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Abstract: In this paper, we report our attempt to elaborate on cellulose-based materials and their
potential application in membrane science, especially in separation applications. Furthermore,
the cellulosic membrane has received attention for potential use as biomaterials such as novel
wound-dressings and hemodialysis materials. In this mini-review, we mainly focus on the separation
and antimicrobial properties of cellulosic membranes and the advanced synthesis/processing methods
for superior functional quality for various potential applications. Finally, we conclude with the
market and the impact of developments of future expectations.
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1. Introduction

Since the first successful development of asymmetric membranes by Leob and Sourirajan in the
1960s, the asymmetrical membrane (AM) has gained much attention due to its excellent properties
compared to traditional symmetric membranes in various fields of material science [1]. An asymmetric
membrane is morphologically unique because it combines a thin separation layer (skin) with a high
permeable support layer. The skin layer is very thin (0.1 to 1 um) and dense and lies on top of a thicker
(100 to 200 um) and porous support. Both layers are made of the same materials, performed and
fabricated in the same process [2,3].

An extensive range of research and development (R&D) regarding the fabrication and
characterization of AMs is readily available. AMs can be fabricated from a wide selection of materials,
such as ceramics, composites, and biocomposites [4-6]. However, this mini-review on AMs focuses
explicitly on the cellulosic contents, along with the development of the AM for commercialization.
Employing up-to-date information can be a great asset in forecasting the future trends of AMs and
adjusting the current R&D strategy from the traditional membrane to AMs.

At the moment, there are several challenges in the area of developing highly efficient and
cost-effective AMs that are environmentally friendly, with sustainable development goals for application
to switchable separation, biomedical, and energy-related industries.

2. Cellulose

Plant biomass is generally made up of three major organic fractions: lignin, cellulose,
and hemicellulose. Cellulose is the main component that is composed of long chains of dimer units
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called cellobiose [7]. The most important properties of cellulose include a microfibrillated structure,
which consists of both crystalline and amorphous regions (hierarchical), and its highly cohesive nature is
attributed to the three hydroxyl groups in the cellobiose monomer that are able to form strong hydrogen
bonds [8,9]. Cellulose also has distinguishing characteristics that are better than conventional polymers,
including an excellent mechanical outline, renewable, biocompatible, and adaptable surface chemistry,
and appealing optoelectronic features. Most cellulosic materials are extracted from plants, and a few
small portions are from animals or bacteria. Cellulose is one of the most applicable and abundant
natural biopolymeric materials suitable for the development of diverse nanomaterials. Due to growing
environmental concerns, cellulosic materials have been widely promoted.

As human living standards continue to rise due to expeditious industrial developments, along with
serious side effects, environmental pollution also rises from a mixture of air and water contamination.
As a result, these common pollutants, either directly or indirectly, will cause critical health problems.
Nanocellulose is synthesized from renewable, natural biopolymers that are free from any harmful
pollutants. Based on its synthesis and preparation method, two main types of nanocellulose, shown in
Figure 1, can be distinguished: (i) cellulose nanofibers (CNFs) and (ii) cellulose nanocrystals (CNCs) [9].
Cellulose nanofibers (CNFs) are favored for filtration applications because of their imposing ratio
(surface area to volume) and higher strength [10].

One of the relevant nanocellulose applications is the development of water treatment filtration
systems. Nowadays, energy-based industries are highly dependent on the extracted crude oils.
Rising concerns due to oil pollution and frequent oil spills have made water and oil emulsion extractions
a paramount issue. As the oil necessarily needs to be separated from its water content before any usage,
an efficient oil-water separation technique is a challenge that we face over the good stability and viscosity
of unrefined emulsions [10]. This could be addressed by employing CNF membrane technology.

The latest separation technologies are reported to have boosted efficiency and minimized clogging
with the eco-friendly, renewable cellulosic membrane. A novel CNF hydrogel is a sustainable and reliable
material for the modification of paper filters for water/oil separation. It has been increasingly manufactured
because it can be smoothly progressed and applied to filtration applications. The distinctiveness of those
filters lies in the hydrophilic/oleophobic performance arising from cellulosic properties and structure on
a micro-scale, without having to introduce harmful substances. Besides being hazard-free, decreasing
fouling and clogging could prolong the lifetime of filters. The recent studies on the CNF-based filter
promised a soaring efficiency of above 99%, and flux of 89.6 L/m?h, with favorable commercial and
preferable environmental footprints in separation applications [11].
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Figure 1. Two types of nanocellulose, cellulose nanocrystals (CNCs) and cellulose nanofibers (CNFs),
can be extracted from the cellulose microfibrils [12].
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3. Cellulose Acetate

In 1865, cellulose acetate (CA) was initially prepared as the acetate ester of cellulose. In order to
be nonflammable and more inexpensive for manufacturing, the traditional nitrate film was displaced
by CA in the middle of the last century [13]. CA has excellent chemical resistance, biocompatibility,
and biodegradability, which is significantly important for biomedical applications such as antibacterial
membranes for potential wound dressings [14].

CA is the most common acetate ester. It is also (rarely) called acetylated cellulose (AC) or
xylonite [15]. The structural formula of CA, shown in Figure 2, is a cellulose section alongside two
acetyl groups to each of glucose module.
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Figure 2. Chemical structure of cellulose acetate [15].

CA is utilized as photographic films, X-ray films, adhesives components, eyeglass frames,
applied as filter parts of cigarettes, playing cards, handles of a sort of screwdriver, and reservoirs of
pens [15].

4. Cellulosic Asymmetric Membranes

AM is one of the main types of membranes, which can be divided into three structures:

e  Porous skin layer integral asymmetric.
e Thin dense skin layer integral asymmetric.
e  Composites with thin-film structures [16].

Cellulosic asymmetric membranes (CAMs) include CA-based, CNF-based, or nanocrystalline
cellulose (CNC)-based asymmetrical membranes, which are more advanced than commercialized
membranes. CAM is extensively applied for reverse osmosis, ultra/microfiltration, novel gas
separation, thermo-controlled wearable textiles, building insulation, as well as useable for specific
army equipment [16-18].

In the 1960s, CA asymmetric membranes were developed for seawater desalination by Loeb and
Sourirajan [19]. We summarize the cellulosic membranes in Table 1 for a comparative study.
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Table 1. Advantages of the cellulosic membrane and targeted applications.

Cellulosic Membrane Specifications Advantages Ref

Janus cellulose membrane Switchable separation Remarkably impactful fo.r human health [20]
and eco-remediation

CA/polyvinylpyrrolidone Increasing macrovoids formation Reduction of the membrane hydrophilicity [17]

CA Janus membrane Directional water transportation Functional surface for protection [14]

from recontamination.

Good stability, durability, photocatalytic
CA-5i0,/TiO, composite Water/oil separation ability, facile preparation, [21]
and potential biodegradation

Acceptable wettability, distinguished

GO/CNC-PVDF A novel additive for hydrophilic . o .
functionalized membrane and antifouling porosity, water permeability, long cleaning (221
cycle, low irreversible fouling
CNC based Hazardous salt removal Antibacterial, chlorine resistance, 23]
crosslinked membrane and boron removal )
CNC/PVDF Improvement of Hydrophilicity, permeability, [24]
ultrafiltration membrane antifouling performances and antifouling property

Cellulosic catechin membrane Nanof1ltrat1qn f°T food a}nd Stability above a month [25]
pharmaceutical industries

Casein-coated . . Higher average flux values, better
Biofouling control . . X [26]
Ag-CA Membranes antimicrobial properties
CA—.ZnO mixed Removal of arsenic Higher removal eff1c1ency, flux and [27]
matrix membrane permeation rate
Bromoacgtyl/CA reverse Long-term and efﬁgengy running in Antibacterial and antifouling capability [28]
osmosis membrane complex situations
CA/hydroxyapatite Solute separations in hemodialysis Better surface roughness, good uremic toxin [29]

composite membrane permeabilities, and hydrophilicity

Miniature capacitors,
high-temperature capacitors, Low porosity and high permittivity [30]
and electroluminescent materials

Porous cyanoethyl cellulose
(CEC) membranes

Hybrid CA/silica

. Water ordering in the porous structure Controllable diffusion direction [19]
asymmetric membranes

Capable of differentiating anionic species is
Ultrafiltration performance enabled, but with the advantage of having [31]
higher permeation fluxes.

Integral asymmetric
CA membrane

Exhibits Janus infrared radiation properties,
excellent controllable thermal management [18]
properties, and good antimicrobial activity

Cellulosic sandwich structured ~ Switchable infrared radiation, thermal
composite membrane controlled application

5. Other Asymmetric Membranes

Asymmetric polyetherimide membranes (APEMs) are one of the AMs for nanofiltration of organic
molecules with appreciable high flux. APEMs exhibit good refusal for hydrophilic molecules, such as
polyethylene glycol (PEG) between 400 to 6000 Dalton, while in regards to molecular weight, 79-100%
organic rejection of aqueous solutions with 500 ppm was achieved [32].

6. Synthesis and Processing Methods

6.1. Synthesis of Nanocellulose

CNC: The raw lignocellulosic biomass is subjected to pretreatment to remove impurities from
fiber cell walls [33]. In short, after grinding, extracted cellulose (EC) fibers can be obtained via alkaline
hydrolysis and bleaching process. The hydrolysis process can be completed through H,SO, or HCI [34].
Then, the suspension will be dialyzed with distilled water for a few days and freeze-dried [35,36].

CNEF: The process includes the delignification and removal of hemicellulose from lignocellulosic
biomass. First of all, the fibers are treated with NaClO, aqueous solution, and later, oven-dried.
The conventional method for hemicellulose removal is by pretreatment using KOH at ambient
temperature. Then, the fibers are washed in distilled water and dried in a vacuum oven overnight.
In the end, the product is milled for at least 25 cycles via a homogenous mill machine [37].
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Both synthesis methods can produce nano-sized cellulose products. However, CNCs give highly
crystallized features compare to CNFs, and morphological examination shows bigger lengths of CNFs
while similar widths with CNCs [38].

6.2. Asymmetrical Membrane

Generally, phase inversion (PI) is the most common procedure to produce AMs. The exchange
will appear between the casting solution film (solvent) and the precipitating medium (nonsolvent)
while a substrate is absorbed into a coagulation bath, and finally, this might lead to phase separation.
Producing the CAM by the Pl method with dimethyl sulfoxide (solvent) has been a success. The selection
of dimethyl sulfoxide is due to its comparatively low vital toxicity and biodegradability. Thus,
dimethyl sulfoxide is known as a more eco-friendly solvent for the production of CAMs [39].

Most common synthesis steps of CAMs are as below:

e  Extraction of cellulose from biomass: pure cellulose can be extracted by multistage chemical and
mechanical purification methods [38].

e  CA synthesis: produced via the reaction of extracted cellulose with acetic anhydride under the
catalysis process (H,SOy4) [40].

e  Production of CAMs: asymmetric CA membranes were produced by the PI method, as discussed
above [41].

In other studies, the fabrication of antifouling and antibacterial polyethersulfone/CNC membranes
was synthesized with a nonsolvent PI method [42].

7. Applications

The general approaches for the contaminant separation/removal from solutions are through
adsorption, precipitation, electrochemical oxidation, chemical dispersion, biological degradation,
foam fractionation, centrifugation, and separation methods [27]. In this mini-review, we mainly focus
on membrane technology, especially CAMs and their applications.

7.1. Effective Separation

The filtration of spoilt liquefied pollutants has been found to be an advantageous separation
technique in the petrol-chemical industries [32]. The wastewater from worldwide industrial and
economic development has become a critical environmental issue that is alarming to the health of
humans [21]. For the last few decades, besides the enormous expansion of offshore oil exploitation and
consumption of the petroleum industry, the frequency of oil-spill incidents has increased and affected
marine eco-systems and natural resources. The common treatment methods for industrial wastewater
have a process that is complicated, not cost-effective, and can produce subordinate pollution, as well as
showing an in-vain effect for emulsions of droplets with smaller diameters (<20 pm). Importantly, it is
not uncommon that this treatment has difficulty in demonstrating the demulsification phenomenon
under natural conditions and complications [20].

Wastewater treatment approaches are accountable for the separation of pollutants via filtration
methods [32]. Lately, bio-based separation materials have been concentrated on owing to
their biodegradability, good film-forming capacity, and uncomplicated modification features [21].
Furthermore, assorted membrane materials dependent on super wettability have been fully developed
for separation treatments. As a case in point, a super-hydrophilic/oleophobic polyvinylidene fluoride
membrane fabricated thorough an in-situ crosslinking copolymerization approach showed good
efficiency on separation and superlative recyclability performance for oil-in-water emulsions. Hence,
specific membrane materials that can ascertain the switchable separation for both oil-in-water and
water-in-oil emulsions are most desirable [20].

The current global challenge is switchable membrane technology (oil-in-water and water-in-oil)
with high efficiency and speedy separations [43]. The simple mechanism of the switchable membrane
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technology illustrated in Figure 3. This kind of efficient separation is not only noteworthy for
human health but also fundamental for eco-remediation. That being so, the immobilization and
modifying process of the Janus cellulose membrane (JCM) has been demonstrated to have the desired
wettability and antibacterial properties. Over the conventional procedure, silver nanoparticles (NPs)
were immobilized on the membrane surface, while the other side of the membrane was treated for
subsequent hydrophobic modification. The JCM had an excellent hydrophobic feature on one side,
and conversely, the other side was hydrophilic. Remarkably, the JCM demonstrated exceptional
performance for switchable separation, with more than 96.0% effectiveness. The JCM demonstrated
amazing recyclability, while the efficiency and flux showed minimal variations over ten cycles
of separation. The JCM can be further developed for the productions of separation material for
possible commercialization with industrial strategies [20]. Meanwhile, ZnO/MnO, hybrid CAM
for effective separations was recently reported, which has an inclusion of anisotropic wettability,
effective separations, cost-efficiency, and environmentally friendly features. This form of hybrid CAM
is an emerging candidate for assorted potential applications, especially for industrial wastewater
management [43].
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Figure 3. Efficient and rapid separation of various surfactant-stabilized oil-in-water and water-in-oil
emulsions [43].

Cellulose is a widely abundant natural material with a crosslinked structure and a cost-efficient,
eco-friendly, and sustainable nature. It presents promising applicability in wastewater management.
However, the application of cellulosic materials is restricted by its surface chemistry and bacterial
degradation. Therefore, its wettability, together with antibacterial features, are appreciable assets for
the separation of industrial wastewater [20].

A specific CAM with wettability and other functions was fabricated, and the functionalized CAM
demonstrated antibacterial/antimicrobial properties suitable for practical environments [20].

Petroleum industries have been producing a large amount of wastewater that has high
contaminants that include dissolved solids, petrol-organic contents, and other oily substances.
Modifications of CAMs that could enhance the hydrophilicity for functionalized membranes in
wastewater treatments, with improved antifouling performance without lowering its pollutant
rejection, have been reported [44]. In other studies, a mixed matrix CAM was fabricated by alternating
the formations of CA, acetone, and formamide toward the synthesis of exotic filter membranes,
with/without NPs, for arsenic/synthetic separation.

7.2. Membrane Bioreactors

Membrane bioreactors (MBs) are a combination of a filtration process such as micro/nanofiltrations
with biological treatments that are used for municipal and industrial wastewater treatments.
MBs possess several outstanding points in comparison with general conventional methods, particularly
on the environmental impact, sludge production reductions, the finest effluent, and complete biomass
retention without a secondary clarifier [22]. In these circumstances, reducing the biofouling in MBs was
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achievable by the strategical orientation of easing the certain fouling on the membrane, namely, aeration
scouring, physio-chemical cleaning, and surface modification (hydrophilicity, negative potential,
porosity, as well as morphology) [22]. For example, the modified CAM was fabricated via a typical
PI approach comprising functionalized cellulosic GO/PVDF composites. As a result, the cellulosic
composite enhanced hydrophilicity, permeability, stability, and antifouling characters on the modified
PVDF membranes [22].

Modified polymer/NP compositions can reach the needed outcomes through the evolution of
targeted membranes over charge changes, structural remodeling, and by adjusting the porosities.
The modified CAM with silver NPs was achieved by the use of surface chemistry, which was motivated
by the Ag affinity to the bacteria. Due to the scattered Ag NPs on the surface of the modified CAM,
it promises a substantial elimination of bacteria accumulation [26].

Alternatively, a polyethersulfone-based CAM was developed for its selectivity to protein-in-water
separation and antifouling/antibacterial features to Staphylococcus aureus and is identifiable by the
halo-zone evident around the CAM [42].

7.3. Wound Healing

The drawbacks of readily available wound healing dressings (WHDs) are outlined by their
lack of water permeability, which induces exudate accumulation, tissue maceration, inflammation,
or infections [45]. However, a porous structure in wound dressings would increase water evaporation
(causing wound dehydration) and, more importantly, the inability to prevent bacteria penetration,
which leads to infection. This would further damage the wound areas [46].

The shortcomings call for a more advanced development of WHDs and CAMs, which can pose a
promising alternative to overcome this issue. The denser outer layer of AMs is responsible for keeping
the wound safe against external risks, acting as a barrier similar to the skin’s epidermis layer, while the
more porous interior layer acts as a template for coordinating cell adhesion, migration, and proliferation.
Figure 4 shown the ideal structure of multifunctional AM for wound healing. Despite the potential,
properties like porosity, wettability, transmission rate, mechano-physical character, antimicrobial
activity, and water uptake must be fulfilled before it can be employed [46].
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Figure 4. Asymmetric membrane for wound healing [46].

One of the recent achievements in this area is the development of a chitosan/poly(vinyl
pyrrolidone)/nanocellulose bio-nanocomposite asymmetry membrane. The membrane was fabricated
via a salt leaching route with the addition of 3 and 5% wt nanocellulose. It was found that the
incorporation of nanocellulose into the composite enhances the antibacterial activity. Besides that,
the asymmetric bio-nanocomposite also exhibited excellent in vitro cytocompatibility, which enabled a
faster wound healing, thus, showing great potential in wound healing applications [46,47].
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7.4. Asymmetric Supercapacitors

Developing a practical and efficient cellulosic membrane for energy-efficient devices is significantly
crucial to solving the current energy crisis as well as to prevent global warming [18]. Over the last few
years, the advancement of portable/wearable electronic devices has gained more attention, especially
in the development of supercapacitors. A supercapacitor has higher energy, good power density, and a
long-run lifetime and is compact, lightweight, and flexible. Asymmetric supercapacitors (ASs) are
the latest type of energy storage device assembled from positive and negative electrodes of different
voltage windows. The CNF/MWCNT/RGO/Fe3;04 composite is soundly designed and fabricated for
functionalized ASs with significant advantages. The CNF components in the supercapacitors act
as additives and are a reinforcement for the nanocarbon materials. They have excellent flexibility,
film-forming ability, and the ability to facilitate nanocarbon material dispersion. The CNFs efficiently
prevent the agglomeration of MWCNTs and RGO nanosheets while facilitating the formation of a
porous 3D structure. Highly developed 3D structures facilitate ion diffusion, resulting in improved
conductivity. The well-designed AS demonstrated excellent cycle stability by maintaining more than
90% of its initial capacitance over 5000 cycles [48].

7.5. Energy Conversion

Thermal energy (TE) is a common heat source and can be commonly categorized as high-grade
(>650 °C), medium grade (200 to 277 °C), and low-grade heat (<100 °C), which is often wasted.
Low-grade heat is abundant and usually originates from power plants and manufacturing industries [49].
Membrane distillation (MD) and thermo-osmotic energy conversion (TOEC) might be the answer to
utilize this low-grade heat [50]. TOEC is a relatively new innovation that has promising prospects
in managing low-grade TE [51]. The water vapor that diffuses across the membrane condenses in a
pressurized reservoir, turning into a stream of water that is used to produce electricity [52].

AMs are essential for distillation and energy conversation procedures to achieve high permeability
and liquid entry pressure. The mechanism of AMs for energy conversion application shown in Figure 5.
A recent study showed that a modified asymmetric mixed-cellulose membrane with pore diameters of
50 and 25 nm had an exceptional liquid entry pressure of >24 bar. The lower structure comprises of
large pores which facilitates vapor permeability, while the thin upper layer contains smaller pores to
prevent the membrane from wetting. The study demonstrated that asymmetric membranes have high
liquid-entry pressure (LEP) while maintaining high vapor flux, which is essential for both MD and
TOEC [53].

7.6. Hemodialysis

For past two decades, dialysis materials have gained more attention for potential applicability to
kidney failure diseases (KFDs) and hence rapidly industrialized. However, the availability of advanced
treatments under hospitalization faced challenges according to the annual mortality rate statistics,
which is estimated at 18% at a constant rate. More than that, better cost-efficiency of biocompatible
membranes for hemodialysis is urgently required to meet the affordability requirement for patients
with KFDs. Hemodialysis is a secure purification method that posed good results within other methods,
particularly peritoneal dialysis and organ transplantation [29].
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Figure 5. Asymmetrical membrane for distillation and heat-wasted energy conversion [53].

A successful dialysis remedy based on the biocompatible artificial membrane was placed inside
a hemodialyzer. In comparison with a conventional symmetric membrane, the modified cellulose
triacetate (CTA) for the biocompatible AM was achieved by the basic mechanism of blood interaction
on a smooth surface. The novel CTA, strengthened by the physio-chemical characteristics of the
blood-exposed membrane surface, together with important properties of the CAM, could further lead
to progressive remedies of hemodialysis [54].

Indeed, cellulose is not new to the fabrication of traditional symmetric hemodialysis
membrane materials. However, CTA membranes with asymmetric structures were, most recently,
established through the spinning method [55]. ACT high flux dialyzers are one of the best examples for
hemodialysis with excellent comparability. The significant features of hemodialysis membranes could
be affected by blood-membrane interactions, especially low transporting resistance [56]. Ahead of
clinical application, it is necessary to clarify the relationship between pore size, structure, and surface
chemistry on the characteristics of the developed membranes for hemodialyzers [57].

8. Summary

In this mini-review, we focused on the cellulosic asymmetric membrane for current applications,
as well as discussing possible improvements. As asymmetric membranes have excellent wettability,
porosity, hydrophilicity, permeability, and antifouling/antimicrobial properties, these properties make
it a much-desired material for various potential applications and commercial approaches, especially in
water purification and desalination, as well as biomedical applications. Thus, the cellulosic asymmetric
membrane has a huge potential market and impact on sustainable development in the future by,
for example, improving the surface chemistry of AMs for switchable separations or applying voltages to
reform the surface charge of AMs to induce ion current to electro-osmotic flow rectification [58]. For the
wound healing applications of composite-based AMs, deep studies on the antibacterial properties,
porosity, cell adhesions, cytotoxicity, and histological examinations are needed.
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