO, composite membrane varied distinctively. The water flux ranged from 7428 to 8774 L/m?
h for heavy and viscous oils while the water fluxes were a bit higher when tested with light and less viscous
oils i.e., between 9597 and 10,000 L/m? h. In the presence of low volatile oleic acid, the composite membrane
exhibited hydrophilic and oleophilic. The composite membrane recovered its superhydrophilic and underwater
superoleophobic properties after exposed to UV irradiation which indicated its self-cleaning ability.

Nonetheless, the photocatalytic function of TiO; is restricted under visible light due to its wide band-
gap™. Zinc oxide (ZnO) is another cost-effective photocatalysts and similar band-gap energy with TiO.. The
combination of TiO; and ZnO can enhance the lifetime of charge carriers due to their conductive to the
migration of photo-generated electron-hole pairs®, and exhibited excellent hydrophilicity, permeability,
photocatalysis and anti-fouling performances of modified membranes under visible light®®!. Wahid et al.[>?
fabricated TiO2/ZnO nanocomposite BC membranes and the membrane demonstrated a high efficiency of >
92% of photocatalytic activity under visible light. As a comparison, BC membrane modified with a single type
of nanoparticles, either TiO. or ZnO, the photo-degradation was 44%—60%. The combination of TiO, and ZnO
in BC membrane was also able to completely remove bacterial cells such as S. aureus and E. coli. In the air,
water droplet spread immediately on the BC-TiO./ZnO composite membrane surface, while the underwater
OCA was 151.4°with dichloromethane. The fluxes achieved by composite membrane were 8232.81 and 1498
L/m? h for separations of oil/water mixture and oil-in-water emulsion, respectively. Both separation
efficiencies were greater than 99%.

Instead of superhydrophilic membrane, Wang et al.>¥ fabricated a superhydrophobic BC membrane by
loading Cu(OH), nanoparticles and coated with stearic acid to form a petal-like micro-structure on the BC
membrane surface. This rough surface structure gave a WCA of 162.3°due to air trapped in the interspaces.
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Contrarily, kerosene oil droplets were absolutely immersed in the composite membrane. In this study, cheaper
plant cellulose needle-leaf bleached kraft pulp was added to increase the pore size of BC membrane. The
permeation flux of dichloromethane was 1667.63 L/m? h and separation efficiency was greater than 95%. After
10 cycles of oil/water separation, the composite membrane possessed a WCA of 152.6<and still maintained a
high separation efficiency, which demonstrated excellent stability and durability.

4. Cellulose nanocrystals

Cellulose nanocrystals (CNC) is a product of acid hydrolysis of cellulose. Sulfuric acid is the typical
hydrolyzing agent used to dissolve amorphous region and leaving behind is a crystalline portion. Esterification
reaction occurs between sulfuric acid and hydroxyl groups of cellulose which allowing grafting of anion sulfate
ester groups. The sulfate ester groups distributed on the surface of cellulosic nanoparticle and developed a
negative electrostatic layer covering the surface which is able to prevent flocculation. The surface degree of
substitution of sulfate ester groups could be as high as 26.32 when 65 wt% of sulfuric acid is used®I. CNC is
also known as nanowhiskers, nanorods and rod-like cellulose crystals which have typical diameter of 2 nm—
25 nm and length of 100 nm-750 nm{35:5¢],

In the application of oil/water separation, CNC is mainly used as an enhancing filler and reinforcement
phase to improve mechanical properties and structures of membranes. For instance, the addition of 1 wt% of
the CNC can improve the Young’s modulus of co-polyamide nanofiber membrane by 224% and the tensile
strength by 110%07. Elongation at break of PVDF/CNC nanocomposite membrane increased essentially with
increasing the content of CNC as a result of the membrane structure becomes more crystalline and more orderly
in membrane matrix as well as stronger interfacial adhesion®®, However, the tensile stress and Yong’s modulus
of membranes respectively reduced at 8 and 6 wt% of CNC. The CNC that blended with P\VDF makes the
network structure of PVDF membrane becomes more porous and permeable. Thus, the flux of oil/water
separation is higher in PVDF/CNC membrane than that in the pristine PVDF membrane. In spite of that, CNC
does not change much the values of WCA of the PVDF membranes&5°l,

Albeit nanofiber membranes possess a higher fouling resistance than casted phase inversion
membranes!®, unstable structure of the nanofiber membrane due to poor adhesion of inter-fibers has restricted
their durability especially in long-term oil/water separation. Wang et al.®¥ strengthened the structural stability
of PAN/CNC nanofiber membrane through NaOH hydrolysis by forming hydrogen bonding when hydroxyl
groups in CNC are crosslinked with carbonyl groups in PAN. The addition of 10 wt% CNC has increased the
tensile strength (4.2 MPa) and elongation at break (62.83%) respectively at 117.6% and 28.6% compared to
the pristine PAN membrane. The hydrolyzed PAN/CNC membrane is superamphiphilic in the air and
underwater oleophobic with UWOCA of 141< Nevertheless, the swelling is possible when immersing the
hydrolyzed nanofiber membrane in water because the nanofibers are superhydrophilic. The same researchers
have further modified the hydrolyzed PAN/CNC with silica nanoparticles to produce a more structurally stable
membranel®. The water absorption ratio, an indicator of swelling behavior, of silica modified PAN/CNC
membrane was 6.7 which was greatly reduced from 25.4 of the unmodified PAN/CNC membrane. The tensile
strength of silica modified PAN/CNC was higher than that of unmodified PAN/CNC but a bit lower than that
of hydrolyzed PAN/CNC. The silica formed hierarchical assemblies on the fiber surface has made the
membrane became more superhydrophilic and underwater superoleophobic.

Although CNC is a cheap biomaterial with good mechanical properties, good biocompatibility and easier
in chemical modification due to the abundance of hydroxyl groups, the addition amount of CNC is still low
because of different interfacial polarity of CNC/polymer blend and self-polymerization of CNC. Hence, Wang
et al.%®l modified the physicochemical properties of CNC surface by using sulfhydryl functionalities. The
optimum amount of sulfhydryl-functionalized CNC (SC) that could be blended with PAN was 48 wt%.
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Additionally, the maximum tensile stress of SC(48)/PAN was 3.4 times higher than that of the pristine PAN.
Spider-web like structure of SC(48)/PAN nanocomposite membrane with porosity of 91.7% and underwater
superoleophobicity was produced.

Inspired by the phospholipid bilayer structure of cell membranes which is selective permeability, surface
superhydrophilicity and high against pollution, Wu et al.®¥ designed a biomimetic cellulose-nanocrystal-based
composite membrane (CCM) from CNC and poly (2-vinylpyridine-b-2-(Dimethylamino)ethyl methacrylate)
block polymers. Superhydrophilic and underwater superoleophobic of CCM was induced by the hydrophilic
nature of CNC and emergence of micro-nano structure on the membrane surface. The membrane exhibited
highly resistant to oily contaminants such as chloroform, kerosene and viscous silicone oils as the membrane
remained clean after clean with water.

5. Cellulose acetate

Cellulose acetate (CA) is a product of acetylation of cellulose whereby the hydroxyl groups of cellulose
are partially or completely acetylated. Partial acetylation of cellulose can result in the acetyl content varies
between 29.0% and 44.8% which is corresponding to mono-, di- and triacetate®. Cellulose monoacetate is
water-soluble, whereas cellulose triacetate is water-insoluble and hydrophobic®!. Degree of substitution (DS)
of cellulose triacetate is approximately 3 and may be subsequently acid-hydrolyzed to reduce the DS. Figure
5 shows the molecular structure of cellulose triacetate.
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Figure 5. Molecular structure of cellulose triacetate.

Fouling in CA membranes can behave uniquely due to production process by different manufacturers will
result in diverse membrane wettability. Thus, modification of CA membranes in various ways has been
investigated by worldwide researchers to obtain superwetting properties of membranes when dealing with oily
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wastewaters. Blending of hydrophilic components into a dope solution is the simplest technique to further
improve the hydrophilicity of CA membrane. Anggraeni et al.[*1 used a natural polar compound of methyl
gallate to enhance the hydrophilicity of CA membrane. The methyl gallate at the content of 5 w/w% was able
to reduce WCA from 68.01 <of pristine membrane to 53.18 and boost the fouling recovery ratio to 98.73%
for cooking oil emulsion. Nanoparticles such as amine-functionalized silicon carbide (SiC-NH.) and PDA-
sulfobetaine methacrylate (SBMA) respectively blended with CA membranes are able to lower the WCAs to
58.6°and approximately 54 %8¢l p(PDA-SBMA) nanoparticle has slightly elevated the UWOCA from
121.97<of pristine CA membrane to 130.41< Compare to flux recovery ratio of pristine CA membrane at
around 60%-75%, both types of modified CA membranes achieved higher values at 84%-85%. However, the
addition of nanoparticles did essentially reduce the tensile strength and elongation at break of CA membrane!®®l,

Wetting properties of most of the pristine as well as modified CA membranes are not sufficiently strong®-
81 which can shorten and discontinue the oil/water separation process due to fouling. To overcome this issue,
the development of a hydration layer on the CA membrane surface is possible to drive away the oily foulants
and prevent from fouling. Li et al.' constructed 3D hierarchical nanostructure on a superhydrophilic CA
membrane surface to improve its underwater superoleophobicity by proposing a combination of 1D and 2D
materials. Such hierarchical structure can trap the adsorbed water and develop a thin water layer on membrane
surface which can significantly hamper the interaction between membrane surface and oil. The pristine CA
membrane exhibited severe fouling and nearly no possibility for reuse after decane-in water emulsion filtration
even the membrane was superhydrophilic in the air. The 3D hierarchical nanostructure designed from graphene
oxide (2D material) and sepiolite (1D materials) recorded >90% of permeability recovery after the third cycle
of filtration. On the other hand, Wang et al.["! deacetylated a cellulose diacetate (39.8 wt% acetyl and 3.5 wt%
hydroxyl) nanofiber membrane which initially was hydrophobic, superoleophilic and amphiphobic under water
and oil. During deacetylation with a weak alkali, the ester groups of CA membrane were converted into
hydroxyl. The hydroxyl groups that are available on deacetylated CA (d-CA) membrane surface formed
hydrogen bonds with water molecules and hence developed a thin water film. The d-CA membrane exhibited
multifunctional properties such as superhydrophilic and superoleophilic in the air, superhydrophilic underoil
and oleophobic underwater. The separation flux was several times higher than that of commercial CA
membranes.

Nevertheless, poor mechanical properties of modified membranes especially nanofiber membranes are
crucial in industrial applications. Several researchers have introduced a few polymers which considerably good
mechanical properties to modify the CA nanofiber membranes such as polyacrylonitrile (PAN)I2,
thermoplastic polyurethane (TPU)™! and polyamide acid (PAA)U471. Karki et al.l'? staked by alternate
electrospinning between hydrophobic CA and hydrophobic polyacrylonitrile (PAN) fibrous layers to form a
nanofiber composite membrane. The stacking layers of CA/PAN composite fibers were pressed by using a hot
roller at 80 “C to enhance the entanglements and attachment of fibers. The WCA of CA/PAN fiber composite
membrane was 126.2°which was hydrophobic. The CA/PAN composite fiber layers were subjected to
deacetylation to produce cellulose/PAN with WCA reduced to 25< The cellulose/PAN composite membrane
exhibited a high resistance to deformation with stress 1.64 MPa and strain 109.81% which were greater than
individual cellulose and PAN. Wang et al.[”® documented that the elongation at break of dCA/TPU composite
membranes increased from approximately 8.98 to 126.39% when the TPU content increased which was due
to the prominent elasticity of the TPU material. The maximum ultimate tensile strength was 20.95 MPa for a
mass ratio CA:TPU at 3:7 and the ultimate tensile strength at this mass ratio was greater than individual d-CA
(2.36 MPa) and d-TPU (11.2 MPa). These dCA/TPU composite membranes exhibited hydrophobic and
superoleophilic in the air, oleophobic underwater and hydrophobic underoil. Co-axial electrospinning of CA
and PAA, and subsequently imidizated have been successfully to form a high-strength core-sheath CA/PI
nanofiber membranel’™. The tensile strength of CA/PI membrane was 230 MPa which was about 20 times
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higher than that of CA membrane whereas the tensile strain was around 11%. The tensile strain of CA/PI was
extended to 52% when ether linkages in the backbone were introduced to PAAI™®, However, the tensile
strength was reduced to 130 MPa. The CA/PI fibers were further modified with fluorinated polybenzoxazine
and silica nanoparticles to obtain superhydrophobic and superoleophilic surfaces.

CA has also been applied in the development of multifunctional Janus membranes. Thermoplastic
polymers with excellent in mechanical strength, chemical stability, corrosion resistance, flexibility, ability to
withstand harsh environment and low surface energy such as PVDF-HFP, PVDF and PU have been used to
fabricate the Janus membrane with CAl"6-"8l, Deacetylation of CA membrane not only can produce outstanding
wetting properties i.e., superamphiphilic in the air, superhydrophilic underoil and oleophobic underwater’7],
but also enhanced the interface bonding hydrophilic-hydrophobic bilayer membranes[’l. On the other hand,
Zhang et al.l”® enhanced the interface bonding of CA/PU by considering the polymer molecular chain
interaction through the formation of hydrogen bonds between hydroxyl, carbonyl and amide groups.

6. Carboxymethyl cellulose

Carboxymethyl cellulose (CMC) is generated from a reaction of cellulose with chloroacetate in an alkali
condition. In CMC, substitution of carboxymethyl groups with hydroxyl groups on C2, C3 or C6 positions of
glucopyranose monomers which are the backbone of cellulosel’®%%, Figure 6 shows the molecular structure of
CMC. CMC is anionic and water soluble. Solubility of CMC relies on a degree of polymerization (DP) and
degree of substitution (DS). The solubility of CMC in water increases when DP decreases and DS increasest®,
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Figure 6. Molecular structure of carboxymethyl cellulose.

Natural sodium CMC has been used as an organic ligand because it is plentiful of COO- groups which
can crosslink with metal ions such as Fe(lll) to form Fe(l11)-CMC chelate hydrogel®. The Fe(lIl)-CMC
chelate hydrogel that coated on the needlelike structure of copper oxide has created superhydrophilic and
underwater oleophobic surface. The hydrogel was excellent in water stability and seawater. However, WCA
increased i.e., the hydrogel became unstable when acidity increased to below pH 4. Other researchers created
a spider-web like structure using CMC to fabricate superhydrophilic and underwater superoleophobic surface
on a PVDF membranel®, CMC was mixed with polyvinylpyrrolidone (PVP) to form a gel solution. The PVDF
membrane was dip coated with the gel and binding occurred through diffusion, van der Waals forces and
electrostatic interactions during heat treatment. Further chemical crosslinking by epichlorohydrin to promote
an ultra-thin gel layer formed inside the spider web. The oil/water separation flux of the 0.5 wt% CMC spider-
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web on the PVDF membrane exhibited 4.2-fold higher than that of the pristine PVDF membrane. Additionally,
the elastic modulus and fracture strength of CMC/PVDF membranes increased with increasing the CMC
content while the elongation achieved maximum at 0.5 wt% CMC.

Organic solvents such as N-methyl-2-pyrrolidone (NMP), dimethylformamide (DMF),
dimethylacetamide (DMA) and dimethyl sulfoxide (DMSO) are commonly used to fabricate membranes via
nonsolvent-induce phase separation (NIPS). A polymer is dissolved in the organic solvent and a polymeric
membrane is formed through a phase separation when coagulated in a nonsolvent bath. However, these organic
solvents are toxic, flammable and hazardous to the environment and human. For instance, NMP has been
banned since 2020 by the European Union due to the toxic concern®, Li et al.®! proposed to fabricate sodium
CMC membrane using aqueous phase separation (APS) which used water as both solvent and nonsolvent.
CMC and chitosan (CS) were mixed at low pH i.e., pH 1, whereby CMC was uncharged. The casting film of
CMC/CS was then immersed in a high pH i.e., pH 5; hence CMC was negatively charged and form a water
insoluble polyelectrolyte complex with the positively charged CS. The CMC/CS membrane can withstand
water pressure up to 4 bars in microfiltration. However, the mechanical strength of the membrane is relatively
low; for example, Young modulus was 4.29 MPa, elongation at break was 6.84% and tensile stress was 0.22
MPa. Furthermore, the membrane permeability was low because the membrane structure was greatly
controlled by the pH. The membrane was swollen at low and high pHs because the formation of polyelectrolyte
complex was unstable.

Although CMC has been much developed and investigated in other applications such as food and
beverage!®®, packaging®’, drug delivery™®, tissue engineering®! and advanced battery applications® as well
as wastewater treatment®-°l its application in oil/water separation is still very limited.

7. Conclusions and remarks for future directions

The combination of biomaterials and bio-inspired concepts in membrane development is a more
sustainable solution to oily wastewater treatment. The oil/water separation performance as well as mechanical
properties of bio-membranes formulated from cellulose and its derivatives is competitive with that of
traditional membranes designed from fuel-based polymers. Nonetheless, the application of cellulose especially
its derivatives in membrane development for oil/water separation is still in infancy with countable publications.
A few remarks of future research directions are summarized as follows.
® As documented in current literatures, almost all membrane formulations employ cellulose or cellulose

derivatives partially in fabricating the membranes for oil/water separation. Investigation of new simple

techniques that fully utilize either cellulosic materials alone or blending with other biomaterials in
membrane preparation is recommended for future research. In addition, it is desirable to substitute the
traditional organic solvents with greener solvents. Nanoparticles, crosslinkers and substrates that are
derived from agricultural wastes are highly needed to fabricate a sustainable and smart membrane in the
oily wastewater treatment.

® Innovative techniques of fabrication and modification on cellulose based membranes are essential to
optimize the membrane structure and thus improve the separation performance. Because of the nature of
cellulose, the hydroxyls interact and form hydrogen bonds within the structure and make the membrane
structure denser. Porous structure is preferable to attain high water fluxes.

® Extension and comprehensive studies on cellulosic membrane stability in harsh and corrosive oily
wastewaters are indispensable. These include the effects of cellulosic materials on mechanical properties,
swelling, disintegration of membrane structure, detachment of bio-modifiers and long-term operation due
to biodegradability.
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® Investigation of multifunctional cellulosic membranes in large-scale applications with real oily
wastewaters will be an interesting and attractive topic in future. Modelling studies are less reported in the
current literatures. Rigorous models of membrane development and oil/water separation performance as
well as cost analysis are required.
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