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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,

Taslim Ur Rashid is Associate
Professor in the Department of
Applied Chemistry and Chemical
Engineering at University of
Dhaka, Bangladesh. He received
his BSc and MS from the same
department. In 2021, he com-
pleted his PhD in Fiber and
Polymer Science program in the
Department of Textile Engineer-
ing, Chemistry and Science at
North Carolina State University,
USA. His broad research interest
focuses on separation technology,
nanofiber fabrication by electrospinning, industrial waste
management, designing polymer nanocomposites with improved
properties for separation application, biomedical application, and
wastewater treatment.

Taslim Ur Rashid

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

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

Mohammad Shahruzzaman s
working as Assistant Professor in
the Department of Applied Chemi-
stry and Chemical Engineering
under the faculty of Engineering
and Technology, University of
Dhaka. He has experience in
(i) polymer science, preparation
of organic/inorganic hybrids, (ii)
organic synthesis and charac-
terization, and (iii) preparation
sustainable  biocomposites  for
wastewater treatment He was
awarded the highly prestigious
Japanese Government (Monbukagakusho: MEXT) scholarship from
October 2012 to September 2015.

Mohammad Shahruzzaman

Mater. Adv,, 2023, 4, 4054-4102 | 4055


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00255a

Open Access Article. Published on 15 agosto 2023. Downloaded on 25/10/2025 06:15:36.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

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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Fig. 2 Schematic diagram of synthesis of cellulose acetate.

effective catalyst in the presence of acetic anhydride in the solvent-
free method.>

Cellulose triacetate is hydrolyzed to produce secondary
cellulose acetate such as cellulose diacetate depending on the
final use.*” The hydrolysis step is necessary in the hetero-
geneous process to produce the CA of this desired DS.*® This
process can have an economic significance if the hydrolysis
step is eliminated. Acetone soluble CA was produced through a
one-step heterogeneous acetylation process from oil palm
empty fruit branch. To reduce the use of sulfuric acid, a mixture
of sodium bisulfate and sulfuric acid was used as a catalyst. In a
single-step process, the reaction time and acetic anhydride-to-
cellulose ratio were controlled to produce the desired DS of
cellulose acetate. Acetone-soluble cellulose diacetate of DS
value 2.2-2.7 has a great number of commercial applications™
and was prepared by Fan et al. from rice straw using phospho-
tungstic acid as the catalyst.*°

Cellulose acetate was extracted from waste blended fabrics
using a Bregnsted acidic ionic liquid N-methyl-imidazolium
bisulfate, [Hmim]HSO,.>” Using Brensted acidic ionic liquid as
heterogeneous catalyst, CA can be synthesized from waste cotton
fabric. The IL catalyst showed excellent catalytic activity to convert
waste cotton fabric into cellulose acetate under solvent-free
conditions.”® IL was used as a novel catalyst for the acetylation
of cellulose in an environment-friendly and efficient approach.
Instead of wood pulp, bamboo pulp can be used for the acetyla-
tion, and cellulose acetate with a better degree of substitution can
be prepared though the heterogeneous process.>® Candido et al.
and Alves et al. utilized the lignocellulosic material, sugarcane
straw, to produce and characterize cellulose acetate.®*®*

© 2023 The Author(s). Published by the Royal Society of Chemistry

Tian et al. reported a green, environment-friendly solvent-
free method to produce cellulose acetate with acetic anhydride
using acidic ionic liquid, 1-vinyl-3-(3-sulfopropyl)imidazolium
hydrogen sulfate ([VSim]HSO,), as the catalyst.”® The catalyst
also provided the dual function of swelling and catalytic
activity, which created a quasi-homogeneous state in the syn-
thesis process. A quasi-homogeneous process means that the
acidic ionic liquid will act as a catalyst and cause the swelling of
cellulose to increase the accessibility to the OH group. Water-
soluble cellulose acetate can be synthesized from cost-effective
waste cotton fibers through this process.”” An acidic ionic
liquid, 1-methylimidazolium hydrogen sulfate [Hmim][HSO,],
was also used as a catalyst to synthesize CA with controllable
DS values. Under optimum reaction conditions, CA with low
DS and good water solubility was obtained by this process.
As reported, CA with DS in the range of 0.5-1 is water soluble.

Konwar et al. developed a green approach for the one-pot
synthesis of acetone-soluble cellulose acetate over sulfonated
carbon (SO;H/PhSO;H)-functionalized solid acids or sulfonated
carbons as a new, reusable heterogeneous catalyst under
mild and solvent-less conditions.”® Both the cellulose diacetate
and cellulose triacetate can be produced in the presence of a
nontoxic, cost-efficient solid catalyst, ZnCl,, under the effect
of microwave irradiation. In the solvent free system, cellulose
acetate with a wide range of DS (2.25-2.87) was successfully
produced.®®

Currently, iodine can be used as a cheap, convenient, and
environment-friendly reagent due to its catalytic activity in
various organic synthesis; for example, iodine-catalyzed highly
stereoselective synthesis of sugar acetylenes, acetylation of

Mater. Adv,, 2023, 4, 4054-4102 | 4063


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00255a

Open Access Article. Published on 15 agosto 2023. Downloaded on 25/10/2025 06:15:36.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

alcohols under solvent-free conditions, acetylation of agricul-
tural byproducts, synthesis of thiiranes from oxiranes, and
synthesis of phenanthrimidazole from 9,10-phenanthra-
quinone. As a Lewis acid catalyst, iodine can make the carbonyl
carbon of acetic anhydride more reactive to form acetic acid
and subsequently to generate cellulose acetate. Besides, micro-
wave irradiation can increase the swelling of cellulose and
diffusion rate of iodine and acetic anhydride. Thus, cellulose
triacetates with high DS value can be obtained at reduced time
and amount of reagents.>>’® Cheng et al., Das et al., Araujo
et al., Maryana et al., and Egot et al. used the solvent-free
acetylation method of cellulose, catalyzed with iodine. CA was
successfully synthesized from agricultural and lignocellulosic
wastes by this green approach.?”:>160762

2.1.2. Homogeneous acetylation. Homogeneous reaction
includes many advantages such as creating more options to
introduce novel functional group, design new products, control
DS, provide good accessibility to the hydroxyl groups, ensure
the uniform distribution of functional groups along the poly-
mer backbone, as well as short reaction times and good
reproducibility. For this type of functionalization, a suitable
solvent is necessary to dissolve cellulose and provide a feasible
reaction environment. This solvent must be capable of inter-
acting with the anhydroglucose units and deconstructing
the multifaceted interaction network in crystalline cellulose
by cleaving inter and intramolecular hydrogen interactions,
rendering it soluble since solvent-glucan interactions are
dependent on the deconstruction state of cellulose. Due to
extreme difficulties in dissolving cellulose, only a limited
number of solvent and metal complexes have been reported,
for example, N,N-dimethylacetamide (DMAc)/LiCl, dimethyl-
sulfoxide (DMSO)/tetrabutylammonium fluoride trihydrate
(TBAF), dimethylformamide (DMF)/N,0,4, N-methylmorpholine-
N-oxide monohydrate (NMMO), cuprammonium hydroxide
(cuoxam), cadmiumethylenediamine (cadoxen), and molten
salt hydrates (LiClO4-3H,O or LiSCN-2H,0). Researchers are
focusing on overcoming the limitations such as toxicity, cost,
difficulty for solvent recovery, and instability in this process.
Besides, these solvent systems require long pretreatment and
reaction time, which is undesirable. In recent times, room
temperature ILs have earned significant attention due to
their several advantages such as enhancement of reaction rates,
improvement of selectivity and yields, or ease of recycling
catalysts.*>%%7%7°

A solvent system was based on the derivative dissolution of
cellulose with CO, through the carbonation reaction in the
presence of a strong base, 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) in DMSO.%* Cellulose solution (8 wt%) in DMSO was
obtained under 0.2 Mpa of CO, at 50 °C when the molar ratio of
DBU to anhydroglucose unit (AGU) was 3: 1. The reversible IL
system thus synthesized also acted as an efficient media for the
acetylation of cellulose to yield CA with high substitution
degree from 1.78 to 2.89 under mild conditions using only
acetic anhydride as an acetylation reagent. These results also
showed that DS can be controlled by varying the stoichiometric
ratio of acetic anhydride/AGU, temperature, and reaction time.
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Cao et al. synthesized cellulose acetate through a one-step
homogeneous acetylation process using relatively cheap corn-
husk as cellulose resources.®® They successfully acetylated the
cornhusk cellulose with acetic anhydride in the absence of
the catalyst in the ionic liquid 1-allyl-3-methylimidazolium
chloride (AmimCl). Through homogeneous acetylation process,
CA can also be produced from recycled newspaper and textile
wastes.®”®® CA of desired DS was synthesized from Nordic
hardwood after separating the cellulose-rich fraction using
CO, and CS,-based switchable ionic liquids systems.”* The
extracted cellulose was dissolved in an organic super base
named 1,5-diazabicyclo[4.3.0]non-5-ene (DBN) and in an IL
such as 1,5-diazabicyclo[4.3.0]non-5-ene acetate ([DBNH][OAc])
from where 3 wt% cellulose dissolution was obtained. The
acylation of the dissolved cellulose with Ac,O resulted in CA
with a wide range of DS depending on the presence and
absence of the catalyst and reaction conditions.

A fast dissolution and homogeneous acetylation process was
introduced for cellulose using 1,5-diazabicyclo(4.3.0)non-5-
enium acetate [HDBN][OAc], which included the dispersing
agent such as acetone, acetonitrile, 1,5-diazabicyclo(4.3.0)non-
5-ene (DBN), or (DMSO0).°° Cellulose powder was first dispersed
in these agents and then added to the freshly prepared
[HDBN][OAc]. Proper dissolution was obtained when it is
heated to 70 °C for 0.5 h. When acetic anhydride was added
to this ternary cellulose/IL/dispersing agent system, CA with
different DS was obtained. Kakko et al. synthesized CA of
different DS by the homogeneous esterification of cellulose in
the IL 1,5-diazabicyclo[4.3.0]non-5-ene acetate ([DBNH][OAc])
as the solvent using some commonly used acylation agents
such as acetic anhydride (Ac,0), isopropenyl acetate (IpeAc),
vinyl acetate (VinAc), or vinyl propionate (VinPr).”*

Transesterification is a relatively mild acetylation method,
which uses acetate ester as an innocuous acyl donor, avoiding
the formation and introduction of acidic reagents in the
acetylation system. According to this process, CA is produced
by the transesterification of cellulose with acetic anhydrate or
vinyl acetate in DMSO/TBAF.?? Several studies also proposed
N-ethyl-pyridinium chloride, N,N-dimethylacetamide (DMAc)/
lithium chloride (LiCl), and 1,3-dimethy-2-imidazolidinone
(DMI)/LICI as the solvent.*” However, the major drawback of
this process is the long pretreatment and reaction time.*” In a
recent study, a simple and rapid transesterification method has
been reported where CA fibers were produced from six cellulose
raw materials. In this process, the esterification of cellulose
was carried out with vinyl acetate under the catalysis of NaOH
or KOH in DMSO within 15 min.** A similar rapid and direct
transesterification method has also been reported in the
literature.*®

Highly purified cellulose acetate was produced by control-
ling the reaction temperature and DS, which does not include
any pretreatment. Instead of using bulky chloride of acetyl
chloride, a chloroorganic solvent, dichloromethane, can be used
as a co-solvent for the homogeneous acetylation of cellulose in the
presence of 1-ethyl-3-methylimidazolium acetate (EMIMOAc).”®
This result showed that lower viscosity co-solvent significantly

© 2023 The Author(s). Published by the Royal Society of Chemistry
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facilitates the cellulose acetylation process in ILs. Achtel et al.
used triethyloctylammonium chloride (N,5,5Cl) in combination
with the organic solvent N,N-dimethylacetamide (DMAc) and
acetone as a new cellulose solvent.”® Moreover, for comparison,
additional cellulose solvents, namely, LiCl/DMAc and 1-butyl-3-
methylimidazolium chloride (BMIMCI), were examined for
acetylation at comparable conditions. Their result showed that
N,,,5Cl/DMAc and N,,,Cl/acetone can be used as the reaction
media for the homogeneous acetylation of cellulose. In the
absence of the catalyst, tetrabutylammonium acetate and
dimethylsulfoxide solvent system can synthesize cellulose acet-
ate in this homogeneous approach.”” Through this approach,
CA was synthesized from sugarcane bagasse and from leaf
sheath disposed off as agricultural waste during the production
of royal palm tree.>*”*

Different studies confirm that some undesirable problems,
such as serious degradation of cellulose, damage to the
environment, and high energy consumption of the traditional
method of cellulose acetate synthesis poses the necessity for
extensive research in this field. Moreover, from the above
discussion, it is evident that the DS parameter affects the
chemical, physical, mechanical, and morphological charac-
teristics of cellulose. For example, a small change in DS (only
by 0.19) can change the mechanical properties of the material
as a function of temperature.*”> Thus, different synthesis pro-
cesses must be explored to introduce an effective way of
maintaining the desired DS of CA for commercial applications.
Currently, most studies are conducted on the continuous
development of green solvent systems, reagents, and catalysts
of CA synthesis processes. The green synthesis route of cellu-
lose acetate to get better yield, desired DS, and properties of CA
are in the developmental stage to confirm the environmental
viability of the methods used.

2.2. Membrane based on cellulose acetate

CA is widely used for its good filtration efficiency but its pro-
perties must be improved for application, especially in harsh
environments such as high temperature, organic solvents,
and corrosive environment. The CA membrane has extremely
low flux due to its dense skin layer and low porous sublayer.
Besides, CA-based UF membrane has a serious problem
of fouling during filtration. Several attempts have been made
to increase its thermal stability, mechanical properties,
membrane surface hydrophilicity, water permeability, and foul-
ing resistance by blending it with other polymers to introduce
reactive functional groups.>®*?

Ertas et al. produced a CA/polybenzoxazine composite nano-
fibrous membranes through the electrospinning and curing
process.®? Polybenzoxazine is a phenolic type thermoset resin
with many attractive properties such as near zero volumetric
change upon curing, zero byproducts, no requirement of cata-
lysts during curing, low water absorption, high glass transition
temperature, high char yield, and good mechanical and ther-
mal properties, which makes it a suitable membrane material
for water filtration. To overcome the solubility problem by
achieving effective crosslinking, an additional crosslinking

© 2023 The Author(s). Published by the Royal Society of Chemistry
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agent, citric acid was used. Due to this crosslinking property,
the produced nanofibrous membrane was able to preserve
its membrane integrity and fibrous morphology even after
overnight immersion in dichloromethane/methane solvent
mixture, in which electrospinning was performed. The charac-
terization of this electrospun CA/polybenzoxazine composite
nanofibrous membrane proved that this membrane as a very
promising membrane material for water purification and was-
tewater treatment. Ghee et al. synthesized the nanofiltration
composite membrane by preparing the chitosan/cellulose
acetate composite through the phase-inversion technique.”®
Their work resulted in a very porous membrane with channel-
like structures and a spongy layer at the top. The substrate
membrane with 15 wt% CA concentration provided high
mechanical stability to the composite membrane and allowed
highest water flux. Chitosan incorporation in this compo-
site membrane improved the membrane’s hydrophobicity,
regeneration efficiency, water flux, retention, and antifouling
property.

Nanodiamond (ND) nanoparticles (NP) as a reinforcement
agent can provide excellent thermal and mechanical properties,
very high specific surface area, and hydrophilicity on the sur-
face of CA.** The impact of NPs on the performance, morphol-
ogy, hydrophilicity, and the fouling behavior of CA membranes
in water treatment was investigated by incorporating the pris-
tine and thermally-functionalized ND, ND-COOH, into CA. The
final result showed the highest hydrophilicity, pure water flux,
abrasion resistance, and better mechanical properties for the
CA/ND-COOH (0.5 wt%) membrane. Despite the many advan-
tages of ND, the presence of carbon impurities and formation
of microsized agglomerates may result in poor dispersibility
and weak interfacial interactions with the polymer matrix. The
CA nanocomposite membrane incorporated with amino (NH,)-
functionalized as well as polyethylene glycol (PEG)-grafted NDs
showed that the nanocomposite membrane possessed high
hydrophilicity, porosity, and high antibiofouling properties.®®
A flat-sheet nanofiltration membrane with bactericide proper-
ties was prepared by incorporating silver into cellulose acetate
in two distinct forms: polyvinylpyrrolidone-coated silver nano-
particles (AgNPs) and silver ion exchanged B-zeolite (Ag"Bz).5
This work resulted in a composite nanofiltration membrane
with enhanced hydrophilic property and high removal coeffi-
cient to sulfate salts (Na,SO,, MgSO,) compared to chloride
salts (NaCl, MgCl,). Besides, the hydraulic permeability of
CA/Ag'BZ was increased by 56.3% in comparison to the CA
silver-free membrane. Through the electrospinning method, a
core/shell-structured CA/polyimide(PI) electrospun fibrous
membrane can be obtained, which is modified with fluorinated
benzoxazine (F-PB) in the presence of silicon nanoparticles
(SNPs).®” The resulting nanofibrous membrane possessed the
mechanical property of the PI fiber core and the surface rough-
ness of the CA shell. In addition to that, surface modifications
with F-PB/SNPs provided superhydrophilicity and superleophi-
licity to the membrane. CA membrane modified with ZnO
showed better hydrophilicity and permeation with consis-
tent UF applications.®® CA/hydroxyapatite (HA) composite was
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prepared through the phase-inversion method for water pur-
ification. Hydroxyapatite was used for the removal of harmful
substances such as Cr(VI) from aqueous solutions or Ni*",
Cd**.*® The incorporation of hydroxyapatite nanoparticles into
polymer improves its distribution on the surface of the polymer
substrate and overcomes limitations such as low yield of
fabrications and slow rate of hydroxyapatite nanoparticles
degradation. Hamad et al. prepared a hybrid nanofiber compo-
site CA/HA by the electrospinning process, which possessed
ultrafine, smooth, homogeneous, and bead-free fibers.’® The
positively charged calcium ions can bind with the negatively-
charged carboxylate groups of CA. Besides, the intermolecular/
intramolecular interactions can make the composite mem-
brane rich in HA. These characteristics increased the yield
and slowed down the degradation rate of HA.

High-performance polymers are blended with CA to improve
the membrane properties. A novel ultrafiltration membrane
was prepared by blending nanochitosan (NCS), CA, and poly-
ethylene glycol (PEG) in different weight proportions through
the phase-inversion process by Vinodhini et al.** Nanochitosan
with a particle size of 100 nm was used to increase the surface
area. CA and PEG were used as a membrane matrix material
and pore forming agent, respectively. The prepared membrane
showed enhanced properties with asymmetric structure,
better miscibility, and compatibility. To increase the flux and
mechanical stabilities by increasing the concentration of inor-
ganic particles, SiO, is a promising compound due to its special
properties such as small size, thermal resistance, fine suspen-
sion formation in aqueous solution, strong surface energy, and
relatively inert material. Ahmad et al.’> prepared a thermome-
chanically stable membrane CA/PEG/silica to determine the
effect of silica on the membrane properties. The mechanical
stability was increased as the silica loading increased from 1%
to 4% (w/v). According to their study, silica particle incorporation
at an optimum level can become an advantage for maximizing the
hydrophilicity, fouling resistance, and thermal properties of
the membrane. Another study showed that the incorporation
of surface-engineered carbon nanotube (CNT) with the polymer
matrix yielded CA/PEG, which can effectively improve the thermal
stability and mechanical strength of the membrane.**

Polyvinyl alcohol (PVA) is a promising membrane material
because of its high hydrophilicity, nontoxicity, and polymer
biocompatibility with excellent film-forming properties, high
mechanical strength, low fouling potential, long-term tem-
perature, and strong pH stability.”* The presence of polyvinyl
pyrrolidone (PVP) in the CA/PVA/PVP membrane provided a
denser skin layer and smaller macrovoids. A decrease in the
PVP content increased the spongy pores near the bottom
surfaces. However, due to the strong hydrophilicity and large
swelling capacity of PVA, it is crosslinked with glutaraldehyde,
and the improved properties of newly-formed CA/crosslinked
PVA(CPVA)/PVP were studied in detail. Glutaraldehyde (GA) will
break the hydroxyl group in the PVA, which will result in the
reduction of hydrophilicity. In Table 2, the morphology and
properties of CA/PVA (90/10)/PVP (3 wt%) and CA/CPVA (80/20)/
PVP were summarized.
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The advantages of forward osmosis including low energy
consumption, low fouling propensity, and high water recovery
have made it suitable for wastewater treatment applications.’®
However, its antifouling behavior is not satisfactory. Besides,
the osmotic properties of this process are limited by internal
concentration polarization in the support layer. A forward
osmosis membrane, which is free-standing cellulose triacetate
(F-CTO)/graphene oxide (GO), was reported for the first time to
overcome these limitations. GO can increase high water per-
meation by providing strong hydrophilicity. By adding an
optimal amount of GO to the polyamide active layer of thin
film composite membrane, the water flux can be increased by
52%. The incorporation of GO to the commercial CTA forward
osmosis membrane can mitigate the effect of internal concen-
tration polarization and improve the water permeation and
antibiofouling behavior.

GO nanosheet has strong hydrophilicity due to its rich
oxygen group on atom-thick nanosheets. However, the strong
tendency of aggregation of GO nanosheets results in easy
stacking, which can reduce the permeation and antifouling
properties of GO-blended membranes. To overcome these
limitations, metal organic framework (MOF) was introduced
as a unique modifier of GO to combine the hydrophilic group of
GO and porous structure of MOF.?® Due to the strong linkages
between the metal clusters of MOF and oxygen-containing
groups of GO, the interactions between the GO nanosheets
decreased, and MOF-GO could effectively inhibit the GO layer’s
agglomeration. Thus, the UF membrane, CA/MOF-GO, showed
better permeability and antifouling performances. Functiona-
lizing membranes with discrete nanomaterials have been
actively attempted by the researchers to improve the membrane
performances. These types are known as nano-enhanced mem-
branes (NEM). Recently, carbon nanotube (CNT)-based NEM
have been reported because of its potentialities to improve
water flux and hydrophilicity. Choi et al. fabricated a functio-
nalized CNT (f-CNT) blended CA composite membrane, f-CNT
(1 wt%)/CA for FO applications through the phase-inversion
process.”” The membrane became hydrophilic after blending
with f-CNT, resulting in a 50% increase in water-permeated flux
compared to the bare CA membrane. Researchers suggested
that this membrane could be pretreated before wastewater
treatment to reduce the fouling tendency.

In recent years, it has been studied that the addition of
nanoclay can greatly influence the performance and properties
of the nanocomposite membrane. Clays as nanoparticle filler
have received attention due to their proper dispersion in the
polymer matrix, high surface area (up to 750-800 m* g~ '), low
cost, nontoxicity, and availability in nature. Organically-
modified montmorillonite (OMMLt), such as cloisite 154, is a
promising nanoclay filler in clay polymer nanocomposite
membrane.’® Research on the performance of the CA/OMMT
nanocomposite membrane showed that on increasing the
amount of OMMt, though the hydrophilicity and porosity
increased, the mechanical and thermal properties decreased.
Goetz et al. changed the surface chemistry of electrospun
cellulose acetate by impregnating chitin nanocrystal (ChNC).*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Water contact angle: 40.9°(min)

Pure water flux: 924.7 Lm ' h™’
Water content: 83.27% (max)

Properties of membrane
Contact angle: 34.19° (min)
Water flux: 13.93 Lm > h™!

Asymmetric structure, Spongy surfaces with lots

Asymmetric structure, less finger-like macrovoid
of voids and pores

Structure and morphological characterization
and dense top layer

Homogeneously blended,
Pore sizes: 0.04-0.1 um

Production method
Phase inversion

(continued)

frameworks; f-CNT: functionalized carbon nanotube; OMMt: organically-modified montmorillonite; ChNC: chitin nanocrystal; CNCs: cellulose nanocrystals; CDA: cellulose diacetate; PU:

hydroxyapatite; NCS: nanochitosan; CNT: carbon nanotube; PVA: polyvinyl alcohol; PVP: polyvinylpyrrolidone; F-CTO: free-standing cellulose triacetate; GO: graphefe oxide; MOF: metal-organic
polyurethane.

Note-ND: nanodiamond; PEG: polyethylene glycol; AgNPs: silver nanoparticles; Ag + BZ: silver-loaded zeolite; PI: polyimide; F-PB: fluorinated polybenzoxazine; SNP: silica nanoparticles; HA:

Membrane type
Amine impregnated TiO,/CA

Table 2
PU/CA

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Chitin nanocrystal with high surface area and good mechanical
properties can provide fungal and bacterial resistance. The
membrane showed 87.7% decrease in biofilm formation, 131%
increase in strength, and 340% increase in stiffness in compar-
ison with uncoated electrospun cellulose acetate membrane.
Thus, the coated membrane obtained for water filtration with
biofouling and biofilm resistance characteristics possessed super-
hydrophilic properties. Cellulose nanocrystals (CNCs) or nanofi-
brils (CNFs) have intrinsic fibrous nature, hydrophilicity, and high
strength, which inherit modifiable surface properties due to
abundant hydroxyl groups. CNCs are widely used with polymers
to form a nanocomposite with significant characteristics. Cellu-
lose nanocrystals (CNCs)/cellulose diacetate (CDA) blending
membrane can overcome the disadvantages of CDA membrane,
which has low water flux, poor protein removal, and low biofoul-
ing tendency. CNCs as a promising candidate for membrane
application showed 20 times higher permeate flux than the CDA
membrane and increased the flux recovery ratio to 92.01%."% The
conventional processes to remove heavy metal from the contami-
nated water require high energy. Besides, the UF and MF
membrane cannot remove the heavy metal because of their larger
pore sizes. For that reason, Gebru et al introduced a UF
membrane, which is an amine-impregnated TiO,-modified cellu-
lose acetate. TiO, has a stable nature and provides high surface
area, porous structure, and antifouling property. TiO, nano-
particles are modified with three types of amine, which are
tetraethylenepentamine (TEPA), ethylenediamine (EDA), and hex-
amethylenetetramine (HMTA), as the complex reaction between
the heavy metal and the nitrogen atom is important for increasing
the effective separation.'®*

Cellulose acetate (CA)/polyethersulfone (PES) membrane
was synthesized using DMAc as the solvent can overcome the
CA disadvantages and the fouling behavior of PES. PES is a
widely-used membrane material due to its mechanical, ther-
mal, and chemical stability as well as membrane-forming
properties. The surface morphology of this membrane showed
larger finger-like macrovoids and higher porosity. The CA/PES
ultrafiltration membrane can be better in hydrophilicity and
antifouling properties and was suggested to be used for indus-
trial applications.'®* Riaz et al. introduced a cost-effective and
sustainable membrane for ultrafiltration by blending polyur-
ethane (PU) with cellulose acetate.'® PU possesses high ther-
mal, mechanical, and chemical properties. Thus, this PU/CA
membrane showed improved hydrophilicity and numerous
pores on the blend membrane surfaces and increased the
water flux.

Generally, membranes for MF, UF, NF, and RO processes are
made from synthetic organic polymer and CA.® Among these,
NF is an advanced process known as ‘loose’ RO. NF membranes
are made up of cellulose acetate blend in recent times to
decrease its hydrolysis over time and sensitivity to pH and
increase its selectivity and stability.'®* NF is a pressure-driven
process, which can be operated in a relatively low pressure
(0.3-1.5 MPa) and has high removal of multivalent ions.*®

From previous discussion, it is evident that most of the
studies based on the CA-based membrane are conducted on
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utilizing this NF process. However, the uniform dispersion of
NPs, achieving a membrane of asymmetric, smooth, highly
porous structure with simultaneously enhanced water flux,
hydrophilicity, stability, salt removal percentage, and antifoul-
ing behavior is still in the developmental stage according to the
previous discussion. Various CA-based membranes, their mor-
phology, and properties are summarized in Table 2.

3. Cellulose acetate-based membrane
for wastewater treatment

3.1. Separation of heavy metal

Cellulose acetate (CA) and modified CA-based polymeric mate-
rials has been used for long time for the removal of heavy
metals from wastewater. Generally, CA is an environment-
friendly polysaccharide with extensive source and also pos-
sesses excellent hydrophilicity and good film forming ability,
which makes its application in different forms of membrane
fabrication such as ultrafiltration, nanofiltration, reverse
osmosis, and forward osmosis.'®>'°® Moreover, CA and its
derivatives-based membrane have several advantages including
moderate water flux, higher salt or pollutant rejection rate, cost
effectiveness, relatively easy manufacturing cost, and also
abundant raw material source. All of these properties make
them an excellent candidate for membrane synthesis and
application. An overview of CA-based membrane used for heavy
metal removal from wastewater is summarized in Table 3.
However, CA contains -dehydrated glucose, which is vulnerable
to bacterial attack, resulting in serious damage of membrane
surface and compact at higher pressure, which limits its industrial
application for a long time.'® For example, a NH,-functionalized
(cA)/silica composite nanofibrous membranes were prepared,
which enhance the antibacterial properties with outstanding
adsorption capacity (19.46 mg g ') for Cr®" compared to pure
CA (1.28 mg g ') and Ca/silica (3.03 mg g ') composite.'””
In another study, the blending of electrospun CA membrane with
PMAA enhanced the heavy metal removal rate (Hg”*, Cu®", and
Cd*") as PMAA provide -COOH groups on the surface-increased
complexation rate.’°® However, the antibacterial property of CA
can also be enhanced with the addition of a polymeric material
having antimicrobial properties. Ghaffar et al. and his coauthor
showed increased antibacterial property along with improved salt
removal (89 to 94%)."® Moreover, CA membrane modified with
N,N-dimethyloctylamine (DMOA) showed improved mechanical
and thermal property along with more than 99.9% antibacterial
property against both Gram-positive and negative bacteria.'®®

A membrane prepared from modified cellulose acetate,
modified chitosan, and TiO, can also be used for oil-water
separation and the removal of Cu(u) from wastewater.'®® Under
optimum operating conditions, the prepared membrane exhi-
bits 97% Cu(u) ion removal efficiency. Gebru et al (2017)
prepared an ultrafiltration membrane based on CA polymer
blended with polyethylene glycol as an additive and amine-
modified TiO, (modified with tetraethylenepentamine (TEPA),
ethylenediamine (EDA), and hexamethylenetetramine (HMTA)),
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which offers excellent thermal stability, hydrophilicity, and Cr®*
removal efficiency (99.8%).'%" The higher removal efficiency of
Cr®" is due to the modification of TiO, with amine functional
groups in the membrane, resulting in electrostatic attraction
between the membrane and Cr®".

Metal-organic frameworks (MOFs)-based membrane have
become more attractive and used widely due to their excep-
tional characteristics such as flexibility, easily modifiability,
higher tunable porosities, larger surface areas, hydrophilicity,
fouling resistance, and higher capacities to combine with
particular species."'*™* In 2013, MOF on cellulosic FO
membrane was applied to investigate the improvement of the
desalination performance and antifouling properties.'”® Gen-
erally, polymer and MOFs are bonded by weak interaction such
as hydrogen bond, van der Waals forces, and n-= stacking.'**
The addition of MOFs on the membrane surface leads to
increased membrane porosity, pore interconnectivity, and
hydrophilicity. Moreover, the membrane also showed reduced
structural parameter with increased FO water flux (180%) along
with excellent organic antifouling properties. Furthermore,
MOFs have better affinity for polymeric materials than inor-
ganic materials because of the presence of organic linkers in
their structure. Hence, polymer materials such as cellulose and
cellulose acetate can easily interact with MOFs by covalent and
electrostatic bond. For this reason, a large number of MOFs/
polymer-based studies have demonstrated different environ-
mental applications such as adsorption (inorganic and organic
contaminants),"> ™" catalysis,""*"*' and membrane (FO,'"*"'**
RO,"**'** nanofiltration,*'*® and ultrafiltration®”'*%). In a
recent study, Zn-based MOF-embedded with polyethersulfone,
cellulose acetate, and polyvinylidene fluoride were prepared,
which exhibited comparatively improved hydrophilicity, porosity,
permeation performance, antifouling properties, and higher
metal (Cu** and Co”") removal rate than neat polymeric
membranes.'™*

Zeolites are naturally available silicate framework with
three-dimensional cage structure containing permanent nega-
tive charges and can be used as an adsorbent for removing
heavy metals, which have gained great interest due to its higher
ion exchange capacity.'® However, it is very difficult to separate
the zeolite from the solution in the large scale wastewater
treatment process because of smaller particle size, and the
materials are not suitable for reuse."**"*' To overcome this
drawback, it can be dispersed and embedded in a polymer
matrix such as cellulose acetate. In 2012, Ji and his coauthor
prepared a CA/zeolite composite membrane, which exhibits
excellent adsorption behavior for the removal of Cu(u)
(98.5%) and Ni(u) (82.8%) from the aqueous solution than pure
CA; after treatment, the membrane can be regenerated and
reused without a significant loss of the adsorption perfor-
mance."*> The SEM image of CA/zeolite, indicating a larger
surface area (16.88 m> g ') along with a smaller pore size
(24.6 nm) was formed, which may play an important role in
higher adsorption process.

Another important membrane material, polysulfone, has
repeating phenylene rings, which contribute to a high degree

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00255a

View Article Online

Materials Advances

Review

*A1oAn0adsar ‘pasowar a1om

+z"D PUB _ qd %6°86 PUB L66 ‘UONIPUOD dunerado wnwmndo 19pun e ‘wdi ST :paads uonejo1 ., s¢ L4d
VD UI ?OLL jJo uonippe a3  :dwe ‘urw gog 9w uondIiospe f{Tw OS :9WN[oA “OIL
oFT  YIm Tm W LF'8% 03 T°0€ WO} PaseaIoul Apuedyyrudis sem eale 90BJINS @ ‘3w 00T :9sop ‘9 :Hd T 3w g :ou0d [enIUI — /vD undsonoa[g 2D
‘(Apoanoadsar ¢, np pue 0D 10§ %8°0S pUE ¥
JO [EAOWIDI) SUBIQUIIW YD) JBIU UBY) JOYSIY Sem [oIym ‘paurelje aIom
12D PUB 0D JO %€ €S PUB %/, JO 381 [BAOWAI S[EIdW AABDY I9YSIH e 200
amoI3 [e1qoIdTW SIIYUI pue ‘xnfj 193em aind ‘azis axod
‘frsorod aueiquaw a3 sasearoul ‘sanzadoid drneIpAy ay3 saaordurr
¥IT 20BJINS auBIqUIAW J1IdWA[od 93 03Ul S-JON JO uoreIodioouy e —  uonenjoueN S-I0N/VD e}
‘uoneIauadar 1aye Aoeded uondiospe
xeqruars Ajorewrxoxdde yam ayer uonerauadar 10y3ry ssassod 231j09z/yD e 2N
*QURIQUISW VD 18U AQ PaAdIYOR UJ3(q SBY ADUSIIYJS [RAOWIAI (S[EISUWT
304 10J) %0T A[UO [Ty SUBIqUISW I[0IZ/VD YIIM JUIWILdI) Y} Aq D, ¢z +dwey {y 8§ 9w uondiospe
TET  PAUIBRIE AIoMm _IN PUE  ND 10} %8°T8 PUE 586 jo Aoeded uondiospy e .18 ¥ :2s0p gy :Hd ¢, _T 8w g7 +ou0d reniul — AM[09Z/VD 2D
Vad-1/vo
*058°66 01 T'LF WOIj AOUIOYJO VLWH-L/VD
TOT  [BAOWdI 1D 33 SISLIIOUL APUBIYIUSIS VAAL Y3lm “OLL JO UODBIYIPOIN @ ‘o'z pue g€ :Hd ¢, T 3w 0T oU0d [ERIU]  UOHEN[YELIN VAAL-LL/VO 10
xnpj ayeawrrad +2PD
pue [eaowax s[e3ow Aaeay Y31y o3 03 anp soueiquiaw paredaid ayp +2UZ
Zuoure souewIojIad JUS[[29Xd SHIYXS JUBIqUIDW PUS[] (02/08) JSA/VD ® D, ¢ F ¢ dwsy LN
2N < ,UZ < PO < ,,qd I9pIO 3Y3 SMO[[0} PUE SIUO ‘W 0¢ :owWn(oa ‘Ieq ¢-T :ainssaid { wod §°¢T
6€T  Iomo[ Uey) pajeredas aI0W 91am SUOT STEIDW IYSIoM IR[NOS[OW I9YSIH e  :BdIR UOHRN[Y f00°S ‘Hd ¢,_T 3w 0§ :'0u0d [eRIU]  UOHENH[Fen]N ISd/VD 2ad
JusuIean) 19jem SULIND SUBIQUISW UONBI[JOUBU o) S1[09zZ
ur 3UI[nojoIq aseIa 30939 [epIdIIaldeq pue saxnyy Arjiqeswtod 10y3iH e uonen[youeN  aSueydxs-uol Sy/vD
‘paurelqo sem sjes apLIO[Yd UBY) SI[eS dIBJ[NS JO IBI [RAOWIY e
*QUBIqUIOW Paseq-1[09z d3ueyoxa-uol 3y/vD pue 3v/vVD sifes ayeydins
98  IIM JUSWIELI) UO PIUTL)IB Sem d)el [BAOWIDI I[ES %/6-F8 PUB %E6-E8 ® —  uopnen[youeN 3v/vD  pue apuo[yd
*A[oanoadsal ‘s-I0N/VD
puUE VD 162U Aq PIAOWIDI 21Mm (T)0D JO 0%0°LL PUER 0%E'SH IYM ‘06 € €S
PUE %8°0S 2q 0} pUNoy sI S-JON/VD PUE YD Jedu Ul (I)nD JO [eAOWY e 1290
duBIqUIdW PUI[q
o3 jo urpAoax pasoxdwr Aqa191) ‘AJIqe JUBISISAT FUINOJ pasueyUY @
“QUBIQqUIDW VD) Y3 Ul § LU0 9°pT eaIE ‘IBq 0T
PIT  -AON JO UOIIPPE Y3 YIIM PISeIIdUT APUBdITUSIS 219M XN[J PUE AIS0I0] @ :ainssaxd (D, gz i'dwe) ‘fwdd 000t ouo0d enIUl  UOHEN[JOUBN S-I0N/VD 2D
+N~uU
+NCN
‘JSAV pue HAd JO UOIIPPE 93 YIIM PISBIIdIPp A[[enpeld sem WD 6°8€ BAIR ‘Bl SFE :oInssard N
8ET  UIIYM‘_ pD < ,UZ < IN < D PUSI} 9Y3 MO[[0f 33€I [EAOWSI [EIN @ D, 6z »dway ‘6'9 :Hd fopm T°0 *OU0D [ENIU]  UOnEN[FEN[N JSAV/VD e}
‘pas1asqo
sem uonisodwod sueIqudW Yoed 10J (BI) S¥E 01 69) a1nssaid parjdde widi 0oz
LET 93 UI 3SBAIDUI U [3IM XN[j d)eawriad pue [eAowal uol [e3owr pasoidwr e :paads uonejor ‘edd sy¢ :ainssaid ‘6g'0 F 9 :Hd  uonenqyenin JSd ADT/VD 2hD
+NUU
w22
+2PD <, UZ < N < . ND Spudai} 3uimo[[oj oy} Ul jSd Bd Spe :aanssaid <IN
€€T  pUue dAd JO UODIPPE 93 YIIM A[IEIUI] PISBIIOIP IdM S[EIQUI JO [BAOWUNY @ D, 6T +dway ‘69 :Hd ‘opIm T°0 OUO0D [enIUI  UONEN[IFeNN JSd/VD 2D
B SHE :2Ins +29Z
*XN[J 19M0] A[oAaneredwiod YIim SUOl [ejaut -saxd D, ¢ F ¢¢ »dwa ‘wdr gog :paads uonelox +IN
9¢T 191130 03 paredwod 19YS3IY 2q 03 pUNOj sem uol (1)) JO [EAOWAI JUDIdJ ¢ ‘TuI 0S¢ :A1oeded g'z :Hd fopIm 1°0 *0U0D [eNIU]  UOEN[Fen|n VININA/VD 2D
e S)nsoy uonipuod 3uneiddo odfy  oueIqUOW JO SWEN Jwreu
QueIqUIDIA JUBUIWIEIUOD

s|eysw AAeay JO 1eAOWa) B} JO) SBURIqUUBW Paseq-231e1ade 9s0|Njjad Jo uonediddy ¢ a)qel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"9€:ST:90 SZ0Z/0T/SZ U0 papeo|umod €20z 01sofe GT U0 paus!ignd 801y Sssooy uado

4071

Mater. Adv., 2023, 4, 4054-4102

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00255a

View Article Online

Review

Materials Advances

“uesoIryd :SD ‘oimededxoIpAy :dvH ‘soonredoueu onoudew :[SINIA ‘OpIX0 dudydeld :0D ‘QUIEBIINIPUIAYIOWEXY V. ILNH ‘OQUIBIPIUAYID
'vad ‘ourwrejuadaus[Ayioens) vddal ‘ouojinsAjod pajeurwre :Jsqv ‘ouojnsAjod rowrp d1ohd mof :JSd DT ‘ouojnsAiod :3sd (erejhioeyowr [Ayrow)Ajod VNN ‘9383008 ISO[N[[9d VD-9ION

VO-dVH/SdNIN/OD

"A[oan30adsal ‘vD-dVH/SANIN/OD Pue ‘VO-dVH VO-dVH
‘VO-SANIN ‘VD-0D ‘VD 10] 8 Hd 18 9%¢€°26 PUB ‘L'T6 ‘T'F6 ‘506 ‘8°68 pue VO-SANIN
¥ Hd 18 %6°26 PUR ‘9°06 ‘6°68 ‘€798 ‘98 wioIJ passardoid [eaowrax ?&HU . vD-0D 41D
*A[9an0adsa1 ‘vD-dVH/SANIN/OD PUe ‘VO-dVH VD
-SANIA ‘VD-0D VD 10J %96 PUB ‘T°76 ‘T'T6 ‘'S8 Suryoeal ¥ Hd 18 9¢'68 [ ¥ :own 19e3U0d (3w 05T
ThT PUE ‘6°S8 ‘878 ‘G'6, W01} pasoidull sem (A1)oS JO AOUSIOLJFD [RAOWUY e :950p ‘g pue § :Hd ¢, _T 8w g7 :'0U0d [ENIU]  UONEN]JOUBN VD 98
*QUEBIQUIAW 31} JO 90URISISAI ZUI[NOJ Y} SIOUBYUS UBSOIYD JO 0UISAIJ @ D, st :dwey ‘req 09-0¢ :a1nssaxd SISOWSO
SOT ‘%P6 03 68 WOIJ 2)BI [BAOWDI J[BS ) SBIIOUT UBSOIYD %7 JO UONIPPY @ W 9'pT reare 2andage fwdd 000 ¢ *ou0d I[es 9519499 uesONYD/VD (IoeN) aes
"%9L°96
JO 93e1 [EAOWIAI J[ES IOY3IY IIM SUO[E %6°66 UBL) dI0W (BLI9)08q 2A1NRIIU
-wre1n pue aanisod-weln yoq 10j) AOUsidye [elIa0eqNUE I9YSIH @ QUIWRAIDO[AYIOWIP
*f119doad eorueyosw pue [ewIayy pasoxduur D, 6¢ »dwa ¢z :Hd ‘1sd 6gg :aanssaxd SISOWSO -N‘N
90T SE [[9M SB 90BJINS dATIBZIUO0I1ID9[9 a10w Inq d1qoydoipAy 10y3IH e WD 97°87 :eaIe aadaye ‘wdd 000t dUu0d I[es 9519 M pagIpowt yD (1oeN) aes
‘uonnjos [DH Y YIM %06
A[uo Inq uonNos VILAA YIM PaAdIyoe sem Aduaroyjs uondiosap %66
*,_8 3w 7'8¥ 9q 03 punoj Sem UORIPUOD
dunerado wnwmdo 1opun D 30 froedes uondiospe wNWIXeN e D, 6 dwdy ‘wudr oSt :paads uonelon
‘w220 Jo s9z1s a10d ‘opL°6. J0 samisorod ¢ 3w g'GT jo 93uel oy ‘urw g7 :own uondiospe fTw OS :9UWIN[OA
IPT Ul Seale 20eJIns o110ads 3m ‘sarnyonas snoiod A[y3ry pue oay1[-£3uods e ‘w3 1°T :9s0p ‘¢ :HA £, _T W QST OU0d [eNIU]  UOHEI[HJOUEBN VD/SD e}
"UOTIN[OS PIOE J1190BEIID) 2P0
O[IIUIPAUAYId pajeinjes JUIsn pajeIauadal aq Ued SUBIqUIIA @ +0H
“A[eapdadsar ¢, pp pue ‘, . np ‘ SH 10f | 33w 'z D, ST dwa) iy § :owin uondiospe fTw 0§ :awn[oa vD undsomnosg
80T pue ‘g'g ‘'S~ jo Aroedeo uondiospe y3ry a3mnb sey sueiquioiy e Sw 00T :9s0p {£°6 :HA £ _T 8w 0g "0U0d [ERIU]  UOHEN[JOUEBN POy IpPOW-YININA o)
-fioedes uondiospe re[rurs sassassod sueiquiaw
pore1ouadal oY) pue ‘uonezifee Aq paleraua3al oq Ued JUBIqUIdAN @
“Ajoanoadsar 0. 0€ ©OI[IS/VD
¢, _8 3w €0°¢ pue 8z'T A[uo sassassod “O1S/vD pue v dym ¢, 3 Jw  dway furw g9 :ow uondiospe {TW OO :PWN[oA uonen[y pazifeuonounj-*HN
£L0T  9%'6T Sem dueIqUIAW 2QIS/VDA 23 uo Aoeded uondiospe WNWIXEN e ‘8w g :9s0p ‘T :{Hd ¢, T Sw 00T "oU0d TenTU] oueN undsonoorg ee}
REN| s)nsayg uonipuod 3uneiddo odfy  oueIqUIOW JO SWEN Jwreu
QUBIqUIdIA JuBUIWIEIUOD
(Ponupuod) ¢ sqel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"9€:ST:90 SZ0Z/0T/SZ U0 papeo|umod €20z 01sofe GT U0 paus!ignd 801y Sssooy uado

© 2023 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv., 2023, 4, 4054-4102

4072


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00255a

Open Access Article. Published on 15 agosto 2023. Downloaded on 25/10/2025 06:15:36.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

of molecular immobility, producing high rigidity, strength,
creep resistance, pH resistance, as well as mechanical and
dimensional stability, compared to the CA-based membrane.****3*
Thus, blending polysulfone with an inexpensive polymer such as CA
can not only reduce the material cost but also develop a new
material possessing the combined properties of polysulfone (PSf)
and CA polymers."** Sivakumar and his coauthor showed that the
pure water flux, water content, molecular weight cut-off, and
hydraulic resistance of CA membrane were improved with the
addition of PSf up to 25 wt%."**> Moreover, the removal rate of
some selected heavy metals (Cu®*, Ni**, Zn>", and Cd*") (shown in
the Fig. 4a) were significantly increased with increasing PSf concen-
tration, which was attributed to the formation of macrovoids and
cavities in the membrane surface. In another study, the same
authors showed the influence of polyvinylpyrrolidone (PVP) concen-
trations as an additive."*® The study reported that pure water fluxes
and water content were significantly improved to 115 m~> h™" and
85%, respectively, by the addition of 25% PSf and 7.5% PVP in the
CA membrane.

3.2. Separation of textile dyes

CA esters of cellulose can be used for a variety of applications
such as films, membranes, composites, or fibers. Most impor-
tantly, the CA films or membranes are hydrophobic, biodegrad-
able, have higher mechanical properties, easy processability,
and can be modified easily, which make them suitable mem-
branes in the water reclamation process. Sanchuan et al. (2010)
fabricated a CA nanofiltration membrane and determined the
impact of membrane properties on the dye removal rate.'**
Membrane surface charge was found to be one of the most
influential properties for dye removal efficiency, which also
depends on the solution pH and dye concentration. Moreover,
the dye removal rate also varied with changing operating
pressure and crossflow velocity. In another study, Yang et al.
reported a CA ultrafiltration membrane to investigate the sur-
face roughness, permeability, and antifouling properties.'**
The prepared membrane exhibited higher surface roughness,
lower water permeability of 98.99 L m~> h™", lower removal rate
of 93.36%, and poorer irreversible antifouling ability with flux
recovery ratio of 49.78%. The surface roughness, lower hydro-
philicity, and low porosity of the sublayer structure were
responsible for the lower antifouling properties of the
membrane. Moreover, the organic pollutants were adsorbed
in the valleys of the membrane by several strong interactions
including hydrophobic interactions, disulfide bond, and elec-
trostatic forces.'**** In another study, a novel bacteria-
immobilized electrospun CA/PEO nanofibrous membrane was
fabricated for the removal of methylene blue (MB) from indus-
trial wastewater."*® Two completely different methods have
been found to be effective for the removal of MB—(a) bio-
degradation on the surface of immobilized bacteria and
(b) adsorption on CA/PEO nanofibers.

Pristine CA membranes are less resistant to microbial
corrosion, oxidation, and other organic pollutants, which make
them applicable for a long time and also lead to a reduction in
the membrane performance over time."*”'*® These limitations

© 2023 The Author(s). Published by the Royal Society of Chemistry
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can also be improved by chemical modification, blending with
fillers, or other polymeric materials.

The main problem of the membrane-based water treatment
process is membrane fouling, which blocks the pores on the
membrane surface due to the interaction among the foulant
(mostly organic molecules) and surface molecules. The addi-
tion of photocatalysts, inorganic additives having antibacterial
activity, and frequently backwash after the treatment process
are the best way for reducing the foulant for a long time.
In 2016, Rajeswari and his coauthor developed a nano ZnO-
blended cellulose acetate-polyurethane (PU) membrane for the
photocatalytic degradation of reactive red (RR 11) and reactive
orange (RO 84) using UV light with different parameters.>® The
addition of ZnO as a photocatalyst in the composite membrane
displayed increased flexibility, hardness, tensile strength, as
well as thermal and chemical stability with outstanding dye
degradation capacity (97 and 92% degradation of RR 11 and RO
84, respectively).

The addition of inorganic additives having antibacterial
activity such as noble metal and metal oxides including Ag,
Si0,, Zr0O,, Co, and TiO, in the surface of membrane support is
one of the best options to reduce biofouling along with an
increase in the performance."**"">" Moreover, these inorganic
NPs are chemically stable, catalytically active, and also possess
antimicrobial properties. For this reason, researchers have
been trying to incorporate silver (Ag, Co) nanoparticles into
polymeric membranes to reduce bacterial multiplication.
However, the drawback of using nanoparticles on the mem-
brane surface leads unintentional metallic leaching. Another
challenge in using nanoparticles in practical applications is
their photocatalytic activity, which leads to the degradation
of the polymeric matrix, resulting in membrane degradation
(reducing membrane stability). This problems can be sup-
pressed by the addition of polymeric support to the casting
solution such as polyvinylpyrrolidone®® and graphene oxide.**?
One study showed that CA membranes embedded with gra-
phene oxide-silver nanocomposites exhibit strong bacterial
inactivation capacity at a rate of 90% compared to pristine CA
membranes.'> Moreover, the CA membrane containing gra-
phene oxide-silver nanocomposites possess larger surface pores
and increased pure water flux compared to pristine mem-
branes, which strongly suggest that the applicability of incor-
poration of graphene oxide-silver nanocomposites on CA is a
promising strategy to produce membranes. On the other side,
nanofibrous membranes offer higher permeability due to
higher specific surface area, higher fiber aspect ratio, and
porosity.>® In 2016, Wang et al. synthesized electrospun CA
membrane incorporated with silver nanoparticles for the treat-
ment of dye waste.'*® This electrospun Ag-loaded membrane
offers remarkable antimicrobial properties than neat mem-
brane with approximately similar dye removal capacity. Moreover,
blending with another polymer as a filler along with the addition
of inorganic nanoparticles might suppress almost all limitations
arising during membrane filtration, as shown in Fig. 4b. For
example, Rajeswari et al. prepared CA-based biopolymeric mixed
matrix ultrafiltration membranes with various nanoparticles,
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which possess higher pure water permeability rate, fouling miti-
gation effect, porosity, smoother surface, and better removal
percentage compared to the bare membrane."* In another study,
incorporated cobalt nanoparticles (as catalyst) on the PLA/PU/CA
nanoporous membrane showed excellent MB and CR removal
from wastewater by adsorption and photocatalytic degradation
method." Upto 60% of each dye has been removed under UV
irradiation with well-described Langmuir isotherms, while the
thermodynamic study showed that the adsorption process is
mostly dissociative and involves photocatalytic dye degradation.
Furthermore, CA-PSf/Al,O; and CA-PSf/nZVI exhibits 91 and 94%
dye (MB) removal rate, respectively, while neat CA showed 82%
removal capacity. The modification of electrospun CA (electro-
spinning, followed by deacetylation and carboxymethylation) and
then coating with polydopamine (PDA) exhibited improved
adsorption capacity against both acidic and basic dye.'*® The
enhanced adsorption performance of CA/DCA-COOH might be
due to the introduction of -OH, -NH,, and -COOH, which can
adsorb both MB (90.77%) and CR (95.03%) comparatively higher
than pristine CA (MB: ~42%, CR: ~4%) and DCA-COOH
(MB: ~60%, CR: ~80%). Cheng et al. fabricated a deacetylated
cellulose acetate (DCA)-polydopamine (PDA) nanofiber membrane
by electrospinning and surface modification, which demonstrated
better removal capacity (88.2 mg g~ ') of methylene blue than the
unmodified CA (4.9 mg g~ ') and DCA (10.2 mg g~ ') membrane."*’

Liu et al fabricated stable hydrophobic metal-organic
frameworks (MOFs)-HKUST-1-RGO-PDA nanocomposite mem-
branes incorporating polydopamine (PDA) over a cellulose
acetate membrane support layer for the removal of methylene
blue and Congo red.**° Cellulose acetate-supported PDA/RGO/
HKUST-1 membrane exhibited outstanding hydrophilic, water
flux, removal rate, and antifouling performance. Moreover, at
optimum operating condition, 99.8% methylene blue and
89.2% Congo red were removed, while a conventional cellulose
acetate membrane exhibited lower removal rate of both the
dyes (41% MB and 5% CR removed). Table 4 lists several CA
and CA-based membrane treatment processes that have been
used to separate/remove dyes from wastewater from different
industrial wastewater.

3.3. Separation of polycyclic aromatic hydrocarbons (PAHs)

Polycyclic aromatic hydrocarbons (PAHs) are a major class of
environmental organic micropollutants with fused aromatic
groups, which are generally produced during the incomplete
combustion of fossil fuels."®® Most PAHs compounds are
lipophilic in nature and due to lower solubility in water
(~ug LY, they are present in the contaminated industrial soil
site at higher concentrations.'®*'®* Approximately 126 com-
pounds have been selected as PAH compounds. Among these,
16 PAH molecules have been selected as the highest priority
and highly toxic pollutants by the US Environmental Protection
Agency (EPA).'® Some of the most common PAH compounds
are naphthalene, acenaphthylene, acenaphthene, fluorene,
phenanthrene, anthracene, fluoranthene, pyrene, benz(a)anthra-
cene, chrysene, benzo(b)fluoranthene, benz(a)pyrene, benzo(ghi)-
perylene, dibenz(a,h)anthracene, and indeno(1,2,3-cd)pyrene.'®®
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However, even at a lower concentration of these PAHSs
(~200 ng L") with continuous exposure for long time could
cause a detrimental effect to human health, including various
cancers such as lung, stomach, skin, chest, kidney, pancreas,
esophagus, bladder, prostate, and larynx.'®”'®® Therefore,
the development of appropriate treatment processes for the
removal of these pollutants from the environment are of serious
concern.

Over the last few decades, extensive studies have been
conducted including chemical oxidation, photodegradation,
adsorption, biological treatment process, and membrane
separation process for the removal of PAHs from waste-
water.'’%'”! However, most of these methods have some dis-
advantages such as high investment and maintenance costs,
lower removal efficiency, and complicated operation conditions.
Moreover, most PAHs are lipophilic in nature and resistant to
biological and chemical degradation processes; more importantly,
slight degradation products possess carcinogenic and mutagenic
effect than the parent compounds.'’> However, physical treat-
ment processes such as membrane filtration and adsorption
process appear to be the best and important sustainable solutions
to remove PAHs from contaminated water.'®® Moreover, the
presence of lower concentration in water (due to lower solubility)
is absent or less possible to the membrane fouling
problem.?*'7>7* Nowadays, reverse osmosis (RO), forward
osmosis (FO), nanofiltration (NF), and ultrafiltration (UF) are
the most commonly used membrane filtration methods for the
separation of PAHs.

The cellulose acetate (CA) membrane can be a potential
membrane material for the separation of PAHs from waste-
water, whereas limited application is available in the literature.
This may be due to poor tolerance against temperature, organic
solvent, and lower mechanical stability.®* Several attempts have
been made to enhance the filtration efficiency (membrane
hydrophilicity, water permeability, fouling resistance, thermal
and mechanical resistance, etc.) of the CA membrane by
blending with other polymers, polymer functionalization, addi-
tion of nanofiller, and epoxy resins, as shown in Fig. 4d.%""*
In 2014, Celebioglu et al. synthesized beta-cyclodextrin (B-CD)-
functionalized electrospun CA nanofibers by combining elec-
trospinning and click reaction."”® During this process, the
electrospinning of CA provides a uniform nanofibrous
membrane with nanoscale porous structure (enhances the sur-
face area to volume ratio and higher density of pores), while the
surface modification of CA with crosslinking CD by the click
reaction significantly enhances the surface functionalization
with higher yields. The filtration capacity of the B-CD-CA
nanofiber was investigated by the removal of phenanthrene
from its aqueous solution and compared with the pristine CA
nanofiber. It was observed that the B-CD-CA membrane
removed 95% phenanthrene, while only 83% was found for
the pristine CA membrane (Fig. 4d). The higher removal
efficiency of the grafted membrane was due to complexation
between B-CD and the PAHs molecule; similar results have also
been reported in previous studies."””®'”” In another study, the
same authors reported the surface modification of polyester

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with CD (o, B, y) polymer in the presence of citric acid as a
crosslinker."”® The surface-modified membrane also exhibited
better filtration performance over the pristine polyester nano-
fiber membrane.

The modification or crosslinking of CA with other polymers
(such as benzoxazine) is another alternative way to improve the
membrane performances summarized in Table 5.%* Ertas and
his coauthors crosslinked electrospun CA nanofiber with ben-
zoxazine (BA-a) in the presence of citric acid (CTR) (to obtain
uniform membrane surface) by following the simple thermal
curing process.®®> Themodified CA/PolyBA-a/CTR membrane
exhibits a slight improvement in the thermal property along
with a significant enhancement in the mechanical properties
(260%, 150%, and 130% increased tensile strength, ultimate
stress, and Young’s modulus, respectively, compared to pristine
CA membrane). Furthermore, the modified membrane showed
excellent phenanthrene removal efficiency of 78% and 98.5%
within 10 and 150 min, respectively.

The molecular imprinting technique (MIT) is considered
one of the most successful and effective techniques for func-
tionalized polymer synthesis. More importantly, the membrane
prepared in MIT can separate/remove the targeted pollutants
from a mixed solution."”®**° Shafy et al. reported a molecularly-
imprinted membrane (An-MIM) by hybridizing anthracene
molecularly-imprinted nanoparticles polymer (An-MINP) with
cellulose acetate (CA) for the separation of targeted PAHs
(anthracene, naphthalene, pyrene, benzo(a)pyrene, phenan-
threne, and acenaphthylene).'”* The removal rate of the An-
MIM toward anthracene, naphthalene, pyrene, benzo(a)pyrene,
phenanthrene, and acenaphthylene was 96%, 80%, 54%, 40%,
25%, and 69%, respectively, while <5% of individual PAHs
were rejected by cellulose acetate and nonimprinted mem-
branes. The higher removal rate of PAHs by An-MIM was due
to the higher binding capacities toward selected PAHs.

3.4. Separation of pharmaceuticals

Pharmaceutical products and intermediates have been used
worldwide; today, more than 4000 pharmaceutical compounds
are available."®" These compounds can contaminate the environ-
ment coming from many sources including manufacturing pro-
cesses, livestock, disposal of expired and unused products, and
effluents from hospitals and sewer systems in households.'®>
Its continuous input into the environment even in lower concen-
tration (<1 ug L™ ') may constitute in the long term a potential
risk for aquatic and terrestrial organisms."®*™®* For this reason,
the search for novel materials serving in the removal or reduction
of pharmaceutical contaminants from pharmaceutically-rich
sewage system is a major concern.

CA and modified CA-based microfiltration, ultrafiltration,
nanofiltration, forward osmosis, and reverse osmosis mem-
brane has been used for the removal of pharmaceutical and
personal care products for a long time.'3"'867188 Most of the
membrane-based treatment processes follow three different
methods for the removal of pharmaceuticals: (a) adsorption,
(b) repulsive mechanism, and (c) sieving, as shown in Fig. 3.
The removal of contaminants by adsorption occurs when the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Application of cellulose acetate-based membranes for the removal of polyaromatic hydrocarbons (PAHs)

Contaminant Name of Membrane
name membrane type Operating condition Results Ref.
Phenanthrene CA Nanofiltration — e -CD-modified CA nanofibrous membrane 175
CA- removes 95% phenanthrene from the solution
propargyl after 8 h, while pristine CA can do only 85%.
B-CD-
modified
CA
Anthracene CA — Conc.: 100 pg L™*; volume: 500 mL; e Hybridized anthracene molecularly-imprinted 174
Naphthalene pressure: 35 bar; flow rate: 1.8 L nanoparticles polymer (An-MINP) embedded in
Pyrene An-MINP min~’; effective area: 25 cm? temp.:  the CA membrane exhibited the selective removal
Benzo(a)pyrene 25 °C of anthracene from the aqueous solution.

Phenanthrene An-MIM
Acenaphthylene (An-MINP

+ CA
Phenanthrene Pristine Nanofiltration Conc.: 1 mg L™ '; volume: 30 mL; flow e Thermal, mechanical, and adsorption perfor- 83
CA rate: 1.8 L min~'; effective area: mance were significantly improved due to the
CA/ 36 cm?; temp.: 25 °C incorporation of polybenzoxazine (PolyBA) and
PolyBA-a/ citric acid (CTR) in the CA membrane.
CTR
Acenaphthene  Poly-CD Nanofiltration Conc.: 400 pg L™'; volume: 50 mL; o Excellent recyclability with almost similar 166
Fluorene time: 60 min; effective area: 14.6 cm? performance of the membrane.
Fluoranthene temp.: room temp; pressure: 10* Pa
Phenanthrene
Pyrene o Outstanding permeability (237 Lm > h™*

KPa '), water flux (3090 L m~> h™"), PAHs
removal efficiency (92.6% within 40 s).

Note-An-MINP: anthracene molecularly-imprinted nanoparticles polymer; CA: cellulose acetate; An-MIM: hybridizing anthracene molecularly-
imprinted nanoparticles polymer (An-MINP) with cellulose acetate (CA); polyBA: polybenzoxazine; CTR: citric acid; poly-CD: polycyclodextrin.

Permeate Permeate

> 9
O Neutral
Neutral
Permeate Permeate

Fig. 3 Schematic illustration of the proposed mechanism for the CA-based membrane during the desalination process. Modified with permission from
ref. 193. Copyright (2020) Elsevier. (a) Size exclusion by which pollutants of larger size than the membrane pore is rejected; (b) hydrophobic interaction by
which the hydrophobic organic pollutant molecules are adsorbed on the membrane surface; (c) electrostatic repulsion, negatively-charged pollutants
are rejected by the negatively-charged CA-based membrane; and (d) membrane fouling layer formation due to the adsorption, deposition, and
redeposition of the pollutant on the membrane surface.
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contaminants contain opposite charge of the adsorbent site. In
case of CA-based membrane, negative functional groups such
as hydroxyl and carboxylic groups are predominant, which can
adsorb positively-charged pharmaceuticals.'®*'°° Removal by
the charge repulsion mechanism arises when the charge of the
membrane surface and the ions of the electrolyte in pharma-
ceutical and personal care products (PPCPs) are similar and
prevent the ion from contacting the membrane.'® In the
sieving mechanism, pollutants are separated by molecular size
if molecules are larger than the membrane pores that cannot
pass through the membrane.'"'°> The incorporation of a
photocatalyst (metal, metal oxide nanoparticles, and metal
organic frameworks) on the surface of CA also follows the
photodegradation mechanism.?>**** Emam and his coauthor
established a highly porous photoactive cellulose acetate-Ti-
MIL-MOF film, which exhibited both adsorption and photo-
degradation capacity of paracetamol in the presence of visible
light."®! The adsorption and photodegradation capacity of pure
Ti-MIL-MOF were 72.6 and 270.5 mg g~ ', respectively, indicat-
ing that the removal rate follows the degradation mechanism.
However, the incorporation of Ti-MIL-MOF in the porous CA
membrane significantly enhanced the removal capacity from
82.7 mg ¢ ' to 519.1 mg g~ " as it follows both the adsorption
(presence of CA) and degradation mechanism (presence of
Ti-MIL-MOF).

Etemadi et al. studied the effect of aeration rate (specific
aeration demand per membrane area (SADm) of 0.5, 1, 1.5, and
2 m’> m h™") on the antifouling properties of the cellulose
acetate nanocomposite membranes (CA/ND-NH,) in a mem-
brane bioreactor system for the treatment of pharmaceutical
wastewater.'>* Operating at a high aeration rate condition leads
to membrane blockage by sludge flocs and extracellular poly-
mer substrates (EPS), thereby significantly affecting irreversible
fouling generation and reduced long time membrane application.
On the other hand, a lower aeration rate leads to the lowering of
the pollutant removal efficiency. For this reason, an optimum
aeration rate should be maintained.

The major drawback of pure CA membranes is that phar-
maceuticals and EDCs are not effectively removed because of
the presence of smaller pores compared to commercially-used
membranes.'®® Membrane performance can be improved by
surface modification and/or blending with another polymer.'8%'*
Fig. 4c summarizes several CA and modified CA-based mem-
branes that exhibit that only <60% pharmaceuticals can be
separated by neat CA membrane, while after modification, the
CA membrane exhibited better results.'8"88191192:1957198 Rapng
et al. (2012) synthesized a novel CA membrane containing surface
modifying macromolecules to remove pharmaceuticals from
wastewater."”* The modification was done in two different
tailor-made polymeric additives, (a) charged surface modifying
macromolecule (CSMM) additive synthesized by reactive diisocya-
nate and dihydroxy naphthalene disulfonate and (b) incorporating
poly(ethylene glycol) as the end groups (LSMM). The removal of
pharmaceuticals by CA/CSMM CA/LSMM followed the order Smz
> Carb > Ib as the molecular weight and radii increased in same
direction, but the removal rate was found to be slightly lower than
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that of the neat CA membrane. Narbaitz et al. also found similar
results."®®

Although neat CA and modified CA membranes are com-
mon polymers employed for the fabrication of porous poly-
meric membranes, they possess several disadvantages such as
lower mechanical and thermal stability and lower susceptibility
to chemical and microbial attack.’®® To solve these issues,
researchers have been trying to introduce new CA membranes
blended with other miscible polymers (polyvinylchloride, poly-
sulfone, polyurethane, and polyethylene oxide)'**'%°*% or the
addition of nanofillers such as hydroxyapatite, layered clays,
andlayered double hydroxides (LDHs)**"**> shown in Table 6.
Laura et al. fabricated a cellulose acetate-based membrane
modified with block co-polymer poly(4-vinylpyridine-b-ethylene
oxide) (P4VP-b-PEO) for the adsorption of several electron-
deficient EDPs.'®® This study showed that the adsorption
behavior of the membrane is directly relevant to the electron
deficiency and spatial orientation of the contaminants. More-
over, the incorporation of 1% P4VP-b-PEO into the CA membrane
significantly enhances the adsorption efficacy by at least 2-fold.
In addition, the adsorbed EDPs may possibly be eluted from the
membrane surface by treatment with an organic solvent such as
ethanol.”” The addition of an inorganic nanofiller such as SiO,
also improves the hydrophobic and mechanical properties of the
CA membrane. Mahdavi et al. reported the CA/SiO, nanofiltration
membrane, which exhibited impressive ceftriaxone sodium
removal rate (90%) than the neat CA membrane."*® Silica was
functionalized with (3-aminopropyl)triethoxysilane to fabricate
the CA/SiO,-poly (2-acrylamido-2-methylpropane sulfonic acid)
membrane, which exhibited 96% removal rate with compara-
tively improved mechanical properties. The incorporation of
layered double hydroxides (LDHs) as the nanofiller in the CA
membrane is another approach to achieve the desired mechan-
ical properties along with enhanced membrane performance. For
instance, CA/Mg-Al LDH membrane was fabricated via the phase-
inversion method to increase their permeability and adsorption
capacity for two pharmaceutical contaminants diclofenac sodium
(DS) and tetracycline (TC).'®® The investigation showed that the
addition of nanofiller (Mg-Al LDH) leads to a considerable
increase in the porosity, hydrophilicity, water permeability, and
mechanical properties. Moreover, a significant improvement of
the removal rate of DS from 2.7 to 17% with the addition of 4%
filler was achieved, while an approximately similar result was
obtained in the case of TC removal. In another study, Das et al.
investigated the efficiency of electrospun montmorillonite-
impregnated cellulose acetate nanofiber membranes (MMT-CA-
NFM) for the removal of ciprofloxacin (CIP).'®” At optimum
conditions of contact time, pH, dose, and CIP concentration of
60 min, 6.0, 4 g L', and 10 mg L™ ", the reaction equilibrium was
reached with 76% removal rate.

The CA-based membrane was synthesized through the phase-
inversion method using mixed metal oxides nanoparticles-
polymer composite (Fe-Al-Mn-chitosan) as the nanofiller.>**
At optimum process parameter of pH 6-9 and transmembrane
pressure 6-8, the 8% filler-loaded membrane exhibits signifi-
cantly higher fluoride-contaminated water treatment capacity

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Evidence for CA and CA-based membrane removal performance: (a) several heavy metals (Cu®*, Ni#*, Zn?*, Cd?*, Pb?*, and Fe*™);0132136138-140.241
(b) several industrial dyes including methylene blue (MB), Congo red (CR), reactive orange (RO), Reactive black (RB), indigo carmine (IC), and Rhodamine
B;20:142143,156.158-161.242 () pharmaceuticals; 18- 188:191192.195-198 (i) severa| selective polycyclic aromatic hydrocarbons (PAHs);83166:175243-245 5 g (e) pesticides
including p-nitrophenol (PNP), 2,4-dinitrophenol (DNP), 3,5-dinitrosalicylic acid (DNSA), 2-methyl-4,6-dinitrophenol (DNOC), and 4-nitrophenyl phosphate

disodium salt hexahydrate (NPP).21:221.222

than other membranes. Emam et al. (2021) fabricated a highly
porous photoactive CA-metal organic framework (Ti-MIL-NH,)
film to investigate the removal efficiency of paracetamol, one of
the most widely used pharmaceutical intermediates.’®* The
synthesized films were applied in the adsorption and photo-
degradation of paracetamol separately and together to find out
which mechanism was suitable to explain the removal process.

© 2023 The Author(s). Published by the Royal Society of Chemistry

This study confirmed that the presence of higher photocatalytic
activity of MOF (Ti-MIL-NH,) in the film increases the removal
rate of paracetamol by the photodegradation process (k; =
760.0 m™') compared to the adsorption (k; = 160.0 m™%).
Moreover, the removal efficiency was significantly increased
from 82.7 mg g~ for CA film to 519.1 mg g ' for the porous
CA-Ti-MIL-NH, film.
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In another study, the removal efficiency of four pharmaceu-
ticals by a cellulose triacetate (CTA)-based forward osmosis
membrane was investigated.'®* Hydroxyl and carboxylic groups
(negatively charged) are the predominant functional groups
in the CTA-based membrane, which leads to the removal of
negatively-charged pharmaceuticals by the electrostatic repul-
sive force. Moreover, the removal performance of the CTA
membrane can also depend on the adsorption capacity and
size exclusion. Hydrophobic and larger molecular-weighted
molecules are rejected more; a similar phenomenon was also
observed by Emam et al.'®"

3.5. Separation of pesticides

Any substance or mixture of substances preventing, destroying,
or controlling the unwanted species of plants and animals
during the production, processing, storage, transport, or mar-
keting of agricultural products are known as pesticides.>*” Due
to their direct influence on production, they have been used
exclusively. The widespread use of pesticides for agricultural
and nonagricultural purposes results in the presence of their
residues in various environmental components including sur-
face groundwater, which is one of the major sources of drinking
water.’*® Even though their contamination level in wastewater
is very low (concentration level pg L' to ng L"), they may
result in potentially adverse health effects including cancer,
genetic malformations, neurodevelopmental disorders, and
damage to the immune system.’°®>'® For that reason, the
Drinking Water Directive sets a maximum permeable limit of
0.1 ug L™" for a single active ingredient, and 0.5 ug L™" for the
sum of all individual active ingredients.>'* Moreover, World
Health Organization (WHO) and the U.S. Environmental Pro-
tection Agency (USEPA) set individual risk assessment toxicity
data-based guidelines for individual active substances.>**>"*
CA and CA-based membranes have been used since the late
60s for the treatment of organic hydrophilic and hydrophobic
pesticides from wastewater. Hindin et al. reported an asym-
metric cellulose acetate (CA) membrane for the removal of a few
chlorinated pesticides including dichloro-diphenyl-trichloro-
ethane (DDT), 1,1-dichloro-2,2-bis(4-chlorophenyl) ethane
(TDE), benzene hexachloride (BHC), and lindane by the reverse
osmosis process.>'* The reduction of each pesticide after RO
filtration, employing a CA membrane, represents the promising
membrane-based treatment process for the removal of low
concentrations of organic pollutants including pesticides. In
another study, the RO-CA membrane showed excellent perfor-
mance (over 80%) in removing a variety of pesticides, including
chlorinated hydrocarbons, organophosphorus, and miscella-
neous pesticides (Fig. 4e).>'> However, the removal rate of
pesticides is comparatively lower than other polymeric mem-
branes such as polyamide and polyester-based membranes.
This behavior has been attributed to the higher polarity of CA
membranes, resulting in higher hydrophilic interaction with
polar pesticides and leading to poor removal.>°® On the other
hand, neat CA membrane produces a highly dense skin layer
and a low porous sublayer, which leads to a lower flux and
removal ratio.>'®*'” The incorporation of polymeric and
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inorganic additives into the CA casting solution has been
applied to improve the membrane characteristics and pesticide
removal capacity. The presence of polymeric/organic additives
including pluronic F127,>'® PEG 600,>'®?* polyvinylpyrroli-
done (PVP),'**??°722> polyetherimide (PEI), and poly(vinyl
chloride) (PVC) and their concentration plays a critical role in
controlling the membrane porosity, pore size, pore shape, and
also producing well-interconnected pores on the membrane
surface, which influences the overall membrane perfor-
mance.”’>?** On the other hand, the addition of inorganic
additives such as monovalent (LiCI***?*®), divalent (CaCl,***),
or trivalent salts in the casting solution also improve the
membrane permeability and selectivity. The presence of
organic/inorganic additives in the casting solution increases
the solution viscosity, which accelerate the coagulation rate and
result in excellent interconnectivity between the membrane
pores; however, the reduced mechanical strength of such a
membrane has been observed.?**??¢?*” For example, Fontana-
nova et al.”*® showed that the addition of LiCl in the casting
solution doping increases the flux of the casted membranes at a
low LiCl concentration of 2.5 wt%, but it also suppressed the
macrovoid formation at a high concentration of 7.5% LiCl
and resulted in a decrease in the membrane permeation flux.
Moreover, the addition of some nanoparticles such as
Si0,,107:196:229.230 o] 0, 231 7n0,%3? and Ti0,**'2** as additives
not only increases the membrane stability and reduces the
membrane hydrophilicity but also degrades the bacteria and
some organic micropollutants and mitigates the membrane
fouling problem.*** Ghaemi in his study reported the effect of
the surfactant on the characteristics and separation of nitro-
phenols (p-nitrophenol (PNP) and 3,5-dinitrosalicylic acid
(DNSA)) by the CA/PVP nanofiltration membrane.**"?**> The
addition of surfactants as additives resulted in membranes
with superior pure water flux, permeation, and removal in
comparison to the CA membrane. Moreover, a small amount
of (0.25%) anionic surfactant (sodium dodecyl sulphate (SDS))
and cationic surfactant (cetyltrimethylammonium bromide
(CTAB)) resulted in significant increments in both PNP and
DNSA removal ability, while the addition of nonionic surfactant
(Triton X-100) followed the opposite direction. Recently, several
studies have been conducted to investigate the influence of fatty
acids on the membrane structure and its performance.>'”***?3¢
Ghaemi and his coauthors showed that the addition of amphi-
philic fatty acids (palmitic, oleic, and linoleic acids) on the CA
membrane leads to improved membrane porosity and hydro-
philicity, which results in the removal of hydrophobic organic
pesticides, including nitroaromatic pesticides (i.e., nitrophenols
as one of the most important pollutants). p-Nitrophenol (PNP),
2,4-dinitrophenol (DNP), 3,5-dinitrosalicylic acid (DNSA),
2-methyl-4,6-dinitrophenol (DNOC), and 4-nitrophenyl phos-
phate disodium salt hexahydrate (NPP).>!” The addition of fatty
acids in the casting solution leads to the formation of com-
plexes between fatty acids and polymer molecules, which
results in a reduction in the membrane pore size and improves
the membrane porosity. Moreover, the addition of amphiphilic
additives influences the penetration rate of the coagulation
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solution and increases the demixing rate, which also enhances
the membrane structural properties.*'”?*>>3® CA and CA-based
membranes that have been used for the treatment of pesticides
are shown in Table 7.

4. Factor affecting membrane
performances

4.1. Membrane properties

The selection of an appropriate membrane and composition
along with the addition of additives is one of the most critical
steps in the design and operation of the membrane-based
treatment process. The most important parameters affecting
the membrane performances include the crystallinity of the
membrane-based polymer, porosity/pore size, hydrophobicity/
hydrophilicity (contact angle), surface charge/surface charge
density (zeta potential), and surface roughness, as summarized
in Table 8.

4.1.1. Crystallinity of the polymer. The crystallinity of the
membrane polymer is a prime factor that affects the mechan-
ical properties and pollutant permeability on the polymeric
membranes. The crystallinity of a polymer can be determined
by the glass transition temperature (T,), which is directly
related to chain flexibility, chain interactions, and molecular
weight of the polymer.>>® In most cases, cellulose acetate-based
membranes are a mixture of amorphous and crystalline phases
known as semicrystalline membranes. In the crystalline phase,
polymer chains are compacted regularly due to intermolecular
interactions such as hydrogen bonds. Moreover, the crystallites
of the polymer that are connected in randomly-oriented mole-
cular chains are known as the amorphous phase. It has been
found from the literature that the polymer packed with the
crystalline phase cannot permeate the solute pollutants while
the transport of solute takes place through the amorphous
phase.>*® On the other hand, a higher packed polymer structure
(crystalline nature) results in thermal, mechanical, and solvent
resistivity, which are the most important parameters for long-
time membrane application. The higher T, values of polymeric
materials represent higher amorphous nature and produced
frequently brittle membranes. In general, CA possesses higher
T,, roughly 180 °C, and represents more amorphous polymer
in the matrix, which can be significantly improved or reduced
by the addition of plasticizers®>* or functionalization of the CA
membrane.'?”**??7?5% For example, carboxymethyl cellulose
acetate butyrate is an ester with larger groups having T, value
between 135 and 141 °C, representing higher crystallinity,
possessing higher thermal and mechanical properties and
long-time desalination application.>® In 2020, Salah and his
coauthor compared the most commonly used three RO mem-
branes cellulose acetate, cellulose acetate propionate, and cellu-
lose acetate butyrate for water desalination application.>®” This
study showed that functionalization with larger polymer mole-
cules results in more hydrophobicity (contact angle, 56, 71, and
74° for CA, CAP, and CAB, respectively) along with higher salt
removal and pure water permeability of the membrane.
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Rearrangement and recrystallization of the polymer chain is
another way to improve the membrane properties. In this
process, there is almost no effect on the overall crystallinity
but the formation of smaller crystallites is induced, which
enhances the interfacing surface area between the amorphous
and crystalline regions shown in Fig. 5. This increased inter-
facial area could facilitate the fixation of the amorphous loops
in the crystalline lattice, thereby reducing the number of
nonselective pathways for mass transport, which also signifi-
cantly improves the desalination efficiency.”>®***® Lu et al
modified the cellulose triacetate membrane with the treatment
with a plasticizer (p-nitrophenol) solution, followed by water
rinsing, which resulted in the reduction of the crystalline size of
the polymer matrix, consequently improving the mass trans-
port properties (water flux and water salt selectivity).>>*
In another study, Minelli et al. reported the effect of plasticiza-
tion (glycerol as plasticizer) of microfibrillated cellulose on the
water sorption, diffusion coefficient, and structure of the poly-
mer films.?®® The addition of plasticizers generally increases
the mobility of the polymer chains in the polymer matrix, which
results in an improvement of water molecule diffusion and also
the membrane performances. The incorporation of inorganic
nanoparticles such as SiO,, Al,O;, TiO,, Mg-Al LDH, and
MOQF07:181,195,197.261 iq another approach that improves the
polymer crystalline properties. For example, Yu et al. reported
that the incorporation of a higher concentration of SiO, in the
PVDF hollow fiber membranes resulted in a transition from
the a-phase to the p-phase crystal structure and restricted the
movement of PVDF. This led to the deterioration of transport
properties of the membrane and improved the antifouling,
mechanical, and thermal properties compared to the neat
PVDF membrane.**°

4.1.2. Membrane molecular weight cut-off, Donnan effect,
and dielectric effect. The performance or removal rate of the CA
membrane is often quantified by the membrane molecular
weight cut-off (MWCO). It can be defined as the lowest My,
(in Daltons) of a solute that can be separated at 90%, although
this definition is not clear and can vary between 60 and 90%
depending upon the protocols used by manufacturers. This
variation of percentile separation can be described by solute
characteristics, solute concentration, solvent characteristics, as
well as flow conditions.?®® There is a close relation among the
membrane molecular cut-off, pore size, and separation process
shown in Fig. 6. According to the MWCO concept, molecules
become larger as their mass increases, while as the molecules
become larger, the sieving effects due to steric hindrance
increase, and the molecule is rejected by the membrane more
often than a smaller molecule.’®® It should be noted that
MWCO can also be associated with diffusion because larger
molecules will diffuse more slowly compared to smaller mole-
cules. In general, reverse osmosis (RO) membrane and some
nanofiltration (NF) membranes restrict the solute molecules
following the diffusion method while ultrafiltration (UF),
microfiltration (MF), and conventional filtration process follow
the sieving mechanism.”®® Zhang et al. studied the correlation
between the MWCO of four NF membranes and the removal of
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two triazine herbicides (atrazine and simazine).>**

This study
concluded that the membrane with smaller MWCO possesses
higher pollutant removal efficiency than the larger MWCO,
which was in agreement with previous research work.>®> For
instance, in a recent study, Cheng'®® and Ciobanu®*® reported
CA membranes with an MWCO of 369 and 2591 Da, where the
fomer MWCO CA membrane exhibited 90.4% salt removal
efficiency while only 56% salt was rejected by latter. In another
study, Zhang et al. demonstrated that the MWCO of the
membrane only poorly correlated with the removal of the
studied compounds and is only capable of providing a rough
estimate of the sieving effect.>**

However, the MWCO or size exclusion mechanism cannot
explain the nanofiltration-based membrane separation process.
for a better understanding of the membrane separation pro-
cess, ionic pollutants separation, and selectivity of the nanofil-
tration membrane, three different effects have been proposed:
charge repulsion, Donnan effect, and dielectric effects.>®”>¢®
The charge repulsion effect is caused by the charged nature of
the membrane and the feed solution. The Donnan theory
described the charged ion distribution near the semipermeable
membrane at equilibrium condition when one of the charged
ions cannot pass through the membrane, while dielectric
effects can arise when jons (pollutants) are in direct contact
at the interface between the materials of different dielectric
constant, in this case, the polymer matrix and the solvent.>®®*”°
Several studies has been conducted to investigate the influence
of Donnan factor on the membrane separation
process.>¢”270"272 In 2008, Yannick and his coauthor investi-
gated the influence of the ion size and Donnan factor on the
membrane performance for both neutral and electrically-
charged membranes.*”* They conclude that the dielectric exclu-
sion and Donnan effect have almost no impact on the
membrane performance through the neutral membrane sur-
face. On the other hand, for larger charged membranes (fixed
value), dielectric effects and Donnan effect increase the
membrane potential at a particular concentration. Similar
results have also been reported by Szymezyk et al.>’® In another
study, it has been estimated that the dielectric constant inside
the membrane pores also depends on the physicochemical
behavior of the membrane and pollutant-dependent solution
properties including pH, concentration, and chemical nature of
pollutants.>”" Finally, it can be concluded that during the
nanofiltration membrane selection and performance evalua-
tion, three of the abovementioned parameters should be
considered.

4.1.3. Membrane pore size and pore structure. Porosity is
expressed as pore density, pore size distribution (PSD), or
effective number of pores (N) in the membrane top layer and
other related quantities such as nominal pore size of a
membrane, which usually refers to the smallest pore size in
the membrane matrix and have been regarded as representative
parameters for predicting the removal of different organic
2732275 All of these parameters are
generally attributed to the pore geometry of the membranes.
Moreover, the pore geometry of the individual membranes can

compounds or particles.
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Table 8 Major parameters and their effect on the membrane separation process
Parameter Affect Ref.
Membrane properties
Crystallinity Crystalline membranes exhibit higher physiochemical properties including thermally, mechanically, 246
and solvent resistivity along with lower solute diffusion rate (higher removal).
Molecular weight cut-off Solute molecules with larger size than the membrane MWCO cannot pass through the membrane 208
(MWCO) and are easily be removed.
Surface charge Increasing the surface charge increases the electrostatic repulsive force, resulting in enhanced solute 191 and
removal efficacy. 247
Surface roughness Rough surface increases the total surface area to which the foulants can be attached, and the 248

ridge-valley structure favors the accumulation of the foulants.

Pollutant properties

Solute molecular weight
(My)/size/geometry
Hydrophobicity/hydrophilicity
and polarity

Operating parameter

than a lower one.

Presence of organic matter

Temperature

Solute with a higher molecular weight is prone to separate due to the molecular sieving mechanism 6

Hydrophobic molecules are adsorbed on the membrane surface due to hydrophobic interaction or 249 and
hydrogen bond formation. 250
pH Change in the membrane surface charge and surface structure 192 and
251
Formation of negatively charged complexation leading to augmented electrostatic repulsion between 192 and
the membrane and complexion, and also leading to removal by following the sieving mechanism 251
Increases the mass transfer and diffusion rate of the feed 252
The higher the TMP and flow rate, the higher the diffusion rate (driving force) 252

Transmembrane pressure
(TMP) and flow rate

be controlled by selecting proper fabrication methods, polymer
concentration, and fabrication parameters (coagulation bath
temperature, humidity, and annealing temperature), precipita-
tion time, solvents, nonsolvents, and addition of additives.?**>7°
For example, increasing the polymer concentration in the casting
solution produces a lower porous and small pore-sized
membrane. In this case, the macrovoid formation is suppressed,
and the tendency to form sponge-like structures is enhanced. In
one study, the 12-20% polymer concentration in the casting
solution has been used for the fabrication of the UF membrane,
while polymer concentration >20% produces the RO mem-
brane.””” The selection of the solvent/nonsolvent system also
influences the membrane morphology. The higher miscibility of
the polymer in a solvent results in the formation of a highly
porous membrane, while the lower miscibility or nonsolvent
leads to the fabrication of a nonporous membrane.

Membrane pore size and pore density can also be improved
by controlling the coagulating bath temperature. It was com-
monly known that the lower coagulation bath temperature
results in a lower coagulation rate, which promotes the for-
mation of a sponge-like denser layer, while higher temperature
promotes faster coagulation rate, resulting in the formation of
a loose finger-like membrane.”>® Guoliang and his coauthors
fabricated PET-enhanced CA membranes using the phase-
inversion technique and investigated the effect of membrane
fabrication parameters, including the concentration and tem-
perature of the casting polymer solution, temperature, and time
of evaporation, coagulation, and annealing processes in the
membrane pore size along with the performance.>”® The opti-
mum key parameters for fabricating a forward osmosis (FO)
membrane required 18% CA casting solution with an evapora-
tion temperature of 25 °C for 60 s, coagulating in a water bath at
5 °C for 24 h, and annealing at 70 °C for 1 h, which produces a
grille-like dense top surface and a porous bottom membrane
(both larger finger-like and sponge-like structure present in the

4086 | Mater. Adv, 2023, 4, 4054-4102

sublayer). Moreover, the blending of two different polymers
offers attractive alternatives for the membrane surface modifi-
cation and showed a synergistic effect in membrane perfor-
mance. In addition, the addition of inorganic (such as LiCl,
TiO,, GO, CNTs, Al,03) and organic additives (polyvinylpyrroli-
done (PVP), polyethylene glycol 600 (PEG-600), polyethylene
terephthalate (PET), poly(styrene-co-maleic anhydride) (PSMA),
sulfonated poly(ether ether ketone) (SPEEK), Pluronic F127) as
the third component to the blend polymers has been one of the
important procedures used in membrane preparation to con-
trol the surface morphology (especially pore size and percentile
porosity) and performance of the membranes.*®?>31>787280 The
addition of additives can function as a pore former, increasing
the solution viscosity of the casting solution, which leads to the
thermodynamic instability of the casting solution, accelerating
the precipitation rate in the coagulation bath, and also leading
to a reduction in the pore size along with a significant increase
in the surface roughness, which significantly increases the
removal rate or membrane performance. Han et al. fabricated
the CA/CMCA blend UF membrane via the phase inversion
method to investigate the influence of blending composition in
the presence and absence of additives (PEG 600).>®" The study
revealed that increasing the concentration of CMCA in the
presence of additives in the blending solution leads to an
increase in the surface roughness and produces more pores
in the top and sublayer (porous structure in the cross-section)
of the membrane compared to a neat CA membrane without
additives.”®" In a recent study, Baniasadi fabricated a CA
FO membrane containing TiO, and Al,0O; nanoparticles as
additives.””" The addition of metallic oxide nanofillers made
the membrane denser with finger-like voids extended from top
to bottom of the membrane structure. These longer finger-like
macrovoids lead to a higher porous membrane, resulting in
higher removal efficiency. Moreover, membrane porosity (micro-
voids) was significantly enhanced with increasing nanofiller

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Schematic illustration of a proposed mechanism for the role of
plasticizer on the crystalline structure of the cellulose acetate (CA)
membrane.?®>* The pristine CA membrane consists large crystallites
embedded in amorphous regions. Soaking of the membrane in plasticizer
solutions leads to the swelling of both the crystalline and amorphous
regions. Plasticizer is gradually released by water rinsing, resulting in the
rearrangement and recrystallization of the polymer chains.

concentration up to a certain limit (TiO, < 1.0% and ALO; <
0.1%) and was then suppressed at higher additive dosages. The
reduction of the %porosity of the membrane at higher nanofiller

© 2023 The Author(s). Published by the Royal Society of Chemistry
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concentration was because of the higher viscosity of the poly-
meric solution, which prevents the increment of finger-like pores
in the phase inversion process and leads to the agglomeration of
nanofillers.?22%3

4.1.4. Membrane charge. Electrostatic interaction or repul-
sion between the solutes and the porous membrane surface
have been reported to be an important contaminant removal
mechanism. These interactions or repulsion is mostly depen-
dent on the membrane surface charge, which is generally
measured by the zeta potential value.”®® The zeta potentials
and the acidity of the membrane surface can be determined using
electrophoresis and potentiometric titration methods.”***** Nega-
tive zeta potential values (value depends on solution pH) of
cellulose acetate and cellulose acetate-based membranes repre-
sent the overall negative surface charge.”'”**"**> The majority of
the used RO, NF, and UF cellulose acetate membranes in the
wastewater treatment process or desalination application are
negatively charged, which tends to minimize the adsorption of
negatively-charged foulants and microorganisms present in the
feed water, enhance the removal of dissolved salts, and also the
membrane shelf-life with consistent performances.””* Hu et al.”%°
and Schafer et al.*®” showed that charged lower molecular weight
organic acids exhibited higher removal efficiency by RO and UF
membranes than larger neutral organics due to electrostatic
repulsion. However, the presence of ~OH and acetyl groups in
the CA membrane surface make it a hydrophilic nature; also, the
increasing swelling properties lead to the suppression of the long-
term membrane application.'®" These drawbacks can be solved by
physiochemically modified crosslinking, grafting, sulfonation,
amination, etc.'9"*%”

In several studies, it has been reported that the heavy metal
removal rate remarkably enhanced after the adsorbents have
been modified by the functional groups including -NH,, -SH,
-COOH, and -HS0;.*> The presence of -OH groups in the
CA membrane and negatively-charged functional groups in
modified CA membrane preferentially combine with water
molecules and form a hydration layer, which reduces the
absorption of negatively-charged protein molecules on the
membrane surface and enhances the antifouling proper-
ties.*® In addition, the negative charge of the membrane
surface may be deprotonated in the feed solution. Yoon et al.
in their study investigated the removal mechanism of perchlo-
rate ions by a series of negatively-charged membranes.”®® This
study showed that increasing the surface charge of the
membrane results in higher removal efficiency. More interest-
ingly, the removal rate by the individual membrane was greater
than the theoretical results based on only the size exclusion
mechanism, which confirmed that the removal mechanism
followed both size exclusion and electrostatic interaction.
In several investigated cases of negatively-charged membrane
surfaces, the performance can be improved by increasing the
feed solution pH, which is because increasing the pH of the
solution increases the deprotonation (negative zeta potential)
of the membrane surface, resulting in electrostatic repul-
sion between the membrane and negatively-charged solute
molecules.>**>%
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Surface charge is a particularly important parameter for
the determination of antifouling properties (especially when
foulants are charged such as bacteria, protein, or colloidal
particles).”®* In general, foulants having negatively-charged,
electrostatic repulsion between CA membrane and foulants
prevent foulant deposition on the membrane surface (antifoul-
ing property). Moreover, the CA membrane surface charge can
be improved by the increasing pH of the feed solution or by
surface modification (increasing acidic functional groups).
Although most CA-based membranes are mainly negatively
charged, however, several positively-charged CA membranes
have been developed that can be used for the removal of cations
and cationic macromolecules such as dyes and positively-
charged proteins.>**?°272%% In a recent study, Liu and his
coauthor modified a base membrane made of cellulose acet-
ate/chitosan (CA/CS) blend with heparin (H), quaternary ammo-
nium (Q), or immobilized with silver ions (Ag) to investigate the
influence of pH on the membrane surface.”*° This study con-
firmed that CA/CS and CA/CS-Ag membranes possess relatively
small zeta potential, while modification with heparin (CA/CS-H
membrane) exhibited —10 mV and +12 mV in case of modifica-
tion with quaternary ammonium (CA/CS-H membrane). The
negative charge of the CA/CS-H membrane is expected due to
the presence of -CH,SO; , -COO ™, or -NHSO;  groups in
heparin, while the positive electric charges can be attributed
to the many -N'R; groups in the quaternary ammonium. More
interestingly, the zeta potential of each membrane changed
from more positive (or less negative) at a lower pH to more
negative (or less positive) at a higher pH, which were in
agreement with previous studies.'®®

4.1.5. Surface roughness. There is a strong positive correla-
tion between the membrane fouling and the surface roughness
for CA-based membranes. In general, membranes with smooth
surface are less prone to colloidal fouling compared to rougher
surfaced polymer membrane. This may be because greater

4088 | Mater. Adv, 2023, 4, 4054-4102

roughness increases the total surface area to which foulants
can be attached, and the ridge-valley structure favors the
accumulation of foulants at the rough surface. As a result,
membranes with rougher surface exhibited faster fouling rate,
which resulted in a significant reduction of membrane perfor-
mance with time. Chung et al. fabricated UF hollow fiber
membranes and reported that the pure water flux of the
membranes was nearly proportional to the mean roughness,
while higher mean roughness was correlated with a lower
removal of organic macromolecules.?*® However, contradictory
findings have also been reported on the effect of surface
roughness on membrane flux: higher surface roughness can
mean higher flux, lower flux, or no effect on flux,'*>222:231,296,:297

In 2013, Ramon et al. investigated the correlation between
the surface roughness of coating films and the underlying
porous support membrane.**® From this simulation, they
pointed out two hypothesis: (i) permeability increases with
increasing surface roughness that produces thin regions in
the coating film and reduces the base film thickness, but if
the roughness is formed on top of the unvarying base film
thickness, the permeability of the film decreases with increased
roughness; and (ii) when the surface roughness comes at the
expense of base film thickness, the thinner regions (‘“valleys”)
present locally higher flux (“hot spots”) than the thicker
regions (‘“peaks”); hence, these hot spots may be points of
initiation for colloidal and organic deposition as well as
mineral scale formation.

Surface roughness properties mostly depends on the
membrane fabrication process and fabrication parameters.
For example, membranes fabricated by phase inversion,
track-etching interfacial polymerization, and electrospinning
method exhibited comparatively smooth surface (antifouling
properties), while the stretching method produced a rougher
surface.”> Moreover, the fabrication parameters such as in
case of electrospinning-based membrane synthesis process, for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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example, viscosity, conductivity, tip-to-collector distance, feed
rate, composition in polymer blend, and voltage applied, affect
the surface roughness properties.’®”**®*% In another study,
Elkony et al. experimented that the addition of a small amount
of crosslinker and/or grafting monomer also improved the
surface morphology, thus also enhancing the antifouling
properties.”*®3%°

With the addition of a small amount of nanofiller such as
GO, MOF, HKUST-1, ZnO, gC3;N,, and Al,O; in the CA
membrane, an obvious decease in the surface roughness was
observed.'** With the AFM technique, Yang et al. showed the
impact of addition of GO, MOF, and combination of GO and
MOF in the CA membrane.'** This study revealed that the
addition of a filler at a certain amount produces a smoother
surface, while further addition leads to the agglomeration of
the nanofiller, resulting in an increase in the surface roughness
of composite membranes. On the other hand, the addition of
inorganic nanofiller improves the hydrophilic nature of the
membrane surface, which leads to more water permeability
(increasing water flux) and also limits the interaction between
the hydrophobic contaminants and the membrane (increasing
repulsive force).'*”*° In another study, Ghaseminezhad et al.
investigated the influence (surface roughness and salt removal
capacity) of graphene oxide (GO) NPs in the CA membrane.**>
This study showed that the addition of GO up to 1% reduced
the surface roughness from 6 to 4.3 nm, which also signifi-
cantly improved salt removal from 50 to 90%. Further addition
of GO results in agglomeration, which increases the roughness
(9.0 nm) along with the reduction of salt removal. Yang in his
study showed that the antifouling properties (higher reversible
foulant and lower irreversible foulant) also significantly
increased with the addition of GO and MOF as the filler, as
shown in Fig. 7b.'** With the addition of GO on the CA
membrane surface up to a certain limit, the surface roughness
was significantly reduced, which improved the antifouling
properties of the membrane at the same time as the water flux
ratio as expected, as shown in Fig. 7a.
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4.2. Pollutant properties

The physiochemical properties including molecular weight,
size, geometry charge, and hydrophobicity of pollutant mole-
cules are the most important parameter determining the
membrane performances. In recent studies, several research
groups have systematically studied the role of the aforemen-
tioned parameters on membrane removal, and their results are
discussed.

4.2.1. Solute molecular weight (M) and size. Overall poly-
meric membrane-based separation depends on three basic
parameters including adsorption, sieving, and electrostatic
interaction (Fig. 3). Among them, nonionic and negatively
charged pollutants (mostly) are removed from the feed solution
by following the sieving mechanism as most cellulose acetate-
based membranes are negatively charged. Moreover, the pore
size of the selected membranes is also critical for the removal of
solute molecules. In the molecular sieving process, pollutant
molecules with higher molecular weight or MWCO than the
membrane pore size cannot pass through (lower diffusion) the
membrane and lead to more removal efficiency.® One recent
study showed that in case of glassy polymeric membrane, the
diffusion coefficient is decreased with an increase in the
molecular weight, which reduces the permeability of solute
molecules. On the other hand, in case of rubbery polymers, two
different scenarios have been observed. Permeability increased
with increasing molecular weight (upto 100), while opposite
results has been found for the molecular weight above 100.°

As cellulose acetate-based membranes are in general
negatively charged, it can separate negatively charged due to
electrostatic repulsion while the uncharged pollutant can be
separated by the simple sieving mechanism (Fig. 3a). Several
studies showed that there is a positive correlation between the
removal rate and molecular weight of pollutants,'3%!3%191,:208
In a pilot plant, a series of nitroaromatic pesticides including
p-nitrophenol (PNP; My: 371.14), 2,4-dinitrophenol (DNP;
My: 184.1), 3,5-dinitrosalicylic acid (DNSA; My,: 228.1), 2-methyl-
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(a) Influence of MOF and GO dosing on cellulose acetate membrane on surface roughness and flux recovery ratio; (b) effect of MOF and GO
dosing on cellulose acetate membrane on the antifouling performance (reversible and irreversible fouling).
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4,6-dinitrophenol (DNOC; My,: 198), and 4-nitrophenyl phosphate
disodium salt hexahydrate (NPP; Myw: 139.1) were treated to
investigate the influence of molecular weight in membrane
performance.?’” Membrane performance was found to be signi-
ficantly increased with increasing molecular weight as follows:
NPP (97.5%) > DNSA (89%) > DNOC (85%) > DNP (80%) >
PNP (76). In 2013, Alturki et al. investigated the removal of
charged and neutral pharmaceuticals with various molecular
weights by the cellulose acetate membrane.’®® This study
revealed a positive correlation between the molecular weight
of pollutants and CA-based membrane performance, as shown
in Fig. 8. The removal efficiency of both hydrophilic and
hydrophobic neutral organic pollutants increased with increas-
ing molecular weight due to the simple sieving mechanism, but
their efficiency can be significantly influenced by the feed and
draw solution temperature and flow rate while other para-
meters such as temperature and transmembrane temperature
exhibited little influence on the removal efficiency.*** On the
other hand, the removal of charged pollutants is dominated by
electrostatic repulsion than size exclusion (sieving), and the
removal efficiency is comparatively much higher than the same
molecular weight neutral pollutant. Moreover, the removal
efficiency is also dependent on the membrane surface charge
and pH of the solution. At higher pH, the feed solution has a
more negative of zeta potential, which represents more negative
sites on the membrane surface, thus enhancing electrostatic
repulsion.

In recent studies, researchers confirmed that other than
the solute molecular weight, several parameters including
molecular width and length, Stokes radii, and molecular mean
size are useful parameters for the estimation of the removal
mechanism.?*>°” In case of inorganic ions separation, all ions
are spherical shape, and their removal efficiency can be better
described by the Stokes radius of individual ions.*°® In the case
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of organic pollutants, the removal model is extremely critical
and depends on the molecular structure, size, shape, length,
and width.*°® However, molecular Stokes radius cannot be used
to explain the solute diffusivity as the Stokes radius is based on
the assumption that molecules are spherical in shape and rigid,
which is not true for organic molecules.”®® Among them,
molecular length and molecular width are the most critical
shape parameters; in this approach, a molecule is approxi-
mated by a rectangular parallelepiped, a cylinder, or an ellip-
soid. For example, Kiso and his coauthor showed that the
removal efficiency of organic molecules depends mostly on
molecular length and/or molecular width rather than molecular
weight (Fig. 9).°°® In their investigation, they selected organic
molecules of similar molecular weight with different molecular
length and width and correlated it with their removal efficiency.
This study showed that the removal rate displayed a linear
positive relation with molecular width but opposite to the
molecular length with some exception. In 2014, Doederer
et al. also found a positive correlation between the molecular
width and removal rate rather than the molecular weight.>%°
These results indicated the significance of solute molecular
shape parameter on removal, and the solute transport predic-
tions through the membrane should not be based only the
solute’s molecular weight.

4.2.2. Hydrophobicity, hydrophilicity, and polarity. In case
of organic pollutants, removal by adsorption or electrostatic
repulsion is the most important mechanism. These parameters
mostly depend on the hydrophobic/hydrophilic nature of the
pollutants. Several studies claimed that the interaction between
the nonpolar hydrocarbon segments of the solute molecule
and that of the membrane surface is due to hydrophobic
bonding.?°%263273:310311 Moreover, some study also revealed
that in addition to the hydrophobic interaction, adsorption might
also take place through hydrogen bonding. The hydrophobic
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neutral pharmaceuticals and personal care product vs. cellulose acetate
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reverse osmosis membrane.>°8

interaction and hydrogen bonding can apparently act either
independently or together. Several studies suggested that
hydrophobic interaction is the predominant one to explain
the removal mechanism.*****° The hydrophobicity/hydrophili-
city of the solute is measured by estimating the partitioning
coefficient (logK,,) and apparent partitioning coefficient
(log D). In general, the log K, values of trace organic molecules
vary between —3 and 7, with a higher value of more than 2
representing the hydrophobic nature of the organic com-
pounds. Kiso et al. studied a sequence of studies to set up a
correlation among logK,,, retention, and adsorption of a
number of aromatic and nonphenolic organic pollutants on
the membrane surface.*'>'*> These studies confirmed that
there is almost no correlation between the removal rate and
log K.+, while a strong correlation exists between adsorption
and logK,,,. In another study, Rakhshan et al. showed lower
removal of several organic pesticides with increasing hydro-
phobicity (log Kqw), which can be better explained by consider-
ing the dipole moments (Debye value) and molecular struc-
ture of the solutes.>*® In a systematic study on the effect of
pharmaceuticals on removal,'®® a competition was identified
between the partitioning coefficient (logK,,) and the pH-
dependent partitioning coefficient (logD). The removal rate
was better explained by logD than log K. Furthermore, mole-
cules containing negatively-charged polar groups including

© 2023 The Author(s). Published by the Royal Society of Chemistry

-C(0)O-, -OH-, -CO-, HCON, CH3;CON, and -O- are rejected
due to electrostatic repulsion force."”> The removal of some
organic compounds such as alcohols, phenols, and carboxylic
acids by the membrane was due to hydrogen bond formation,
which increased with the reduction of solution pH, which was
due to the increase in the H-bond forming ability at a lower
pH.?>'*?*" The increase in the hydrogen bond formation ability
results in lowering the diffusion across the membrane, which
results in a lower removal rate due to subsequent flux decline.
It was also expected that if polar molecules have similar sizes of
membrane pore, it would block the membrane pore due to
hydrogen bond formation, resulting in foulant formation and
also a decline water in flux, thus significantly reducing the
membrane performance.

4.3. Effect of operating parameter

The operating parameters play an important role in controlling
the membrane performance or removal rate. The basic operat-
ing parameters includes crossflow velocity, transmembrane
pressure, temperature, and pH. Although the effect of these
parameters on the membrane performance is not always linear,
these parameters greatly change the removal rate. The respec-
tive literature studies are discussed below.

4.3.1. pH of the feed solution. The role of pH on organic
pollutant removal is a crucial factor and is related mainly to the

Mater. Adv., 2023, 4, 4054-4102 | 4091
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change in the membrane surface charge and surface structure.
This surface change can be estimated by the zeta potential
value. It has been found from previous literatures that increasing
the pH of the feed solution leads to increasingly negative zeta
potential, which represents the deprotonation of surface func-
tional groups and also leads to electrostatic interaction or repul-
sion force with negatively charged pollutants,'**'9>208:221,251,318
Moreover, pore elongation or shrinkage can occur depending
upon the electrostatic interactions between the dissociated func-
tional groups of the membrane. Jin et al. investigated the varia-
tion in the zeta potential value of cellulose triacetate (CTA) FO
membrane at various pH values ranging from 3 to 9 at room
temperature.'®” This investigation showed that the active layer of
membranes was negatively charged, with the zeta potential
becoming more negative at a higher pH, which was due to the
presence of hydroxyl groups in CTA the membrane. Therefore, it
was obvious that increasing the pH of the feed solution signifi-
cantly enhanced the removal rate of negatively charged organic
pollutants (such as naproxen/ibuprofen) due to electrostatic
repulsion; similar results were also observed by Chang.*!° Addi-
tion or blending with polymer containing functional groups
such as -COOH, -OH, -CO-, and -O- significantly enhanced
the negative zeta potential value.'*>**' Furthermore, during the
removal of heavy metals from wastewater, the addition of some
negatively charged organic materials such as humic acid (con-
taining ~-COOH, -OH) create a HA-metal complex due to electro-
static interaction.>®*'® At higher pH, the zeta potential of the
HA-metal complex increased causing electrostatic repulsion
between the complex and negatively charge membrane, which
increases the removal rate, as shown in Fig. 10.>°" But, in case
of heavy metal removal from feed solution without organic
materials, changing the pH of the solution resulted in different
ionic forms of that individual ion, resulting in a variation of the
removal and adsorption rates. For instance, at acidic pH range,
the hexavalent chromium was present in the form of chromic
acid (H,CrO,) and as the pH increases, it converts to acid
chromates (HCrO, ) and with further increase in alkaline pH,
it gets transformed to chromates (CrO,>~).**° Thus, under alka-
line condition, the adsorption of chromium ion is less favorable
than that under acidic condition.

4.3.2. Presence of natural organic matter (NOM). A number
of studies has been conducted to investigate the influence
of presence of organic matters in the pollutant removal
rate.>>1?18319321 pDyring wastewater treatment process, in most
of the cases, pollutants are present in surface and ground water
together with natural organic matters (NOM). In general, the
concentration of NOM usually ranges from mg L' to few
hundred mg L™ in the form of autochthonous organic matter
(i.e., proteins (bovine serum albumin), lipids, nucleic acids, and
polysaccharides produced by aquatic organisms) and allochtho-
nous matter (i.e., humic and fulvic acid, alcohols, amino acids,
and carboxylic acids generated from the decomposition of plant
residue).>®2**> Among these NOM humic substances, proteins
(bovine serum albumin) and polysaccharides are the major
organic foulant-creating substances.’***** Humic substance
(HS) is considered to be the major fraction of universal
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negatively-charged organic compound on removal rate of three heavy
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Humic acid = 20 ppm, pressure = 4 bar, contact time = 2 h, rotation
speed = 300 rpm, and Temperature = 25 °C).

component of natural organic matters (NOM) and structurally,
they are low molecular weight refractory anionic macro-
molecules.®*® Moreover, HS are may be both aromatic and
aliphatic substances that consist of carboxylic and phenolic
functional groups and are mostly negatively charged in natural
aquatic environment.>”>*” The presence of HS in the feed
solution significantly influences the membrane performance
and also the membrane fouling-properties.**® A low pH of the
feed solution leads to the reduction of macromolecular configu-
ration of HS due to the reduction of electrostatic repulsion.
This smaller-sized macromolecular-structured HS increased
adsorption on the membrane surface. Moreover, at low pH
near 4, a more thick and dense fouling layer may be formed due
to electrostatic repulsion between HS and the membrane
surface.’® As the fouling rate increases at lower pH of the feed
solution, it is obvious that the membrane performance also
gradually reduces with time. In 1997, Hong and his coauthors
demonstrated that membrane fouling increases with decreasing
solution pH, thus increasing the electrolyte concentration.**®
Bovine serum albumin (BSA), another important NOM, which
is a polypeptide molecule, consists of 583 amino acid residues.
It can bind with metals including Ca®, Na‘, and K" cations
present in the aqueous media due to electrostatic interaction,
thus affecting the membrane performance. Another study reveals
that the presence of Ca®>" ion in the feed solution may bind with
BSA molecules and create an intermolecular bridging of the NOM
molecules and enhance the membrane-fouling rate.**® Moreover,
the hydrophobic side groups present in the exterior of the BAS
molecule can be improved by changing the pH of the
solution.>****! It has been found that at low pH near the iso-
electric point, BSA molecules may contain positively-charged
cations, which may interact with the negatively-charged CA
membrane due to electrostatic interaction, which can block
the membrane pores, significantly reduce the membrane
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performance, and increase the membrane fouling nature.’*°
A recent study showed that in the presence of calcium ion and
pH value at the isoelectric point of the feed solution, fouling
due to BSA was maximized.**® At a pH value lower and higher
than the isoelectric point, the water flux was found to be almost
similar, which is an indication of low membrane foulant
formation. Moreover, the presence of alginate (a polysacchar-
ide) as the co-foulant also enhanced BSA fouling on the RO
membrane. The gradual increase in fouling can be due to
hydrophobic interactions between BSA and alginate, known
as foulant/co-foulant adhesion force.

Previous literature also suggests that there is a dependence
of HS on both organic and inorganic pollutant removal, which
mostly depends on the complexation or electrostatic inter-
action between the pollutants and HS molecules. Inorganic
pollutant-containing positive charge such as all heavy metals
may form a comple due to electrostatic interaction with -COOH
and -OH groups of HS molecules and form a larger complex
compound and cannot pass through the membrane surface
(higher removal rate). Moreover, the electrostatic repulsion
between the negatively-charged complex and negatively-charged
CA membrane also enhanced the removal rate. Furthermore, in
case of organic pollutants, organic compounds may be agglom-
erated and be easily separated by the membrane. For that reason,
a majority of published articles agree on the fact that the
retention of organic and inorganic pollutants in the CA-based
membrane system tends to increase in the presence of organic
matters.””"*'® In 2019, Lavanya et al. investigated the influence of
humic acid (HA as organic matters) on the removal of three heavy
metals Pb**, Cd**, and Cr®* and HA (as organic pollutants).>”!
This study showed that the addition of organic matters signifi-
cantly improved the metal removal rate from 68.9, 47.57, and
10.12% to 88.12, 87.67, and 28.10% of Pb**, Cd*", and Cr°’,
respectively. Although the addition of negatively or neutral
charged organic matters exhibited improved removal rate, they
may block the membrane pore, which reduces the membrane
performance over time.*"?

4.3.3. Transmembrane pressure and pure water flux.
According to the solution-diffusion theory,>°®*** the solute
removal rate is increased at higher water flux, whereas the
smaller removal took place at lower flux. But, with the incre-
ment of a certain amount of pressure, the removal rate signifi-
cantly reduced due to significant internal concentration
polarization (ICP).>** Ahmad et al.>** found linear correlation
among applied pressure, permeate flux, and removal of two
pesticide (dimethoate and atrazine). In this study, two times
permeate flux increment was observed when the operating
pressure was doubled from 6 to 12 x 10> Pa, which also
enhanced the removal rate. Meanwhile, pesticide concentration
in the feed solution exhibited no or little impact on the
permeation flux. In another study, the effect of pressure on
pesticide separation was negligible in the case of a high
desalting membrane, but for polar pesticides, the removal rate
was significantly increased with pressure.”®® Arthanareeswaran
et al. systematically investigated the influence of addition of
polymerasic additive (PEG 600) and various transmembrane
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pressure (69, 138, 207, 276, 345, and 414 kPa) on membrane
pure water flux.”’® The similar correlation between pressure
and water flux was observed while water flux was increased with
the addition of PEG 600 concentration up to 6.25%, after which
the flux value was significantly declined. The reduction of water
flux was due to the aggregation of the polymer blend, resulting
in lower membrane pore percentile.

Similar to organic pollutant removal, heavy metals removal
rate also showed similar relation with transmembrane pres-
sure, but the removal mechanism is completely different.**°
This finding was in agreement with the study performed by
Boricha et al.,**° where the removal of chromium and copper
ions were increased (increased linearly) by ~23 and ~15%
respectively, from 0.4 to 1 MPa. The linear increment was due
to negligible ionic concentration polarization in the membrane
cell in this pressure range. Increasing both transmembrane
pressure and feed flow rate significantly increased the removal
efficiency of both chromium and copper ion. Under optimum
operating conditions of 1 MPa transmembrane pressure and
16 LPM feed flow rate, 83.40% chromium and 72.60% copper
were removed.>*°

4.3.4. Temperature. Among all other operating parameters,
the temperature of the draw solution and feed solution plays an
important role in influencing the membrane performances as it
has direct influence on the thermodynamic properties such as
diffusion coefficient and viscosity.>*® In general, increasing the
operating temperature is likely to increase the solute diffusivity,
thereby positively influencing the water flux, while the solute
removal efficiency is significantly reduced (more solute can
pass through the membrane).**> Moreover, increasing the feed
temperature led to a decrease in the solution viscosity, which
significantly enhanced the mass-transfer coefficient. Further-
more, increased temperature may also lead to an increment in
the membrane pore size and molecular cut-off (MWCO), which
also explains the reduction in the removal efficiency and the
increase in the fluxes.**® In 2010, Boricha et al. fabricated N,O-
carboxymethyl chitosan/cellulose acetate blend nanofiltration
membrane and investigated the effect of feed temperature in
the range of 30-80 °C on the removal of chromium and
copper.®?® Increasing the temperature of the feed solution, a
linear decrease in the percentage removal of both chromium
and copper ions was obtained. Shibuya et al. showed the
temperature dependence on osmotic-driven membrane perfor-
mance of cellulose triacetate toward osmosis hollow fiber
membrane and found 1.7 times increase of pure water flux at
35 °C than that measured at 15 °C owing to the higher osmotic
pressure, salt diffusion coefficient, and lower water viscosity.**’

In recent study, Xu and his coauthors investigated the
influence of temperature on the retention of charged and
neutral pharmaceuticals and personal care products on the
nanofiltration membrane.**® They showed that the removal
rates of positively and neutrally charged micropollutants
decreased with temperature increased, which was mainly due
to the steric hindrance effect. In the case of negatively charged
micropollutants, temperature had a negligible effect, which was
possibly facilitated by the co-function of both electrostatic
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repulsion and steric hindrance effect. Similar phenomena were
also reported by Zhou et al.>*® and Hawari et al.**°

5. Future prospects

The demand for ecofriendly and cost-efficient membranes to
remove various organic and inorganic pollutants from waste-
water has significantly increased. We have covered the current
research that suggested CA-based membranes are an efficient
option for removing contaminants. However, there are obsta-
cles inhibiting the widespread industrial deployment of this
unique technology because of the problems and difficulties it
encounters. We recommend the following next research direc-
tions to maintain the commercial viability of the developed
CA-based membranes for water treatment and to enhance
environmental sustainability and safety.

e The previously reported studies have focused on the
extraction of cellulose from agricultural residues. Here, pre-
treatment is a necessary step to separate cellulose in the purest
form. All the research works applied chemical pretreatment as
a general process. According to Table 1, the extracted cellulose
percentage using the same chemical pretreatment process is
not high enough for every lignocellulosic raw material. Hence,
other options for pretreatment must be investigated to get the
optimum separation of pure cellulose. Besides, for the acetylation
purpose, different green synthesis routes have been approached
by recent works using ecofriendly reagents. But the performance
efficiency obtained in laboratory experiments may not be the
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same as in industrial setups. Many complications that can arise
under industrial conditions must be studied to implement the
green approach of CA synthesis realistically.

e Attention must also be given to developing CA-based
membranes with improved thermal, mechanical, and chemical
stability. From Table 2, it is evident that the phase-inversion
technique has been used in maximum cases, whereas the
electrospinning method can be a potential alternative with a
better outcome. Moreover, for industrial applications, precau-
tions must be taken in designing the membrane fabrication
process because the performance efficiency can be altered
under different industrial conditions.

e As previously discussed, one of the greatest problems of
using CA membrane is their lower mechanical properties
(tensile strength and elongation), gradual decrease of membrane
performance (lower stability), and higher degradation rate com-
pared to other synthetic polymer such as PAN, PVDF, PES, and
PSF. The addition of inorganic nanoparticles (titanium oxide
(TiO,), zinc oxide (ZnO), copper oxide (CuO), graphene oxide
(GO), silver (Ag), MXene, or graphitic carbon nitride (g-C;N,)) into
the cellulose acetate (CA) membrane surface may lead to an
increase in the mechanical, thermal, and chemical stability of the
membrane.?**** The incorporation of nanoparticles or nano-
fillers up to a certain limit in the matrix leads to photocatalytic
activity, which enhances the self-cleaning abilities and endows
the membrane with powerful cycle stability and reusability. The
simple photodegradation of organic pollutants on the nano-
particle surface (g-C;N,) is shown in Fig. 11d. For better photo-
degradation performance, nanoparticle doping with metal or

b)
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Fig. 11 A scheme proposed diagram of functionalized CA membrane-based wastewater treatment process;

(a) single column with multiple

compartment; each compartment composed of a F-CA/polymer with oppositely-charged adsorbent, (b) series of columns with single compartment
composed of a F-CA/polymer with oppositely-charged adsorbent; (c) simple representation of pollutant removal from wastewater; and (d) proposed
photodegradation mechanism of organic pollutant on the adsorbent surface embedded with nanoparticles (g-CzNy,).
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nonmetals is another approach that enhances the self-cleaning
ability by lowering the band gap energy, thus leading to absorp-
tion of visible wavelength of solar radiation (act as visible-light
photocatalyst). Moreover, the addition of nanoparticles or nano-
fillers such as MXene or g-C;N, may create an interlayer-free
space, which significantly increases water flux and water perme-
ability. More interestingly, to the best of our knowledge, no
available report has been published ondoped nanoparticle-
based CA membrane used for wastewater reclamation system.
Moreover, in the literature, a few studies have been done on
membrane stability, which is a major requirement for long-time
practical application. This stability also depends on the proper
dispersion of nanoparticles. Inappropriate incorporation may
result in the leaching of inorganic nanoparticles, which can
impact our environment. For this reason, much attention should
be given in the area. However, one of the major concerns during
membrane modification with nanoparticles is the possible leach-
ing of this nanoparticles and thus contaminating the source
water. In these cases, these leached nanoparticles may create
secondary pollution, and some cases pose health risk to the
aquatic environment.>***** For this reason, during selection, the
nanoparticle leaching rate and their cytotoxicity effect on the
local environment should be carefully analyzed. A recent study
showed that introducing a polishing step before membrane
(nanoparticle incorporated) application for water reclamation
can remove potentially leached nanoparticles.**°

e As we know from several literatures, lower surface charge
(lower zeta potential value) and lower mechanical properties of
pristine CA membrane make them unsuitable for practical
applications (due to lower removal efficacy). Surface modifica-
tion (functionalization) and/or blending with polymer/poly-
mers are the best options for their practical applications.
In the literature, most researchers focused their attention on
any one of them, but blending functionalized CA with another
polymeric matrix (having excellent mechanical properties) may
be another research window. In this review, we proposed two
column types of functionalized electrospun CA (F-CA) coupled
with other polymer (enhance mechanical properties) mem-
branes termed as F-CA/polymer for wastewater treatment.

a. Single column with a series of compartments. Each
compartment should have a functionalized CA membrane
with oppositely charged adsorbents, as shown in Fig. 11a. For
example, if the first compartment contains a negatively-charged
F-CA/polymer membrane, in that case, the adsorbent must be
positively charged. Negatively-charged pollutants (e.g. proteins,
colloids, and foulants) are separated due to electrostatic repul-
sion by the negatively-charged F-CA/polymer membrane, and
separated pollutants are absorbed on the positively-charged
adsorbent. Similarly, positively-charged pollutants (metallic
ions, positively-charged proteins) can be removed in the com-
partment of positively-charged F-CA/polymer membrane and
negatively-charged adsorbent.

b. Series of columns with single compartment. Each column
should have a functionalized CA membrane with oppositely-
charged adsorbents, as shown in Fig. 11b. In this system, the
feed solution initially passes through the first column, where a
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F-CA/polymer membrane with an oppositely-charged adsor-
bent removes the pollutant having the same charge of the
membrane. Oppositely-charged pollutants can be removed in
the second column. A series of columns can be used for better
performance.

Moreover, the addition of several nanoparticles (g-C3Ny,
MXene, and GO) on the surface of the adsorbent under solar
radiation results in the photodegradation of organic pollutants;
thus, adsorbents can be used for a long time. However, it
should be noted that the presence of nanoparticles could
degrade the membrane surface, leading to a gradual decrease
in membrane performance.

6. Conclusion

One of the imposing challenges to be overcome in modern
society is to secure adequate water resources of desirable
quality for various designated uses. To address this challenge,
membrane water treatment is expected to play an increasingly
important role in areas such as drinking water treatment,
brackish and seawater desalination, and wastewater treatment
and reuse. For satisfying these requirements, several highly
efficient advanced treatment technologies have been devel-
oped. Among them, membrane technologies have achieved
much more attention from researchers and technologists due
to their outstanding performance, easier operation, longevity,
and reusability after a simple back flush/wash (simple washing
process). Moreover, the use of developed green, biodegradable,
environment-friendly biopolymer-based membranes is also
another imperative criterion that can mitigate environmental
pollution. In this review, we briefly retrospect the development
of natural biopolymer cellulose acetate-based membranes and
their application in wastewater treatment, including the state-
of-the-art of other commercial polymeric membranes. The
greatest advantages of using CA membranes can be justified
by the abundant naturally available raw materials, easy synth-
esis procedure, easy modifiability, and minimum impact on the
environment (complete biodegradability), which are limited in
the case of synthetic polymers such as polysulfone, polyether
imides, and polyvinylidene fluoride. However, in the context of
life-cycle, mechanical stability, and performance (lower water
flux, higher antifouling properties, etc.), the biobased polymers
are not suitable for long-term practical application. Those
drawbacks can be easily solved by any four of the followings:
(a) blending with another polymer; (b) functionalization;
(c) incorporation of nanoparticles or nanofillers; and (d) cross-
linking. After compaction with any of these, mixed matrix
membranes offer the synergistic effect of the individuals:
enhanced separation performance, fouling resistance, and
mechanical stability for filtration applications. But it should
be noted that most of these studies were based on laboratory-
based, but very few reports exist on large-scale production and
industrial application. More research is needed to evaluate the
cost-effectiveness of large-scale industrial applications. More-
over, to date, there is almost no study based on the compaction
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of all four solutions (as mentioned above) in a single
membrane system. Although each of the above solutions pos-
sess several limitations, extensive research should be done in
these directions to find the optimum composition and operat-
ing conditions to improve the performance as well as the
longevity of the membrane.
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