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During the past decades, many conventional technologies of wastewater treatment have been utilized,
but they are ineffective in removing recently emerging substances of concern, such as pharmaceuticals,
pesticides, personal care products, surfactants, plasticizers, and flame retardants. Membrane
technologies have emerged as a great possibility in wastewater treatment since the 18th century,
exhibiting high selectivity with high-quality effluent, low sludge production, size reduction of equipment,
low energy, low cost, and can replace several treatment processes into a single one. Recently, cellulose
acetate-based membranes are widely used for reverse osmosis (RO), ultrafiltration (UF), and
nanofiltration (NF) purposes owing to their good toughness, cost-effectiveness, high hydrophilicity, high
reflux, high biocompatibility, high salt removal, chlorine resistance, better antifouling properties, and
efficient reduction of microorganism content. Moreover, the cellulose acetate membrane can easily be
blended with other polymer or incorporated with nanoparticles and easily be functionalized to achieve
specific physicochemical properties. Furthermore, as cellulose acetate is a green, energy-saving natural
biodegradable polymer, it offers the potential to replace the traditional petrochemical membrane. This
Received 20th May 2023, review focuses on the synthesis processes and properties of cellulose acetate-based membranes. The
Accepted 14th August 2023 removal efficiency of recently modified cellulose acetate-based membranes to separate pollutants from
DOI: 10.1039/d3ma00255a wastewater and approaches to improve these membrane properties are discussed in this review. Future
prospects and research directions are also suggested on the basis of the challenges faced during the
rsc.li/materials-advances materialization of these membranes.
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1. Introduction

Water resources have become increasingly scarce as tons of
wastewater is being produced everyday with the increasing
number of human populations.” Many highly industrialized
countries discharge 55% of their sewage without any
treatment.? In low-income countries, more than 80% of muni-
cipal wastewater discharged is untreated.*™ According to an
infrastructure report titled as SAICE Infrastructure Report Card
for South Africa, 2011, 7589 mega liters of wastewater on an
average is transported across South Africa.® Therefore, this
untreated wastewater leads to several environmental and
human problems.”® More than 2.6 billion tons drinkable water
has become polluted, which may cause life-threatening water-
borne diseases.” Commonly produced effluents include heavy
metals and metalloids, such as arsenic, lead, cadmium,
mercury, and chromium, organic contaminants, such as dyes,
surfactants, microplastics, humic substances, pesticides, poly-
cyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls
(PCBs), polybrominated diphenyl ethers (PBDEs), plasticizers,
phenols, and drug residues, various inorganic salts, acids, and
alkalis.'®"® Recently, identified substances in wastewater, such
as diverse group of chemicals and biological agents known as
emerging substance of concern (ESOC) are causing growing
concern in terms of their health and ecological effects. These
groups of ESOC include pharmaceuticals, personal care pro-
ducts, disinfection byproducts, artificial sweeteners, flame-
retardants, hormones, steroids, perfluorinated compounds,
and nanomaterials. About 10% of disease and 6.3% of death
can be controlled worldwide by improving the treatment of
wastewater.” Traditional treatment technologies, such as trick-
ling filter, activated sludge process, waste stabilization ponds,
or innovative modifications of these technologies may become
ineffective to treat these substances from wastewater.'>'*"
Inefficiency, operational difficulties, high energy requirements,
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lower economic benefit, problems associated with recyclability,
and emission of secondary pollutants are some technical
limitations that hinder the implementation of these conven-
tional technologies."®

In industrialized countries, membrane technology is being
increasingly implemented in water treatment processes to
reduce pollutants from municipal and industrial wastewater
such as ground water, desalination of brackish water and
seawater, decontamination of wastewater of diverse nature
including urban wastewater, coking, carwash, nuclear power,
power engineering steel industry, textile and tannery, pulp and
paper, pharmaceutical, and agro-food industries such as dairy,
beverage, winery, tomato, and olive 0il.>**'”'® It has been
proven to be a favorable option in wastewater treatment to
bridge the economic and sustainability gap, reduce the
chemical usage, and build an environment-friendly process,
which has easy accessibility.® Membrane-based processes can
be applied for different applications such as reverse osmosis,
ultrafiltration, nanofiltration, forward osmosis, membrane
bioreactor microfiltration, and particle filtration."® Generally,
membrane materials are classified into organic (polymeric),
inorganic (ceramic), and biological materials.'"® Among the
commonly used membrane materials, polymeric membranes
are the most widespread due to their high mechanical, thermal,
chemical, and corrosion resistance.’® The widespread use of
fossil-based polymers in membrane fabrication has led to the
continuous improvement of membrane technology in wastewater
treatment. However, in recent times, the progressive decline of
fossil resources and the negative environmental impact of these
fossil-based polymers have made this technology nonsustain-
able.'®*! Thus, researchers are now more interested in an envir-
onmentally friendlier process of membrane fabrication from
organic chemical goods based on renewable natural sources.

Biopolymers have high potential for making the membrane
separation process environment-friendly. Biopolymers obtained
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from natural sources (plants, animals, microorganisms) are
now widely used in wastewater treatment to reduce the carbon
emission and cost of treatment.>’>* The natural sources of
biobased and renewable polymers are abundant and 5 X
10" tons are generated annually in the biosphere.”* Among
the biopolymers (hemicellulose, cellulose, pectin, protein, lig-
nin, etc.) from agricultural origin, researchers are interested
more in cellulose because of its nontoxicity, ease of processa-
bility, hydrophilic capabilities, crystallinity, and insolubility
in many solvents due to hydrogen bonding.*® Cellulose is a
fibrous, tough, water-insoluble, long linear polysaccharide
polymer that consists of B-p-glucopyranose units joined by
B-1,4-glycosidic bonds (CsHgO,),, to form a dimer known as
cellobiose, which is the main unit of cellulose. Each monomer
of the cellulose chain has three hydroxyl groups.”® The presence
of hydroxyl groups in the cellobiose unit results in crystallized
cellulose molecules in a horizontal plane and in parallel chains,
forming microfiber packages. The elementary fibers that make
up the microfiber packaging are basically organized into high
order crystalline parts interspersed by amorphous regions. As a
consequence of its structural organization, cellulose presents
some properties that limit its application (e.g., lack of anti-
microbial properties, high hydrophilicity, and low dimensional
stability high melting temperature).>” The functionalization of
cellulose through the hydroxyl group to modify it into deriva-
tives can overcome these drawbacks. Due to its attractive
chemical and physical properties, a growing worldwide activity
is observed regarding the extensive research on cellulose deri-
vatives for membrane preparation, which can be used for the
removal of organic and inorganic pollutants from wastewater
and for water purification.”” The properties of these mem-
branes can be manipulated by several techniques such as the
selection of the polymer, solvent and nonsolvent, thickness of
polymer solution films at the precipitation of the membrane,
and the addition of surfactants at the polymer solution or fillers
for composite membrane synthesis.>*

Among cellulose derivatives, cellulose acetate (CA) is one of
the most commonly used with higher hydrophilicity, higher
mechanical strength, superior transport characteristics, low
protein adsorption, and excellent film forming property during
the membrane fabrication process.>®?° It is repeatedly applied
in preparing ultrafiltration and nanofiltration membrane.
CA-based reverse osmosis and NF membranes have been used
for the desalination of seawater and brackish water, purifica-
tion of surface water, treatment of food processing wastewater,
and the treatment of industrial wastewater, from which a wide
variety of compounds such as methanol, ethanol, urea, phenol,
neutral endocrine-disrupting chemicals (EDCs), pharmaceuti-
cal active compounds (PhACs), pesticides, and viruses are
removed. Recent works from scientists on CA membrane shows
that it has less tendency for fouling than that of traditionally-
used polyacetate (PA) membrane for the wastewater treatment
process.'®*! However, this recent interest in cellulose acetate
has also brought about some problems due to the presence of
nonreactive functional groups, the poor chemical, thermal,
mechanical resistance, and its unsuitability for adsorption
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Fig. 1 Publication trend in the field of CA-based membranes published
between 2015 and March 2023. The values were obtained from a literature
search on Google Scholar using “Cellulose acetate-based membranes for
wastewater treatment”.

separation, which works on the principle of affinity. Moreover,
the membrane exhibits low flux during applications because of
its dense skin layer and low porosity of the sublayer. Efforts to
modify CA membranes to overcome these problems have been
continued. Through the modification of the CA membrane, the
separation efficiency can be enhanced to obtain high selectivity
and high reflux.”®

Fig. 1 demonstrates the recent increasing trend in research
publications focusing on cellulose acetate-based membranes.
Though many works have been done to improve these environ-
mentally-sustainable CA membranes, these works are not yet
reviewed exclusively. This review paper summarizes these works
on cellulose acetate-based membranes and arranges them into
their synthesis, properties, applications, and efficiency in the
wastewater treatment process. The future prospects of CA-based
membranes on wastewater treatment technology are also dis-
cussed in the review.

2. Cellulose acetate

2.1. Synthesis and properties of cellulose acetate

Cellulose acetate (CA) is industrially obtained by the esterifica-
tion of cellulose molecule in the presence of sulfuric acid with
acetic acid and acetic anhydride because of reactant avail-
ability, high reactivity, and controllability.**** Wood and cot-
ton linter are the major sources of this cellulose derivative.
As these resources are limited, the use of agricultural residues
such as corn stalk, rice husk, sugarcane bagasse, and news-
paper and environmental synthesis routes have been increas-
ingly reported to replace the use of sulfuric and acetic acids
by ecofriendly reagents, such as dialkylcarbodiimide, N,N-
carbonyldiimidazole, aluminium chlorides, N-bromosuccin-
imide (NBS), iodine, phosphotungstic acid as catalyst, room
temperature ionic liquid (IL), solid super acid SO,> /ZrO,, and
recyclable polymer catalyst.>’**’ Agricultural wastes have

© 2023 The Author(s). Published by the Royal Society of Chemistry
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become an attractive renewable resource for the synthesis of CA.
The agro-industrial residues are mainly composed of cellulose
(30-60%), hemicellulose (14-40%), and lignin (7-20%). They can
be a sustainable source of biomaterials due to their low cost,
availability, and chemical composition. Recently, researchers are
emphasizing the acetylation process of cellulose, extracting it
from the above lignocellulosic agricultural wastes.>””*®

Prior to the acetylation step, the pretreatment of this ligno-
cellulosic biomass and wastes is an essential step to isolate the
cellulose from noncellulosic component (hemicellulose and
lignin), which may negatively affect the cellulose modification
and dissolution of cellulose. Pretreatment removes lignin and
hemicellulose, reduces cellulose crystallinity, and increases the
porosity of the materials. The pretreatment of lignocellulosic
materials has been classified as physical, physicochemical,
chemical, and biological processes. Pretreatment with dilute
acid has become the general method followed for any ligno-
cellulosic biomass substrate. As a chemical pretreatment pro-
cess, dilute acid hydrolysis has been developed successfully to
achieve high reaction rates. Some researchers also carried out
pretreatment using alkali. The treated materials are bleached
after breaking the intermolecular bond between the lignin and
hemicellulose through the solvation and saponification reac-
tions by the alkali. Besides, several methods such as steam
explosion, organosolv process, chlorine-free method, combined
chemical, and enzymatic extraction have been continuously
developed to extract cellulose from biomass. Among these,
chemical treatment is used under mild conditions to get
relatively complete separation of lignin and hemicellulose.>”***°

Acetic anhydride is typically used in excess during acetyla-
tion reactions in solvent-free environments or eventually in
stoichiometric levels during acetylation reactions in organic
solvents; both techniques require the addition of basic or acid
catalysts to facilitate esterification.

The acetylation of cellulose with acetic anhydride is insuffi-
cient to weaken the intermolecular action in cellulose. In this
step, the hydroxyl groups present in the cellobiose has been
replaced with acetyl groups. This substitution is mostly depend-
ing on the types of catalyst used, experimental condition, and
purity of cellulosic raw materials.*' During the acetylation step,
the degree of substitution (DS) is one of the major parameters
indicating replacing the OH groups with acetyl groups per
glucose unit. The maximum degree of acetylation is obtained
when all OH groups are replaced by acetyl groups, which leads
to a DS value of three.*" On the other hand, DS equal to zero
indicates that no substitution occurred during the acetylation
stage. Several studies recognized that the DS values of CA
greatly affects the mechanical, thermal, chemical and physical
properties, and solubility of the fibrous materials.*>™*® For
instance, higher DS values lead to an increase in the solubility
in solvents such as THF and acetone, while DS values of zero
(cellulose) are insoluble in these solvents.’” Several studies
showed that CA with low DS value led to a reduction in the
amorphousness. In 2016, Chen et al. experimented that on
increasing the DS value of the CA, the crystalline diffraction
(20 = 8°, 10°, and 13°) peaks were narrowed, and the peak
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intensity was also reduced.*>*"*® In another study, a wide halo
at 20 = 20° known as van der Waals or amorphous was gradually
intensified with the increase in the DS value.”® Freitas and his
coauthors investigated the crystalline index as a function of DS.
This study showed that increasing the DS values (1.48, 19.8,
2.29, and 2.48) of the CA significantly reduced of crystallinity
index (34, 31, 30, and 23%).*" This property can be explained by
increasing disorder when cellulose is acetylated and increasing
interlayer distance and break of the microfibrillar structure.*®
From the aforementioned date, it has been concluded that
DS is one of the major parameters indicating the degree of
acetylation or yield of cellulose acetate (%).

Moreover, researchers are working on finding new effective
and environmentally viable pathways to produce cellulose
acetate. Depending on the extent of research, the synthesis
processes of cellulose acetate have been summarized into
heterogeneous and homogeneous acetylation types.*>>°
An overview of the current progresses in the synthesis of cellu-
lose acetate through homogeneous and heterogeneous pro-
cesses are reviewed and when available, degree of substitution
(DS), acetylation yield, and properties of the cellulose acetate
produced from different cellulose resources are presented in
Table 1. A general flow diagram summarizing the extraction of
CA has also been shown in Fig. 2.

2.1.1. Heterogeneous acetylation. Cellulose acetate is gene-
rally produced by the reaction of cellulose with an excess of
acetic anhydride in the presence of strong mineral acids such
as sulfuric acid or perchloric acid. The industrial production of
CA is based on this single step heterogeneous modification of
cellulose results in cellulose triacetate (DS 3). The heteroge-
neous acetylation process requires a hydrolysis step afterward
to synthesize partially substituted cellulose acetate with DS of
about 2.45-2.5, which provides high solubility and good melt
properties. This process has some disadvantages such as the
necessity of highly pure raw cellulose, economic infeasibility,
degradation of cellulose polymer by catalyst H,SO,, and for-
mation of complex incorporating sulfuric acid in the CA,
resulting in an unstable product. Different investigations have
been carried out to overcome these disadvantages.*®>*””>

Cellulose triacetate is a triacetate ester of cellulose with an
average degree of substitution 2.8. It is one of the most widely
used cellulose esters in pharmaceutical, chemical, and indus-
trial fields due to its low toxicity and low inflammability.>*>"°
Hindi et al. studied the possibilities of synthesizing cellulose
triacetate from cellulose wastes, cotton stalks by heterogeneous
acetylation process with glacial acetic acid, concentrated sulfuric
acid, and acetic anhydride.® A similar heterogeneous acetyla-
tion process was used to synthesize cellulose triacetate from the
date seeds cellulose with optimum conditions and minimum
reagents.” The process of acetylation by acetic anhydride inher-
ently leads to the depolymerization of cellulose and is very much
corrosive. Instead of acetic anhydride, Chen et al. presented an
acetylation process using vinyl acetate as a reactant and a reaction
medium with 1-ethyl-3-methylimidazolium acetate (EmimAc) as a
catalyst for the transesterification of cellulose.** Another method
to produce cellulose triacetate used N-iodosuccinimide as an
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