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An Introduction to Membrane-Based
Systems for Dye Removal

Sana Saif, Tania Saif, Muhammad Arshad Raza, Gulzar Muhammad,
Muhammad Mudassir Iqbal, Nabeel Ur Rehman,
and Muhammad Ajaz Hussain

Abstract Despite significant contributions to the country’s economy and human
necessities, the textile industry consumes large quantities of dyes with the discharge
of excessive deleterious dye effluents. The wastewater contaminated with dyes if not
treated afore discharge poses serious intimidations to the environment and human
health. The presence of dyes in untreated wastewater has grown into an emergent
apprehension for scientists. Therefore, there is a calamitous prerequisite to discharge
wastewater after treatment using different environmentally benign physical, chem-
ical, andbiological technologies. The chapter emphasizes the treatment ofwastewater
dye effluents with membrane-based technologies such as microfiltration, ultrafiltra-
tion, nanofiltration, reverse, and forward osmosis. Recent trends in the aforesaid
techniques with the benefits and drawbacks have also been reconnoitered in detail.
The critical analyses regarding the comparative efficiency of the membrane-based
approaches for dye removal fromwastewater have been explored systematically. The
chapter will widen the industrial applications of membrane-based technology with
cost-effectiveness, and performance in the future.
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1 Introduction

Water is a crucial element in nearly all activities of humankind. However, the continu-
ously increasing human population is producing tons and tons of wastewater from the
industrial sector. The ever-increasing need for water has expedited intense competi-
tion and unfair distribution of water among all the sectors. Consequently, developing
countries are suffering from a lack of potable water, and agricultural activities are
positively affected due to the unavailability of enough water for irrigation and live-
stock production [1]. Among the industries, the textile industry contributes signif-
icantly to economic growth by providing exports, employment opportunities, and
industrial production with excessive consumption of water for processing, which
led to the production of wastewater. Industrial wastewater consists of a tremendous
amount of heavy metals, soluble salts, organic dyes, and suspended materials and is
purified using primary, secondary, and tertiary treatments. However, recent studies
disclosed that the water treated through the methods described above could not get
the effluent quality standards. So, there is a need to develop cost-effective strategies
for dye effluent treatment [2, 3].

In this vein,membrane technology has emerged in the last two to three decades due
to its benefits in wastewater treatment. The significant reduction in energy require-
ment, equipment size, and cost-effectiveness are the key features of membrane tech-
nology. The membrane technology can be used as a bridging technique between the
economic and sustainability gaps. Moreover, it is an easily accessible technique that
has proved an environmentally friendly method for wastewater treatment [4]. The
most commonly employed membrane processes are microfiltration (MF), ultrafiltra-
tion (UF), nanofiltration (NF), and reverse osmosis (RO) [5]. Depending upon the
nature of wastewater, there is always space for advancement in energy, efficiency,
and technical skill requirements. There are continuous modifications in membrane
modules to reduce membrane fouling, a widespread problem in membrane oper-
ations. The implementation of membrane technology combined with other forms
of technologies such as adsorption or coagulation is being explored in various
wastewater treatments [6].

Dyes are highly complex organic compounds that are used for coloring substances.
The dyes are expelled into freshwater sources from leather, rubber, textile, cosmetics,
and paper. The dye-containing wastewater is highly contagious to the environment
andhumans. Someof the dyes caused eye irritation, cancer, and skin problems.There-
fore, many researchers are continuously developing such separation methods that
remove these dyes from industrial wastewater [7]. This chapter focuses on trending
membrane technologies for dye removal. The chapter starts with an introduction to
membrane filtration for dye removal. Then membrane technologies for dye removal
from wastewater such as MF, UF, NF, FO, and RO have been discussed. Recent
research work accomplished by researchers to estimate the capability of membranes
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in water treatment has also been discussed. Later on, membrane-based bioelectro-
chemical cells have been explained. The advantages and limitations of membrane-
based systems are also described. Finally, the perspectives toward the development
of membrane-based technologies have been addressed.

2 Membrane Technology for Wastewater Treatment

Traditional methods such as bleaching with chlorine, ozonation (ozonization), and
the use of H2O2/UV cannot remove residual dyes, organic solids, and inorganic salts.
Membrane technology is a developing separation technique finding various appli-
cations in processing and recycling wastewater. Membrane operations have shown
great potential in the rationalization of purification systems.The innate characteristics
of higher selectivity, operational simplicity, permeability for specific components,
and reasonable stability requirements under a wide range of environmental compati-
bility and operating conditions have been confirmed in various applications [8]. The
preliminary stages remove colloidal particles, suspended materials, and large impu-
rities from wastewater. Secondary biological treatments oxidize organic materials
considerably. However, the water still contains dyes and inorganic salts, as indicated
by biochemical and chemical oxygen demand. The tertiary treatments usually cannot
remove the unwanted substances from the wastewater. Hence, the quality of water
remains low.Many techniques have been suggested to remove dissolved solids, dyes,
and organic matter.Most of them are not much efficient and cost-effective. A realistic
solution, namely, membrane technology was offered in this sense [9].

As the name suggests, membrane technology uses membrane as a barrier to sepa-
rate dyes and solid materials from wastewater by applying a suitable pressure. The
choice of an appropriate membrane technology highly depends on membrane pore
size, the shape of the membrane, the composition of the membrane, and the dyes’
nature. The pore size decides the removal of salts and other materials. Depending
upon the pore size, the membrane technology is classified into four types; MF, UF,
NF, and RO [10, 11]. The solids/particles of size up to 500 Å are removed using
MF. In contrast, UF removes inorganic salts/organic solids of size up to 30 Å. Simi-
larly, NF eliminates inorganic salts/organic solids of size 10 Å, and RO removes
inorganic salts/organic solids of size 1.0 Å. Different membrane techniques operate
under other pressure conditions and applied pressure increases due to the decrease in
pore size substantially fromMF to RO. All these four processes are generally termed
as ‘Cross-flow Filtration’ [12]. Four different configurations of filtration devices are
commonly used: tubular module, plate and frame module, hollow fiber module, and
spiral wound module. The first two are not employed for water treatment, while the
other two are used for both water and wastewater treatment [13].
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2.1 Microfiltration

This technique is not usually practiced in wastewater treatment as it exhibits a close
resemblance with conventional filtration methods. It is a low-pressure membrane
process that separates suspended particles or colloidal matter. The membranes in
MF usually have a pore size of 0.1–10 µm, and the filtration is positively affected
within 2 bar pressure [14] that caused the restricted implementation of MF in purifi-
cation processes. The method is mainly employed to remove colloidal dyes while
unconsumed auxiliary chemicals, soluble contaminants, and dissolved organic pollu-
tants are easily escaped through the membrane (Table 1). Hence, the technique is
seldom used as an independent treatment for the decontamination of wastewater [15].
In hybrid systems, MF is used as a pre-treatment step to complement the connected
processes that target soluble components and dyes but fail to remove suspended
particulates. However, MF membranes are currently being used as wastewater treat-
ment methods. Reference [16] used the phase inversion method to prepare polyether-
sulfone membranes and silver nanoparticles by chemical reduction of AgNO3 in an
aqueous solution that was impregnated into MF membranes. The membranes with
different pore sizes confirmed the presence of silver in the transversal section. The
membrane showed antimicrobial activity against Pseudomonas fluorescens using
the bacterial count method. The membrane was secured to have great potential for
water treatment [16]. Reference [17] prepared the graphene oxide quantum dots
by the hydrolysis of citric acid. Subsequently, the dots were successfully immo-
bilized into (3-aminopropyl) triethoxysilane functionalized alumina membranes
through covalent bonding. The membranes showed improved water permeability
with reduced membrane resistance and pure water flux depending upon pore size,
surface roughness, and hydrophilicity [17].

2.2 Ultrafiltration Membrane

The membrane separation process is used to separate colloids and macromolecules
froma solution; solutes left behind have few thousandDaltonsmolecularweights [26,
27]. The pore size of UF lies between 0.1 and 0.001 microns and needs low pressure
than RO and NF (Fig. 1). Thus, it is more convenient and economical. However,
a large pore size can cause low rejection [28]. UF membranes require less energy
than water filters to remove suspended matters, macromolecules, and pathogenic
microorganisms [29]. The significant use of UF membrane is in the textile industry
for the treatment of dyeing effluents. Many studies have shown that a considerable
amount of knitting oils anddyes is removedbyUFwith the reuse and recovery ofmore
than 90% treated dye from wastewater (Table 2). The method has its application in
recycling insoluble andhighmolecularweight dyes (e.g., disperse, indigo),water, and
auxiliary chemicals (polyvinyl alcohol). Nonetheless, the limitation is that soluble
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Table 1 Synopsis of various studies performed on the applicability of MF in wastewater treatment

Membrane process Membrane structure Application in water
treatment

References

Tubular ceramic MF
membrane

Mullite, mullite–zeolite,
mullite–zeolite-activated
carbon membrane

Oily wastewater
treatment

[18]

Natural MF membrane Natural cellulose MF
membrane

Oil or water
nanoemulsion separation

[19]

Modified MF
membranes

MF membrane
modification with cationic
polymer polyethyleneimine

Virus reduction in
drinking water

[20]

High flux MF
membrane

MF membranes with silver
nanoparticles

Disinfection of water [16]

Flat sheath MF
membrane

Hydrophobic hollow fiber
MF membranes
hydrophilized with
polyvinylpyrrolidone and
persulfates and
functionalized with
polyacrylic acids and Fe/Pd
nanoparticles

Water purification [21]

Ceramic MF
membranes

Ceramic MF membranes
with graphene oxide
quantum dots immobilized
onto (3-aminopropyl)
triethoxysilane
functionalized alumina
membranes

Enhanced water
permeability with high
water flux and low
membrane resistance

[17]

MF membrane Nanofibrous composite MF
membranes

Removal of the heavy
metals and nanoparticles
from industrial
wastewater

[22]

MF membrane MF membrane–RO
integrated system

Bacterial growth
inhibition in wastewater

[23]

MF membrane Ceramic MF membrane Oily wastewater
treatment

[24]

MF membrane Fly ash-based MF
membranes

Oil–water emulsion
treatment

[25]

low molecular weight dyes such as basic, reactive, and acid are not removed by UF
[30].

The UFmembrane for the treatment of textile wastewater has been investigated to
enhance the membrane’s performance [42]. In an investigation, innovative modules
were engineered for the configuration of flatUFmembranes operating under vacuum.
Polysulfonemembraneswere prepared through the phase inversion process at various
evaporation temperatures. Themembrane effectively removed the contaminants from
wastewater. Moreover, textile waste removal efficiency and contamination variation
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Sand Filtration
10 Microns

Microfiltration
0.1 Microns

Ultrafiltration 
0.01 Microns

Ultrafiltered 
water

Raw Water

Fig. 1 The wastewater treatment using sand filtration, MF, and UF processes. The particles are
removed at each step depending upon the pore size

in the properties were examined [43]. However, traditional polymeric membranes
have limitations because of the less resistance to chemicals like organic solvents, the
basic or acidic nature of the solutions, andhigh temperatures [44].Besides,membrane
technology faces membrane fouling and reduction in permeate flux, resulting in
impaired performance and economic loss. Here, the need to introduce a hybrid
process occurs, where the pre-treatment method, i.e., flocculation, is followed by
UF. The evolutions inmembrane technology have helped inmodifyingmembranes to
show good resistance to fouling by introducing advanced characteristics in the tradi-
tional UF membranes [45]. Furthermore, the replacement of polymer membranes
with a ceramic membrane in pre-treatment of UF exhibits more excellent perme-
ability rates in addition to other advantageous properties like thermal, chemical, or
mechanical stability [44].

Organic dyes present in wastewater are removed by a practical process called
Micellar-enhanced ultrafiltration. Different studies have proved the process as a suit-
able technique for retaining metal ions, organic contaminants, and anions; however,
it has no applications on a larger scale or industrial level. The method proceeds
by adding a surfactant to an aqueous solution containing pollutants, having a
high concentration compared with critical micelle concentration (Fig. 2). Conse-
quently, the micelle formed by the surfactant molecule dissolves inorganic and
organic contaminants [46]. Then the micelles having dissolved solutes are rejected
during ultrafiltration membrane treatment [28].

Reference [39] prepared an Al+3-doped TiO2 UFmembrane in a modified sol–gel
process by utilizing aluminum chloride and butyl titanate as an aluminum source
and precursor. A filtration experiment was used (Fig. 3) to investigate Alizarin red-S
removal. A layer of TiO2 sol was formed on a flat homemade Al2O3 intermediate
followed by heating to acquire the desired membrane. Insertion of Al+3 inhibited
phase transformation of nano-sized titanium oxide from anatase to avoid the crys-
tallite growth, causing the pore size of at least 3.5 nm of the separation membrane.
The membrane showed excellent renewability and a reasonable retention rate for the
dye.



An Introduction to Membrane-Based Systems for Dye Removal 7

Table 2 Summary of various studies in dye removal using UF technique

Membrane
process

Membrane structure Permeate
flux L/m2.h

Applications References

UF membrane Hydrolyzed
ethanolamine
polyacrylonitrile
membrane

50–53 The rejection rate
for anionic dyes,
i.e., 99% for Congo
Red, 96% for
Methyl Blue, 94%
for acid fuchsin

[31]

Composite UF
membrane

Polypyrrole/sintered
pozzolan membrane

10.3 ± 3 Congo red dye
removal up to 98%

[32]

Mixed matrix
polysulfone UF
membrane

Functionalized boron
nitride composite

1253–840
L/m2.h.bar

Remove dyes from
aqueous solution
with 98%
efficiency

[33]

UF membrane Polysulphone membrane 133–197.5 Humic acid and
photocatalytic dye
removal 93.47%

[34]

UF membrane Palladium
nanoparticle-decorated
mesoporous
Polydopamine/bacterial
nanocellulose

137.4 Anionic, cationic,
and neutral dyes
removal efficiency
above 99%

[35]

Polymeric UF
membrane

Polyimide UF membrane,
Molecular weight
9320 Da

345 and
305.58

Rejection of 98.6%
toward Direct Red
23 dye

[36]

Ceramic UF
membrane

Bentonite clay
Pore size 13 nm

30 Rejection of Direct
Red 80 dyes (97%)
and Rhodamine B
(80%)

[37]

Ceramic UF
membrane

Purified natural clay 14–16 Red 80 dyes
removal 97–99%

[38]

Tight UF
membrane

Al+3-doped TiO2 9.6 Dye removal [39]

Tubular UF
Ceramic
membrane

Immobilization of
titanium NPs on
macroporous
clay–alumina support,
Pore size 50 nm

70 Rejection of
Alizarin Red dye
retention rate ≥
99%

[40]

TiO2 UF
membrane

Natural bentonite and
micronized phosphate,
pore size (1.8 µm)

725 ± 2
L/m2.h. bar

Dye removal [41]
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Fig. 2 Schematic representation of Micellar-enhanced UF setup using surfactant for the formation
of micelles in dye removal

Reference [37] reported the spin-coating method followed by heating for synthe-
sizing low-cost ceramic UF membrane deposited on perlite support. A tangen-
tial filtration experiment was carried out using stainless steel laboratory pilot on
three various membrane samples. The membrane removed the cationic dye, i.e.,
Rhodamine B, and an anionic dye, i.e., Direct Red. The rejection for both dyes
was explained by the sieving and electrostatic interactions between dye molecules
and membrane surfaces. Consequently, filtration results showed that the ceramic UF
membrane was helpful for wastewater treatment regenerated from textile effluents.
The setup for UF has been shown in Fig. 4.

2.3 Nanofiltration Membrane

Another developed membrane technology applied for multiple wastewater treatment
applications is NF. It was noted that NF is approved to be a promising separation
technology to oust previously used techniques, particularly in dye removal [47]. NF
membranes have charge and pore size in a range of 0.5–2.0 nm in diameter, making
them highly efficient in dye removal (Table 3). The NF membrane-based technology
has been placed between RO and UF. Moreover, NF has the advantage over RO
and UF regarding relatively low operational cost and osmotic pressure difference,
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Fig. 3 Schematic diagram of the experimental dead-end apparatus for filtration experiment for
determination of water permeability. Reprinted with permission of Elsevier from ref. [39]

and high retention of multivalent salts and permeate flux [28]. A low-pressure range
between 500 and 1000 kPa is required for the proper working of NF membrane,
enabling low detention of monovalent ions, which increases the opportunity and
horizon for reuse and slow brine desertion, thus causing high solute selectivity. The
steric and charge repulsion is the reason to cause rejection of species inNFmembrane
[48].

Other important NF membrane attributes include retaining uncharged dissolved
solutes, i.e., organic molecules with a molecular weight greater than 150 Da, high
solvent permeability, ease of chemical cleaning, and tendency to stand the high
temperature 71 °C, which minimize the energy usage [59]. Zhong et al. prepared
two positively charged NF membranes through ultraviolet insertion on sulfonated
polyphenylene sulfone under UV exposure. The membrane shows high rejection for
positively charged dyes than negatively charged.

Reference [50] reported the use of para-amino benzoate ferroxane nanoparti-
cles as the primary functional nanoparticles through the phase inversion method to
enhance the polyethersulfone NF membrane’s performance. Later, dead-end perme-
ation experiments (Fig. 5) were performed through a dead-end filtration setup with
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Fig. 4 UF pilot scheme (consisting of the fuel tank; 3L, membrane housing; filtering surface area
of 5.3 cm2, circulation pump, and pressure gauges). Reprinted with permission of Elsevier from
ref. [37]

an effective membrane area and volume capacity of 12.56 m2 and 125 mL, respec-
tively, to assess themembrane permeation performance, dye removal, and antifouling
resistance behavior.

Reference [54] investigated that the NF process utilizing a commercial spiral-
wound polyamide nanofilter can effectively remove dyes from contaminated water.
Different factors, i.e., disperse dye concentration and pH, affect the removal of dyes
through polyamide NF membrane in a cross-flow module. The diaphragm pumps
were equipped with NF experimental setup, and a feed tank with effluents supply to
the system, and a 60 L storage capacity.

2.4 Reverse Osmosis

The semi-permeable spiral woundmembrane is used to remove solvated solids, pyro-
gens, bacteria, colloidal matter at submicron level, organics, and dyes from wastew-
ater RO [60]. The process has industrial usage in removing salts and colors from
solutions, supplying deionized water. Moreover, attaining concentration and sepa-
ration without any change in state, thermal energy, and chemical use benefits this
membrane-based process [61]. RO membrane has a tight pore size in comparison to
UF membrane, converting hard water into soft water, and they can remove organics,
particles, and bacteria by requiring less maintenance. RO system has many applica-
tions in groundwater treatment, reclamation of wastewater, distillery spent washes,



An Introduction to Membrane-Based Systems for Dye Removal 11

Table 3 Different studies using NF technique in dye removal

Membrane Composition Permeate flux
L/m2.h

Application References

Polyamide-based
NF membrane

4,4’-Diaminodiphenylmethane,
surface roughness, pore size
5.08 nm

36.8 Congo Red
dye removal
with a
rejection rate
of 99%

[49]

High flux NF
membrane

Para-amino benzoate,
ferroxane nanoparticle

64.2 kg/m2h Dye removal
(98.42% for
methylene
Blue and 99%
Direct Red
16)

[50]

Loose NF
membrane

Cross-linkage of tannic
acid-polyethyleneimine

40.6
L/m2.hbar−1

Salt and dye
mixture
Separation

[51]

NF membrane Polyethyleneimine-modified
membrane

– Dye removal [52]

Nanofiber
composite
NF membrane

Coat of calcium alginate
hydrogel on electrospun
polyhydroxybutyrate/carbon
nanotubes nanofiber membrane

150.72 Dye removal [53]

NF membrane Polyamide nanofilter
membrane

– Removal of
anthraquinone
dye from
binary
solution

[54]

Positively
charged loose
NF membrane

Polymerization (UV induced)
of diallyl dimethyl ammonium
chloride on polysulphone NF
membrane

60 Dye and salt
removal

[55]

NF membrane Introduction of poly
(m-phenylene isophthalamide)
hollow fiber substrate in poly
(piperazine-amide)

104.13 ± 0.70 97% dye
removal
efficiency

[56]

NF membrane Highly permeable
polyelectrolyte/UiO-66 NF
membrane

102 99.9%
rejection of
Congo Red
dye

[57]

NF membrane Modification of synthetic
polyethersulphone NF
membrane with magnetic
graphene oxide/metformin
hybrid

13.2–33.3 Heavy metals
and dye
removal

[58]
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Fig. 5 Schematic diagram of dead-end permeation setup (volume capacity; 125 mL, effective
membrane area; 12.56 m2). Reprinted with permission of Elsevier from ref. [50]

recovery of phenol compounds, seawater RO treatment, and in the beverage industry,
which shows their efficiency [62]. RO membranes are expensive and are also prone
to fouling thus, affecting the membrane performance. Therefore, trans-membrane
pressures (≥2000 kPa) are mandatory to maintain proper permeates flux, which is
again very economical [63].

2.5 Forward Osmosis (FO)

Forward osmosis is a built-in phenomenon where the movement of solvent from a
low concentration region to a high concentration region occurs through a permeable
membrane (Fig. 6) [64]. In the membrane, a highly concentrated draw solution helps
establish a concentration gradient to draw water molecules from the feed solution
[65]. The method has high efficiency with low brine production and is studied world-
wide due to its ability tomitigate water problems; however, recovery of draw solution
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Fig. 6 Illustration of FOmembrane carrying water from feed solution to draw solution through the
osmotic gradient

for desalination process is expensive; therefore, RO and NF are used for regeneration
of draw solution [66].

3 Membrane-Based Bioelectrochemical Cells

Bioelectrochemical systems utilize microbial catalysts for the treatment of wastew-
ater. However, clean water production using aforesaid stand-alone systems is very
challenging. To meet the challenges, membrane-based technologies for treating
wastewater, like forward osmosis, pressurized filtration (e.g., UF), electrodialysis
(ion-exchange membranes), have been integrated into bioelectrochemical systems
(Fig. 7). New systematic arrangements such as microbial desalination cells (MDCs),
pressurized filtration-microbial cells (PF-MFCs), and osmotic microbial fuel cells
(OsMFCs) are developed as a result of the integration [67]. The systems such as
OsMFCs and MDCs have been developed to remove salinity. Desalination tech-
nology based on ion-exchange methods, i.e., electrodialysis and bioelectrochemical
techniques, was combined to form MDCs, desalinating water and producing energy
from wastewater [68]. Similarly, forward osmosis was hybridized with the bioelec-
trochemical system to create OsMFCs [69]. Finally, pressurized filtration systems
(dynamic membranes, UF, and MF) have been combined with bioelectrochemical
systems to form PF-MFCs for cleaning wastewater [70].
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Fig. 7 A precise description of a bioelectrochemical system together with membrane-based
technologies for desalination and water treatment

3.1 Microbial Desalination Cell

In MDCs, a supplementary chamber is added between the cathode and anode cham-
bers, usually not present in the conventional MFCs to desalinate saline water [68].
Anion and cation exchange membranes separate the compartments in the MDCs.
Degradation of organic compounds into protons and electrons takes place in an
anode chamber. Transfer of the electrons into the cathode electrode is done through
external circuits that are then used to reduce electron acceptors present in the cathode
chamber. Simultaneously, as an electron system, to balance the microbial desalina-
tion cell system’s net electric charge, the cations and anions present in the chamber
are transferred to cathode and anode chambers across cation and anion exchange
membranes, respectively. Bacteria play a crucial role in understanding the transfer
of electrons. They are employed to oxidize organic matter present in wastewater
and convert chemically stored energy in organic matter into electrical current. The
desalination of water takes place without using any external energy source, and
simultaneously, electricity is generated through MDCs (Fig. 8) [71].

3.2 Osmotic Microbial Fuel Cell

The ability of MFCs to clean water has been improved by combining the MFC
system with the FO process. The integrated system is composed of cathode and
anode chambers, just like conventional two-chambered MFC. Still, in OsMFC, a
forward osmosis membrane is used to divide the chamber instead of an ion-exchange
membrane (Fig. 9). InOsMFCs, the anode in the anode chamber is providedwith elec-
trochemically active bacteria supplied within organic wastewater of low conductivity
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Fig. 8 Schematic diagram of microbial fuel cell for desalination without requiring any external
energy source. Reprinted with permission of Elsevier from [67]

Fig. 9 Schematic diagram of osmotic microbial fuel cell combined with forward osmosis process
to strengthen MFCs ability to clean water. Reprinted with permission of Elsevier from ref. [67]

than feed solution. A highly concentrated saline solution is supplied to the electrode
within the cathode chamber, usually referred to as draw solution. The applications
of OsMFCs include either reuse of water by additionally requiring reconcentration
and recycling of draw solution or desalination of water [69].
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Fig. 10 Schematic diagram of pressurized filtration–microbial fuel cell representing water
permeation due to applied pressure. Reprinted with permission of Elsevier from ref. [67]

3.3 Pressurized Filtration–Microbial Fuel Cells

According to the configuration of reactors and type of filtration membrane installed,
PF-MFCs have been known as bioelectrochemical membrane reactor [72], MFC
membrane reactor [73], UF microbial fuel cell, electrochemical membrane biore-
actor, and anaerobic membrane electrochemical bioreactor [74]. However, they all
have the same principle. Except for the filtrationmembrane, a basic PF-MFCconfigu-
ration is the sameas that of a traditionalMFC(Fig. 10).Hence, the integrationoffiltra-
tion membrane into microbial fuel cell forming pressurized filtration–microbial fuel
cell (PF-MFC) has developed to produce high-quality effluents. Wastewater treated
by electrochemically active bacteria is provided to the anode compartment after
passing through the porous membrane, such as UF membrane, MF membrane, and
dynamic membranes. Low hydraulic pressure is required for wastewater treatment.
PF-MFCs can remove the volatile suspended solids, bacteria, viruses, and nitrogen.
Hence, a better quality effluent is produced through the cell than conventional MFCs
[75].

4 Advantages and Limitations of Membrane-Based
Methods

The membrane-based processes surpass the traditional methods used for wastew-
ater treatment in most aspects such as desalination and purification. The methods
exhibit a higher efficiency level than conventional methods and are easy to handle
and can produce a good quality yield. Moreover, the membranes operate at ambient
temperature without changing the composition of the product. The water desali-
nation process is successfully employed using membrane-based techniques such
as RO or electrodialysis. The use of either RO or electrodialysis depends on the
water quality, desalination capacity, and energy cost. For surface water treatment,
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Table 4 Advantages and disadvantages of bioelectrochemical systems integrated with membranes

System Advantages Disadvantages

Membrane desalination cell • Function of desalination
• Less carbon footprint
• Less excess sludge
production

• High flexibility of different
types of modified MDCs

• Lack of scale-up study
• Removal of water from draw
solution requires
post-treatment

• Membrane fouling
• Ions accumulation
• Expensive

Osmotic microbial fuel cell • Use for desalination
• Facilitate transport of proton
across FO membrane through
osmotic water flux

• Less excess sludge
production

• Controllable reverse solute
flux

• Usage of naturally produced
osmotic pressure

• No scale-up study
• Expensive
• Ions accumulation in anode
effluents

• Membrane fouling
• Unfavorable nitrogen
crossover across anion
exchange membrane

Pressurized
filtration–microbial fuel cell

• Effluent quality is high
• Less carbon footprint
• Nitrogen removal capability
• Less fouling as compared to
membrane bioreactor

• Less excess sludge
production

• No scale-up study
• Membrane fouling
• Hydraulic pressure is
required for the operation

• Construction cost is high

membrane methods replace carbon adsorption, flocculation, sand bed filtration, and
biological treatment. Although membranes are mostly costly, the quality of water
provided is way better. However, traditional methods combined with membrane
methods can result in cost-effective treatment technologies.

In chemical or petrochemical industries, the implementation of membrane-based
methods does not get long-term reliability. Sometimes, it behaves as an expensive
pretreatment due to membrane fouling and concentration polarization resulted from
interaction with water constituents. Moreover, membranes are not mechanically
robust and can be destroyed easily on a slight malfunction in membrane function.
However, in the last few years due to advancements in the RO processes, especially
for seawater, desalination has improved the overall performance of membranes by
enhancing chemical and thermal stability and reducing operational errors (Table 4).

5 Conclusions

In the last few decades, membrane-based technology has emerged as an evolu-
tionary technique for wastewater treatment. The reduction in energy requirement,
cost-effectiveness, and equipment size makes it sustainable and more economical
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and provides the best alternative for conventional membrane-based methods. The
most commonly employed membrane processes such as microfiltration, ultrafiltra-
tion, nanofiltration, reverse osmosis, and forward osmosis have extensive desalina-
tion and wastewater treatment applications. Moreover, membrane-based technology
integrated with bioelectrochemical systems utilizing microbial catalysts for cleaning
water is more encouraging for wastewater treatment. However, membrane fouling
and sensitivity is a significant limitation in the membrane technologies, and more
developments are demanding to overcome the limitations. Despite the limitations,
membrane technology development can still be considered a revolutionary leap, with
further future advancement and systematic improvements. It will soon be regarded
as the most crowning achievement in wastewater treatment technologies.
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Technical Aspects of Nanofiltration
for Dyes Wastewater Treatment
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Abstract Currently, there are many membrane separation technologies that have
been attracted growing interest in dyes removal from water streams and wastewater.
In this chapter, we focus on nanofiltration (NF). In comparison with the available
membrane techniques, NF is deemed to be the most promising technique due to its
higher dye rejection, lower energy consumption, and higher antifouling properties.
However, the challenge for feasible NF membranes with enhanced permeate flux,
selectivity, and higher antifouling properties is remaining in the commonly used
polymericNFmembranes. Therefore, numerousmethods have been recently adopted
by incorporating specific fillers into the polymeric membranes to fill in these gaps.
We investigate the recent types of NF modified membranes based on their merits
and limitations. Furthermore, the models of spiral wound NF for dyes removal are
presented to explain the underlying mechanisms. Hence, this chapter may help the
decision-makers to select the suitable membrane technology for the dye treatment
removal using NF-based membranes.
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1 Introduction

Water pollution and water shortage are environmental issues that are facing the
world. One of the major sources of water pollution is wastewater effluents [33, 39].
Dyes are not only used and discharged in textile industries but also extended to
paper, plastics, and other industries which can reach the water bodies to pollute the
ecosystem components as well as threaten human health [14, 25].

Annually, almost 109 kg of dyes are produced around the world including the
textile effluents that are responsible for 17–20% of water pollution [21]. The dyes
effluents of textile industries are usually containing high amounts of salts which will
produce by-products such as NaCl, Na2SO4, MgCl2, and MgSO4 and contribute to
the low efficiency of dyes treatment [12, 17]. This can be due to the precipitation of
the produced dyes using NaCl in the last step of textile dye production.

Physical and chemical water/wastewater treatment processes have limitations to
remove all types and concentration ranges of different pollutants from water [6, 19,
28].Nowadays, they are combinedwithmembrane technologybecause it is a practical
tool for removingorganic pollutants (i.e., dyes) [11]. It is also applicable to implement
membrane technology as a separate procedure. Generally, separation membranes
possess merits such as flexibility in wide range treatment (pre-/main-treatment),
non-hazardous; no additional additives, and low energy requirements results in a
lower cost/m3 treated. Thus, separation membranes are highly recommended with
lowdissolved components’ rejections butwith highwater permeability. In themarket,
there are differentmembrane typeswith different separation ranges. Table 1 illustrates
the four main membrane types with their features.

Table 1 Types of separation membranes with their parameters [1, 29]

Membranes Microflora tion
(MF)

Ultrafiltration
(IFF)

Nanofiltration
(<NF)

Reverse Osmosis
(RO)

Pore size (fim) 0.2–5 0.02–0.2 <0.002 <0.002

Thickness (|im) 10–150 150–250 150 150

Required 0.1–2 2–5 5–15 15–75

pressure (bar) Low pressure
operation

Low pressure
operation

High pressure
operation

High pressure
operation

Solutes retained Suspended
particles, heavy
metals, bacteria

Suspended
particles, dyes,
polymers, viruses,
bacteria

Suspended
particles,
pigments, cations,
divalent anions,
dyes, sodium
chloride, viruses,
bacteria

Suspended
particles and all
dissolved
compounds
including viruses,
bacteria

Separation Steric exclusion Steric exclusion Steric exclusion Solution-diffusion

Mechanism Sieving Sieving Donnan exclusion,
charge effect
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Among the above-mentioned membranes, microfiltration and ultrafiltration
membranes are not efficient in trapping dyemolecules due to their small sizes. There-
fore, RO membranes have been developed that are able to retain dissolved salts, ions
and the organic solutes and commercially used in 1970s. Due to using high pressures
in RO traditionally resulted in a substantial cost in energy. Hence, Dr. Peter Eriksson
referred to a newmembrane class named NF in the market application in 1984 which
are low-pressure RO membranes, and the first applications were in 1986 (NF born).
The first application of NF was as softening membrane instead of lime softening to
treat water [5].

In this chapter, we discuss and focus on nanofiltration (NF) membranes which
their performances fall between UF (separation is due to size exclusion) and RO
(transport by solution-diffusion mechanism) to be the key to trap the dye molecules
because of the following reasons:

• The negatively charged surface of NF.
• The size of the pores is ~1 nm.
• Its applicability with the high osmotic pressure of the wastewater which is

prohibitive for RO.

NF provides an elegant solution to the dyes treatment problem since NF can frac-
tionate the salts and the organic compounds. It is one of the most effective treatment
techniques used for removing ions and organic substances in seawater desalination,
industrial wastewater treatment, and drinkingwater treatment [1]. Furthermore, sepa-
rate solutes with molecular weights (200–1000 g mol−1) aqueous solutions and is
especially applicable for dye removal in wastewater [7, 9, 31, 38, 45].

NF is competitive with routine treatment (physicochemical treatment) and ought
to be explored on a case-by-case premise as illustrated below [42].

• More compelling for natural and inorganic removal
• Provide a defensive obstruction againstmicrobes andvirus as illustrated inTable 2.
• Ease of operation, coming about in less administrator participation time.
• Greater plausibility of assembly future greatest contaminant levels without extra

treatment processes.
• A descending drift in framework capital, operation, and upkeep O&M costs since

of nonstop progresses in film technology.
• Overall predominant quality of item water

Furthermore, there are specific advantages of NF over conventional treatment
technologies that are comprised in Fig. 1 despiteNF cannot reduce or separate soluble
impurities. In NF process, the feed water passes through semi-permeable membrane,
at which the filtered stream is discharged as permeate and non-filtered portion is
rejected as concentrate [1]. First, Eq. 1 can be used to calculate the water flux [12].
After the organic materials removal, chlorine disinfection is strongly recommended
for elimination of microbial growth that has been observed in NF systems. The
microbial growth can be minimized by using NF membranes with high organic
materials removal and low detention of inorganic material and. The NF membrane
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Table 2 Nanofiltration
impact on various pathogens
hindrance that causes diseases

Pathogen type Pathogen Disease

Bacteria Shigella spp. Shigellosis

Salmonella spp. Typhoid fever

Vibrio cholerae Cholera

Escherichia coli Gastroenteritis;
respiratory diseasesCampylobacter spp.

Yersinia enterocolifica

Virus Enteroviruses Aseptic meningitis

Cor antiviruses Gastroenteritis;
respiratory diseasesAstroviruses

Calicivirmes

Rotaviruses Diarrhea

Hepatitis A virus Hepatitis A

Hepatitis E virus Hepatitis E

Fig. 1 Advantages of nanofiltration membranes over conventional wastewater treatment technolo-
gies

permeance (P) and the rejection of dyes (R) can be estimated and determined using
Eqs. 2 and 3, respectively [9].

F = V

Axt
, (1)

P = V

Axtx�p
, (2)

R =
(
1− Cp

C f

)
× 100%, (3)

where F: water flux, P:membrane permeance, V: solution volume (L), A:membrane
area (m2), t: filtration time (h), and Δp: filtration pressure (bar). R: rejection, Cp:
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permeate concentration of dyes in water, and Cf : concentration of the feed solution
of dyes in water

Other factors should be considered while running NF membranes. For instance,
NF membranes are vulnerable to fouling which is related to its hydrophobic nature
where the contaminants (dyes) will be aggregated on the membrane surface. This
leads to the interaction of hydrophobic foulants to the membrane surface blocking
the membrane pores as well as depositing on the membrane surface [32]. There-
fore, antifouling resistance behavior is essential to be tested. The antifouling test
can be estimated using the powder milk solution filtration test. Its resistance param-
eter of irreversible (Rir), reversible (Rr), and total fouling (Rt) ratios were calcu-
lated by Eqs. 4, 5, and 6. Reference [27] observed that the polyethersulfone (PES)
membrane had low fouling resistance around 64.1% Rir and 82.2% Rt owing to poor
hydrophilicity.

Rir = J0 − J

J0
× 100, (4)

Rr = J − Jp
J0

× 100 (5)

Rt = 1− Jp
J0

× 100 (6)

whereRir : ratio of irreversible fouling,Rr : ratio of reversible fouling,Rt : total fouling
ratio. J, J0, and Jp:pure water flux, powder mix solution flux, and second pure water
flux, respectively.

In the next sections, we highlight different types of NF membranes and how their
performances are differentiated in dyes treatment. Furthermore, we summarize the
modules of NF and the used models in the literature.

2 Types of Nanofiltration Membranes and Their
Application in Dyes Treatment

NF membrane is composed of cellulose acetate, polysulfone/poly(ether sulfone) or
aromatic polyamide [41]. Polyamides which can be made by interfacial polymeriza-
tion of two multifunctional monomers such as amine and aromatic acid chloride are
the most widely used components for modern NF membranes [8, 37]. Nevertheless,
the produced polyamide layer is characterized by its rough surface which can lead to
high fouling problems [37]. Accordingly, another synthesis method was developed
by the reaction of an aliphatic amine monomer such as piperazine with aromatic
trimesoyl chloride to form a semi-aromatic poly(piperazine amide). However, as
compared to aromatic polyamide membranes, this approach has a lower rejection
rate [30].
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Recently, NF membranes are also composed of ceramic materials to withstand
high temperatures [1]. Ceramic NF membranes provide good performance in the
treatment of textile wastewater containing dyes. The reported chemical oxygen
demand (COD) rejection ranges of a new developed ceramic NFmembrane and other
two commercial ceramic NF membranes are 95–97, 86–92, and 79–90, respectively
[3]. Since the surface charge is determined by the dissociation degree of functional
groups, membrane material could affect charge characteristics [30]. Polyamide layer
contains ionizable surface functional groups such as carboxylic acid and amine and
thereby causing amphoteric membrane surface [4].

Reference [17] fabricated chitosan nanofiltration membranes with different thick-
ness and they found their efficiencies with six dyes rejections follow 50-4t > 75-4t
> 150-4t. It is found that water fluxes obtained by separating methylene blue and
brilliant blue solutions (>98%) are higher than those obtained by separating other
dyes (methyl red, methyl orange, rose bengal, orange G). The salt rejection follows
the order CaCl2 >MgSO4 >Na2SO4 > NaCl. Reference [26] prepared NFmembrane
with zwitterionic N,N-Bis (3-aminopropyl)methylamine and get high congo red and
methyl blue dyes rejections (99.9%) as well as a low NaCl rejection (14.3%).

Submerged hollow fiber NF membrane proved its efficiency in removal of 99.3%
color and 91.5% reduction of COD [47]. NF membrane combined with ozonation of
the concentrate was utilized for the colored textile wastewater treatment contained
organic dyes, NaCl, and copper. The removal of color and copper permeate were >
99% as well as the original water (85%) was reusable [43].

Recently, [13] fabricated Erythritol-based polyester loose nanofiltration
membrane with high water permeability that possessed high rejection of dyes and
high salts transmission. The rejections of congo red, direct red 23, reactive blue 2
were 99.6%, 95.2%, 99.6%, respectively. Whereas the rejections of Na2SO4 and
NaCl were 11.0% and 5.6%, respectively.

The performances of two types ofNF (neutral and negatively charged)membranes
were investigated for the treatment of effluents containing dyes and salt [35]. The
results revealed that the dye rejections of the charged membranes are adequate for
permeate reuse, while the neutral membranes exhibited lower dye rejection. Refer-
ence [27] blended para-amino benzoate ferroxane nanoparticle (PABFNP) with PES
nanofiltration membrane to improve its performance. They found that PABFNP
membrane has a high rejection for dye (99% for 30 ppm of direct Red 16 and 98.42%
for 30 ppm of methylene blue). This may be due to the PES/PABFNPs membranes’
high surface hydrophilicity, which allows the dye to adsorb on the membrane surface
during the filtration process, resulting in high dye rejection.

Simulated synthetic reactive dyes (reactive black 5 and reactive orange 16) have
been separated by polysulfone polyamide NF membrane with operating pressures
ranging from 8 to 24 bars and flow velocity of 0.74 m s−1 [15]. The NaCl and the
color rejections were 20% and 95%, respectively. Decrement of membrane fouling
and increasing the color rejection. For further progress, UV-photografting was used
to create the same polysulfone NF membrane, and sodium p-styrene sulfonate was
used to modify it [16]. The grafted membranes were screened for the removal of five
dyes, with dye rejection rates exceeding 90%.
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Two advanced treatments: activated sludge process with NF and activated sludge
process with ozone or ozone/UV radiation (chemical oxidation) have been compared
in order to water reuse in dyeing and printing [40]. The results concluded that
NF permeate quality with measured COD less than 50 mg L−1. Furthermore, NF
membrane gave high salt rejection and almost complete color removal color value
was decreased from 500 to 10 Pt–Co unit and greater removal of COD with 97%
have been realized and thus, recycling the permeate to the dye house.

Nanomaterials provide the opportunity to tune the material properties, strength,
and surface-volume ratio [2, 22, 23]. Among different nanomaterials, graphene
oxide and graphene have rapidly gained research attention in different fields espe-
cially water treatment [18, 20, 24]. Nanofiltration membranes coated with Graphene
OxideQuantumDots (GOQDs)were prepared [46]. Such coatingwith nanomaterials
change the NF surface properties, increasing surface roughness, improving surface
hydrophilicity, and electronegativity. These coated NF membranes achieved 97.0%
rejection of methyl orange compared to NF membrane alone with 89.2% rejection.
Because of the GOQDs coating, the NF membrane surface became more negatively
charged. Consequently, the negatively charged dye adsorption on its surface is weak-
ened and increased the dye rejection. On the other hand, the positively charged dyes
(methylene blue) is more adsorbed on the GOQDs NF surface and decreased the dye
rejection from 76.0 to 71.0%.

3 Modelling and Calculations for Nanofiltration (NF)
Membranes

Understanding the fundamentals of NF membrane efficiency is still crucial for the
proper selection andoperation of industrial systems.NF separations, in comparison to
UF and RO systems, are thought to be based on a combination of solution-diffusion
and sieving mechanisms, as well as electrostatic activity induced by electrically
charged membrane surface groups.NF membranes use steric, Donnan, and dielectric
exclusion effects to fractionate lowmolecular weight solutemixtures at low pressure.
The prediction of ionised solute rejection for Charged NFmembranes would involve
the inclusion of both diffusion and charge repulsion (Donnan exclusion).. Hence, the
Nernest–Planck equation (Eq. 7) can be applied for the description of ion transport
through the membranes considering solving this equation using approximations for
idealized situations.

Ji (x) = −Di
∂Ci (x)

∂x
+ −Zi F

RT
DiCi

∂∅(x)

∂x
+ Civ(x) (7)

where J: Flux is the number of ion moles passing through a unit area per second, D:
Diffusion constant, Ci: Concentration, F: Force on a mole of ions, R: Gas constant,
and T: Absolute temperature.
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Table 3 Characteristic of the four modules of nanofiltration [1, 34]

Characteristics Plate and frame Tubular Spiral wound Hollow fiber

Packing Density (m2 nr3) 30–500 30–200 200–800 500–6000

Required Feed Flow (m3

nr2 s_1)
0.25–0.50 1.0–5.0 0.25–0.50 −0.005

Ease of cleaning Good Excellent Fair (Poor to good) Poor

Resistance to fouling Good Very good Moderate Poor

Relative cost High High Low Low

Generally, there are four modules of NF. For instance, plate and frame module,
tubular module, spiral wound module, and hollow fiber module. Table 3 illustrates
characteristics of each module. We summarize the models used in spiral wound
module in NF membranes for dyes wastewater treatment in the following section
because it is the most used module and popular configuration with relative low cost.

A. Solution diffusion model

The solution diffusion (SD)model has emerged over the past 45 years as the accepted
explanation of gas and water transport. SD model is illustrated in Fig. 2, and when
estimating the permeate concentration, it takes into account the effects of pressure,
recovery, feed stream concentration, solvent, and solute mass transfer coefficients.
This method is superior to using percent rejection of a feed stream concentration
to estimate permeate concentration, and it is simple enough for most water industry
professionals to use [36]. Figure 2 demonstrates the mass balance across the NF
membranes for dyes effluents. Mass balance equations for solvent and solute in the
membrane module are illustrated in Eqs. 8 and 9.

Q f = QC + Qp (8)

Fig. 2 Mass balance across the nanofiltration membrane system
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Table 4 Summary of
parameters and equations of
spiral wound nanofiltration

Parameters Equationsa

Recovery % = Qp
Q f

× 100 (10)

Salt Passage, SP % = CpTDS
C f TDS

× 100 (11)

Salt Rejection, SR % = 100−(SP) % (12)

Membrane surface
concentration, (Kg m−3)

Cm = C f +Cb
2 (13)

Total Concentrate, �C = β x (Cm–Cp) (14)

Average Osmotic Pressure �πm (Pa) = 0.0104 (T + 273/
293) x Cm (15)

Net Driving Pressure, NDP = (�P–β) × �πm (16)

Permeate Flux, Jw (L m−2

h−1)
= Qp

A × 100 (17)

Salt Transport, Qs = Ks x A x �C x* TCF (18)

aQp: Permeate Flowrate, Qf: Feed Flowrate, Cp: Permeate
concentration (Kg m−3), Cf: Feed concentration (Kg m−3),
Cb: Bulk concentration (Kg m−3), β: fouling coefficients, T:
temperature, �P: Transmembrane pressure (kPa), A: Membrane
area, Ks: mass transfer coefficient (m s−1), TCF: Temperature
correction factor

Q f C f = QCC f + QpC f (9)

where Qf : flow rate, Cf : concentration.
We focus in this chapter on the module of spiral wound NF membranes. Their

performance can be estimated using the following parameters in Table 4.

B. Spiegler-Kedem-Kachalsky model (SKK)

This model was derived from the thermodynamics of irreversible process to explain
the salt rejection of a single electrolyte. After that, SKK is extended to include the salt
rejection in the existence of a retained organic substance such as dyes in Eq. 19 [44].

rs =
(1− σs).

(
1+ ν.CD

cs

)0.5

1− σs exp
[
−(1−σs ).J

Ps

] (19)

where rs: salt rejections, σ s Cs: salt concentration, CD: dye concentration, and ν:
charges number on dye ion.

Furthermore, there is an opposite Donnan effect on dye rejection with the
following equation for dye rejection (rD) in the presence of salt due to concentration
polarisation (CD (m)/CD) as follows:
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rD = 1− (
1− r0D

)(
1+ cs

ρ.eϑ.cscDν.cD

)0.5

(20)

cD(m)

cD
= ρ.eϑ.cscD (21)

The separation factor of NF membrane is illustrated by Eq. 22.

f = 1− rs
1− rD

(22)

The SKK is usually employed to predict the removal performance of nanofil-
tration. It is determined by the solute and solvent fluxes, as well as the chemical
potential gradient caused by a concentration or pressure gradient (driving forces)
[11]. Therefore, the transportation of solute and solvent is predicted by SKK model
regardless the type of solute and solvent (for further information, see [10, 11]). It
was found that the rejection of uncharged organics by NF membranes is primarily
affected by steric hindrances. Whereas the high rejection of polar organics is due to
electrostatic interactions with the charged membrane surface.

4 Conclusions

Nanofiltration membranes (NF) have been applied successfully in dyes rejections
with high rates. The functional groups ofNFmembranehave a role on the efficiencyof
dyes rejection.Thedye removal process is dominated byNFsurface charge.However,
the polymeric NFmembranes revealed no significant variations in the rejection of the
negatively and positively charged dyes. Furthermore, the integration of nano-coatings
on NF membranes can enhance the performance of the membrane without affecting
on the solute rejection significantly. However, there are still technical barriers in the
application of NF in dyes effluents treatment such as fouling, insufficient rejection,
poor durability, and instability.
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Application of Ultrafiltration Membrane
Technology for Removal of Dyes
from Wastewater

Denga Ramutshatsha-Makhwedzha and Philiswa Nosizo Nomngongo

Abstract Water pollution is normally amplified by wastewater effluent points such
as mining activities, textile industries, municipal discharge. Amongst them, textile
industries are one of the biggest contributors of various types of dyes in wastewater.
Different types of membranes have been used in the treatment of dyes in wastewater
such as ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO) and micro-
filtration (MF). UF membrane technology has been used as a separation technique
for wastewater and purification purpose. This chapter reviews the fundamentals and
applications of UFmembrane filtration technology for the dye removal in wastewater
and their future perspective in UF application.

Keywords Membrane · Ultrafiltration ·Wastewater · Dyes · Filtration ·Water
Pollution · Textile industries

1 Introduction

The global crisis of drinking water is one of the challenges that the humankind is
currently facing. The clean water is normally polluted by differing types of wastew-
ater effluents generated from different supply points such as mining activities, textile
industries, municipal discharge, etc. [17, 50]. Among them, textile, printing and
paper industries and municipal discharge are the most contributing to the presence of
different types of dyes in wastewater [17]. Regrettably, most textile industries choose
to dispose of their wastewater effluents to the surrounding environment because it is
quite difficult to treat this kind of waste [21].

In addition, wastewater quality from textile varies with time and includes various
types of solvents, heavy metals, dyes and inorganic salts, the type of process used
is important because the chemical concentrations depend on it [20]. Low biodegrad-
ability of dyes together with chemicals used in the textile industries makes it difficult
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for biological treatment by activated sludge to treat these dyes, and most of them
resist aerobic biological treatment and oxidizing agents.

The presence of these chemicals in aquatic environment reduces sun light pene-
tration into the water and afterwards photosynthesis as well as dissolved oxygen that
leads to endangering the aquatic microorganism and organism’s life [19]. As a result,
modern treatment technology is vital, especially if there will be a need to recycle
treated wastewater [36].

Different techniques were previously applied for the treatment of dyes in wastew-
ater including electrochemical method [24], filtration [11], adsorption [9], oxidation
[22] and chemical coagulation [6]. Membrane filtration can offer a feasible solution
in the removal of salt, chemical oxygen demand and dyes from wastewater.

Generally, membranes are responsible for most separation processes such as frac-
tionation, removal and distillation. Their advantages include simple up-scaling, low
energy consumption and it has more chances for continuous separation [4].

The industrial membrane processes for water treatment are RO, UF, MF and
NF, the main difference being the pore sizes [11]. NF, RO and MF are beyond
the scope of this chapter, only UF was covered here. However, the UF membrane
technology has been developed for different wastewater purification purposes [36]
such as removal of particulates and macromolecules from raw water for drinking
water production. The UF membrane filtration uses either concentration gradients
or pressure forces to enable separation through semipermeable membranes. In many
cases, UF membranes are used for pre-filtration purposes in RO plant to protect
the RO membranes. UF is used after the clarification stage, along with MF and NF
is used for the mechanical, physical, biological and separation of solids from the
treated water. UF is not fundamentally different from MF, but both techniques sepa-
rate based on particle capture or size exclusion. UF membranes are also described
by the molecular weight cut-off (MWCO) of the membrane used and are mainly
dead-end mode or applied in cross-flow [5, 51]. In recent decades, the potential of
the membrane technology to produce high-quality effluents has led to its growing
applications. Industrial polymers are commonly used for UF membrane fabrication
such as iron/aluminium hydrolysed precipitate layer [28], polyferric chloride (PFC)
[14], powder activated carbon (PAC) [40], graphene oxide (GO)/polyacrylonitrile
(PAN) [17], polyphenylsulfone (PPSU)/nano tin oxide (SnO2) [33] and polysilicate
ferric manganese (PSFM) [42], just to name a few. However, this chapter aims at
reviewing the application of UF membrane filtration technology for the dye removal
from wastewater in the recent 8 years (2012–2020) and suggesting some ways of
overcoming membrane challenges. The main subtitles that were discussed in this
chapter was classification, sources, occurrence and health effects of dyes and funda-
mentals of a membrane system in UF. Application of UF membrane, conclusion and
future perspectives in UF membrane applications for dye removal from wastewater
were also explored.
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2 Classification, Sources, Occurrence and Health Effects
of Dyes

2.1 Natural Dyes

Dyes are grouped into two main classes: synthetic and natural dyes. Natural dyes are
colourants derived from plant sources or parts such as roots, berries, leaves, bark,
wood, lichens, invertebrates and minerals [49]. They are cheaper, non-polluting,
non-carcinogenic, eco-friendly and easily available.

2.2 Synthetic Dyes

These are man-made dyes introduced in 1856 [2], and they are categorized based
on their chemical composition including their methods used on their application in
dyeing process. The most known synthetic dyes are cationic (basic), anionic dyes
(acidic) and reactive dyes. They are mostly used in various sectors such as textile
industries [45], paper industries [46], pharmaceutical [35] and food technology [18],
among others. These types of dyes are known to be harmful to the environment as
they contain different toxic chemicals when they are discharged into wastewater.

2.2.1 Anionic or Acidic Dyes

Acidic dyes are anionic dyes that are soluble in water and are used in fibres such
as wool, nylon and silk using neutral to acid dye baths (e.g.: Methyl orange: MO,
Thymol blue: TB, Congo red: CR, acid Fuchsin). MO which is made of sodiene 4-
[(4-di-methlylamino) phenlydiazenyl] has benzene sulfonate that when discharged
as effluent becomes harmful for living organisms. It is of outmost importance to
treat these dyes whilst still in industrial wastewater before it is discharged in the
environment [7]. Acid Orange 7 azo dye (AO7) is also one of the important anionic
dyes that has chemical formula of C16H11N2NaO4S. The AO7 dye has been used
for colouring of wool and silk together with synthetic polyamide fibres, and it also
consists of an azo group bound to aromatic rings [30]. Not only are they used for
textile industries, they are also used for leather dyeing, cosmetic products and as well
as papermaking industries [12]. As a result, these industries produce toxic residues
that are harmful to the environment because AO7 is a carcinogenic compound that
causes severe diseases after ingestion.
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2.2.2 Cationic Dyes

Cationic dyes are basic dyes that are water-soluble and are mainly applied to acrylic
fibres but find some use for silk and wool (e.g.: Indigo synthetic: IS, Methylene
blue: MB, basic Fuchsin) [17]. Cationic dyes pose some disadvantages such as
high toxicity, non-biodegradable and causing environmental pollution [7]. MB is
a cationic thiazine dye that has the chemical name tetramethythionine chloride. It
has a blue colour which makes it a suitable dye to be used in different industries
such as plastic, cosmetic, leather and textile industries. The colour of a dye is deter-
mined by the ability of the substance to absorb light within the range of 400–700 nm
electromagnetic spectrum.

2.2.3 Reactive Dyes

Reactive dyes are mostly used in the textile industry due to their wide variety of high
wet fastness, mineral energy consumption, colour shades as well as easy application
[27]. The use of reactive dyes among others requires large amount of salt such as 2 kg
per kg of fabric to dye the fabric in textile dyeing. The salt is used to promote dye
exhaustion, the reaction between the OH groups of the dye and cotton takes place
due to the high temperature and alkaline medium [15]. Therefore, reactive dyeing
wastewater contains large amounts of dissolved or suspended solids and organic
pollutants that contain salt content and high pH, due to dyes that have not reacted
which hydrolyse in water following the presence of hydroxyl.

3 Fundamentals of a Membrane System in Ultrafiltration

UF system is an ideal and economical alternative membrane filtration to RO tech-
nology, used for wastewater and sewage purification, but both use a semiperme-
able membrane. This semipermeable membrane helps the system to take out chem-
icals, infective microorganisms, organic and particulate matters efficiently from the
wastewater at low pressure, resulting in a purified potable water source [47]. The
primary task of the system is to confiscate the substances which contribute to the
colour, taste and odour of water. The employment of a UFmembrane system enables
one to quickly pull out all such particulates and substances that pollute the water and
make it injurious to health. However, in detail, the primary advantages of the UF
system are quite long, and in this chapter, only the most key benefits of UF water
purification system were discussed. UF does not entail any requirement for power
to operate as it can be performed with a normal pressure. Thus, without paying the
electric bill or spending any energy, you can get healthy, potable and sanitized water.
UF takes out germs and bacteria mercilessly; while other purification systems such
as ultra-violet (UV) kills germs, viruses and bacteria in drinking water itself [29],
UF is the only system that pulls out the eggs from water, hence ensuring a complete,
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safe and drinkable water. The UV systems additionally clean the bodies and eggs of
both living and non-living virus and bacterium from the water. UF also removes a
large amount of suspended and particulate solids as UF systems are proven to fish
out all those matters that contribute to the colour, odour and taste of water. It can
quickly cleanse the dirtiest water and make it suitable for drinking [47, 29].

3.1 Advances in Membrane Technology

Membrane technology covers all related engineering and scientific methods for the
rejection or transport of substances by the membranes. However, it gives a full expla-
nation on the mechanical separation process of liquid or gas streams [38]. Because
of its multidisciplinary nature, membrane technology is also used in wastewater
treatments such as domestic or industrial water supply, beverages, biotechnological,
chemical, metallurgy, food pharmaceutical and other separation processes [38, 31,
10]. Membrane technology has main advantages such as adjustment of membrane
properties, continuous separation under mild conditions, possible hybrid processing
and easy up-scaling. Other advantages are its flexibility in system design and gener-
ation of high-quality products. The drawbacks of membrane technology are low
lifetime, selectivity and flux of the membrane, linear up-scaling, membrane fouling
and concentration polarization. Although concentration polarization and membrane
fouling are listed as drawbacks, they fortunately form part of a separation process
[38]. By applying this technology, therefore, the separation can be uninterruptedly
done under normal conditions without the need for additives and with low energy
consumption. However, the membrane technology can be used with incorporation
of different nanomaterials or combined with other separation techniques, forming a
blended process [38].

3.2 UF Membrane Challenges

UF is among well-known pressure-driven membrane separation processes (NF, MF
and RO) that is a compact and refined filtration method. It is mostly applied in
wastewater treatment, from pre-treatment to post-treatment stages with a capacity
of removing solids as small as 0.01 microns, including viruses and silt [11].
However, membrane filtration technologies can have problems without proper care
for appropriate pre-treatment, operation and maintenance. UF membranes are typi-
cally affected by the followingmain issues such asmembrane fouling that is causedby
the deposition of inorganic components, solid particles, membrane scaling, microbi-
ological contaminants, waste stream disposal and increased permeate contamination
[23]. However, different ways were developed to overcome UF membrane chal-
lenges including the incorporation of inorganic nanomaterials such as nanometre-
sized metal oxides (zinc and tin oxides), graphene oxide, silver nanoparticles into a
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polymer matrix [41]. Moreover, the incorporation of some nanoparticles is expected
to improve the surface properties of the membrane [48]. For example, several
metal oxide nanomaterials have shown strong antimicrobial properties by preventing
biofouling process through multiple mechanisms that has photocatalytic production
of reactive oxygen species [53]. Among these inorganic nanoparticles, tin oxide
nanoparticles have attracted a great attention because of their remarkable photo-
catalytic behaviour with mechanisms that has been well-established and superhy-
drophilicity [53, 37]. In a different work, [32] used UF membrane-incorporated
silver nanoparticles, and the results revealed a significant enhancement, due to the
incorporation of these nanomaterials, on the destruction effect of bacteria in water
source. In addition, many studies show that the existence of these inorganic nano-
materials can possibly change the morphology of a membrane to a more porous
structure, consequently enhancing and modifying the performance of a membrane
by improving mechanical strength, fouling resistance and water permeability [25].

4 Applications of Ultrafiltration Membrane for Removal
of Dyes

UF technique has received so much attention in the field of dye effluent treatment
[44].When determining the efficiency forUF in dye removal, two parameters, such as
permeate flux (L/m2h) and dye rejection (R%), are calculated using Eqs. (1) and (2).

Jp = V

S × t
(1)

R =
(
1− Cp

Ci

)
× 100 (2)

where Ci represents the initial feed concentration (Mm), Cp is dye concentration in
the permeate (Mm), t is the time difference in hours (h), S is the membrane area (m2)
and V is the volume of permeate (L).

Removal of anionic dye MO has been investigated on the synthesized cationic
charged polymer species through the emulsion polymerization that is used as poly-
electrolytes in the polyelectrolyte enhanced ultrafiltration (PEUF) [39]. Results
showed a complete removal of MO at a concentration up to 50 mg L−1 and polymer
concentration of 1 g L−1. However, removal decreases when MO concentration
increases due to electrostatic repulsion and steric hindrance. Remazol dye removal
from wastewater was investigated using micellar-enhanced ultrafiltration membrane
(MEUF). This technology involves UF and surfactant combination that has concen-
tration with higher surfactant’s critical micelle concentration (CMC). The decrease
in flux has been observed with increase of filtration time. This was due to the addition
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of surfactant in theMEUF system, with observed permeate rejection of Remazol dye
concentration of more than 96%, respectively [3].

Reference [13] investigated the removal of MB cationic dye by polyelectrolyte
ultrafiltration (PAUF). Results obtained under the optimum conditions of response
surface methodology were the following, permeation flux of 71 L/m2h and dye rejec-
tion efficiency of 99%, respectively. The major drawbacks encountered were perme-
ation flux decline due to concentration polarization following continuous ultrafil-
tration. Ultrafiltration membrane has been modified by thermo-responsive poly (N-
vinylcaprolactam-titanium oxide-acrylic acid) (VCL-TiO2-AA) polymer and results
show high rejection percentage of 97%. The antifouling of the prepared membrane
confirms the significant antifouling in nature [43].

Natural coagulant made of combined CF processes with modified-UF membrane
was used for the removal of reactive black 5 dye. The pH of the dye solution shows
that there were no significant change after the CF coagulant. This avoids unneces-
sary costs of pH adjustments making CF a good coagulant [8]. The study of ultrafil-
tration membrane Polyphenylsulfone (PPSU) was conducted on removal of various
proteins such as bovine serum albumin (BSA), as well as hazardous dyes like reactive
orange 16 (RO-16) and reactive black 5 (RB-5) in aqueous solutions [34]. Modified
membranes (PZ-1, PZ-2 and PZ-3) by zeolite ZSM-5 offers outstanding results with
good resistance to adsorption of proteins, dyes and also good antifouling ability.
Rejection percentages exhibited by higher additive membrane (PZ-3) for reactive
dyes are 90.81% for RB-5 and 82.84% RO-16. Addition of ZSM-5 in membrane
contributed to better removal of dye due to its hydrophilic and adsorptive nature [34].

5 Conclusion and Future Perspectives in UF Membrane
Applications for Dye Removal from Wastewater

There is an unending list of dyes pertaining to UF membrane in wastewater treat-
ment where permeate reflux could range between 53 and 266.81 L/m2h. This
chapter summarizes some of the paramount ones that are used, their removal and
initial feed concentrations, challenges, as well as some cited examples. However,
membrane sensitivity to toxicity and membrane fouling are the major restrictions
of the membrane technology. The study of modified membranes by zeolite ZSM-5
offers outstanding results with good resistance to adsorb dyes, proteins and good
antifouling ability. The micellar-enhanced ultrafiltration membrane (MEUF) which
involves UF, and surfactant combination has contributed to increase in filtration time
together with increased dye rejection of 96%.

In the treatment of wastewater sources, the single UF technology is not very
effective due to some drawbacks such as membrane fouling and scaling, but when
combined with other processes, it can show good performance. Removal of dye
solution from aqueous solution is still a major challenge. More investigations still
need to be carried out on the treatment of textile effluents and scaling up for pilot



44 D. Ramutshatsha-Makhwedzha and P. N. Nomngongo

Table 1 Applications of UF membrane systems in wastewater treatment [8 years ago: 2012–2020]

Polymer Filler Names of
dyes

Initial feed
concentration
(mg/L)

Removal
achieved

Permeate
flux (L/m2h)

References

– Ceramic Black 5 50 79.80 266.81 [1]

PSS – Methylene
blue

50 Rejection
efficiency
99.0%

71.50 [13]

– Alumina Direct Red 80 100 Rejection
rate of
99.6%

230.20 [26]

– TiO2 Black 5 dye 10 100% 875 [8]

PEI – Acid-Orange
7

83 Rejection
efficiency
99.2%

108.4 [12]

Cellulose – Methyl
Orange

50 >90% 147 [39]

PAN-ETA – Methyl Blue 100 96% 53 [52]

– Chitosan Direct blue – 89% 131 [16]

Foot note [PSS]: polystyrene sulfonate, [PEI]: Polyethylenimine, [PAN]: Polyacrylonitrile

effluent. Confidently, this chapter is useful because it provides good information to
carry out the application of membrane technology in future and their challenges in
wastewater treatment.
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Progression and Application
of Photocatalytic Membrane Reactor
for Dye Removal: An Overview
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Abstract Globally, textile industries are one of the rapidly growing industrial sectors
that are not only contributing significantly towards the economy but are also gener-
ating an extensive variety of dyes as pollutants that vitiates the natural ecosystem. The
increasing toxicity and recalcitrant nature of the industrial dye effluents are emerging
concerns that require immediate attention. Treatment of dye-enriched water bodies
and industrial effluents with advanced, economical, sustainable and efficacious tech-
nology is the need of the hour. The heterogeneous photocatalysis, an advanced oxida-
tion process (AOP), is a novel and sustainable process that ensures photocatalytic
degradation of dyes by generating reactive and oxidizing free radicals under ultra-
violet (UV) and visible irradiation. Besides, integrating the membrane separation
process with heterogeneous photocatalysis results in a holistic approach—photo-
catalytic membrane reactor (PMR). The PMR is reported to aid in (i) achieving
higher pollution removal efficiency with complete detoxification and (ii) abating the
membrane fouling. Coupling the fact of necessity to treat dye-contaminated water
and the effective application of PMR, this chapter aims to elucidate the properties
and classification of dyes, photocatalytic reaction mechanism and membrane fabri-
cation methods. Also, the chapter conveys comprehensive information and funda-
mental understanding of different configurations and applications of Photocatalytic
Membrane Reactor (PMR) with major emphasis on recent advancements.
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1 Introduction

Dyes are organic compounds that persist as an environmental pollutant and are muta-
genic, carcinogenic and toxic, and can endorse biomagnification [40]. Augmented
production, production and utilization of dyes generates a huge amount of dye-
contaminated water from industries. Industries mainly responsible for the discharge
of dyes are textile industries (54%), dyeing industries (21%), pulp and paper industry
(10%), paint and tanning industry (8%), dye concocting industry (7%), revealing
textile industry as the major polluter [55]. The incomplete removal of dyes in treat-
ment processes, due to the recalcitrant nature, reinforced their presence in surface
water and groundwater and is becoming a matter of great concern worldwide [33].
This further has adversely affected the environment and the health of mankind.
Besides, the existence of dyes in the aquatic ecosystem impedes the photosynthetic
activity which eventually lowers the dissolved oxygen and thereby posing a threat to
aquatic species. Conventional treatmentmethods for the treatment of organic contam-
inants are adsorption, biological treatment and coagulation–flocculation-based phys-
iochemical treatment. The coagulation-flocculation has limited application due to
the lower decolourization efficiency for the reactive and vat dyes along with higher
sludge generation, and operational cost [25]. In the case of adsorption, pollutants are
trapped in the high surface area of the adsorbents and exhibit higher colour removal
efficiency from wastewater comprising of dyes. Generally, activated carbon is used
as an adsorbent as it is cheap, but possess poor reusability and generates secondary
waste that needs supplementary treatment. In the case of biological treatment, soluble
organic dyes are easily degraded, whereas non-soluble dyes, containing heterocyclic,
polyaromatic hydrocarbons (PAHs), and polychlorinated biphenyls (PCBs) in their
structure, are resistant to the biological process. In addition, biological processes
require large land and suitable operating conditions as the bacterial populations are
very sensitive. Hence, there is a need for a robust treatment technique that over-
comes the above-said limitations and results in the complete eradication of dyes
from aqueous solution.

Advanced oxidation process (AOP) such as heterogeneous photocatalysis involves
the usage of semiconductor particles for the generation of highly oxidative radi-
cals under UV–Visible irradiation. This oxidizes and degrades the non-selective
organic pollutants and transforming them into mineralized products [60]. Though
the precious photocatalyst particles are efficient, due to the huddle in collecting
these particles for reuse, the process becomes resource-intensive and costly. This
compels attaching the particles to a template without compromising the function. In
the arena of wastewater and water treatment, the application of membranes is one of
the promising separation techniques which holds the advantages of enhanced erad-
ication of pollutants, tailor made to have a broader range of pollutants removal and
energy-efficient. Microfiltration (MF), Nanofiltration (NF), Reverse osmosis (RO)
and ultrafiltration (UF) are the generally employedmembrane technologies [71]. The
challenges associated with the conventional membranes include membrane fouling
and the inability to degrade pollutants [70].
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To synergize the benefits of photocatalysis and membrane-based treatment tech-
niques, and to overcome the drawbacks, the photocatalyst particles can be attached
on the membrane surface which results in photocatalytic membrane reactor (PMR).
This PMR fosters photocatalysis of dyes and separation of products in one step with
strict adherence to the green chemistry principle. Furthermore, the integration of
the processes vanquishes the associated challenges of single treatment units. Having
understood the importance of PMR in dye removal from the aqueous medium, this
chapter outlines the properties and classification of dyes in use, mechanism of photo-
catalytic reactions and membrane fabrication methods. Correspondingly, the chapter
discusses the different configurations and applications of Photocatalytic Membrane
Reactor (PMR) with major emphasis on recent advancements.

2 Dyes Classification

Dyes are the unsaturated organic compounds that contain auxochromes and chro-
mophores. Electronic properties of the chromophore molecules like double or triple
bond-containing carbon–carbon, carbon–oxygen, nitrogen-nitrogen and carbon–
nitrogen atoms influence the colour imparted by the dyes to the solution and are
liable for the absorption of light in the UV visible spectrum that leads to excitation
of electrons. The compound appears to be coloured when two conditions are fulfilled
(i) chromophore molecules should be linked with a conjugated system, inducing
bathochromic shift and (ii) the light absorption should take place in the visible spec-
trum (400–800nm) [29]. Therefore, depending upon the structure of the dyemolecule
and the light absorption in UV visible spectrum, the chromophore molecules will
cede the colour to the dyes. Based on the above understanding, Fig. 1a infers that
chromophoremolecules linkedwith aromatic ring generate colour,whereas no colour
was produced when chromophore molecules were placed between methyl groups as
shown in Fig. 1b. Both the wavelength and intensity of absorption vary when the
covalent saturated group, i.e. auxochromes (NH2, OH, COOH, SO3, halogen, etc.)
gets bonded with the chromophore [9, 24]. Auxochrome does not produce colour
but modifies the light absorbing ability of the chromophore resulting in the colour

(a) (b)

Chromophore
Auxochrome

Fig. 1 a 4-Hydroxyazobenzene (Gurses et al. 2016) b Azomethane (Colourless) [29]
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intensification of the dye, and therefore, they are known as colour enhancing group
[59], (Gurses et al. 2016). Besides, the presence of auxochrome enhances the solu-
bility of the dye and its affinity towards the fibre [55]. In aromatic dye structure,
presence of electron donors like hydroxyl, carboxylic and nitrite group assists in
electrophilic attack due to increase in electron density on the phenyl ring because of
resonance effect causing higher photodegradation rate, whereas presence of chloro
group reduces the photodegradation rate and renders the aromatic structure inactive
due to their electron withdrawing tendency. Studies have revealed that the presence
of any functional group that induces lower solubility of the dye molecules, depresses
the rate of photodegradation. That is why higher alkyl chains are responsible for
lowering of photodegradation rate [32].

The dyes can be classified based on two features (i) chemical structure, more
specifically on the chromophore grouping and (ii) applications [9, 10]. On the basis of
chromophore grouping, dyes are categorized as azo dyes, indigo dyes, anthraquinone
dyes, phthalocyanine dyes, xanthene dyes, phthalein dyes, nitrated and nitrosated
dyes, oxazine, polymethinic dyes, acridine, diphenylmethane and triphenylmethane
dyes as shown in Table 1. Among them, azo dyes are commonly employed in indus-
trial applications and are non-biodegradable [13, 67]. Azo dyes comprise of double
bond nitrogen atoms (−N = N − ) and are classified as mono-azo, di-azo, tri-azo
and poly azo depending upon the number of (−N = N − ) bonds in the structure.
The Van der Waals force of attraction between fibres and azo dyes gets fortified due
to the presence of aromatic rings [48]. The area near the chromophore region is the
attacking site for the photodegradation of azo dyes resulting in the cleavage of azo
bonds either symmetrically or asymmetrically [11].

Furthermore, based on the application, dyes are classified as water-soluble and
insoluble as follows.

a. Water Soluble Dyes

• Acid or Anionic dyes: These dyes are majorly utilized in the dyeing of fibres
consisting of an amino group (NH2) such as silk, polyamide and wool. Most
of these dyes falls under the class of azo dyes and anthraquinone dyes.

• Basic or cationic dyes: These dyes possess the ability of directly imparting
colour to the anionic sites-linked fibres. These dyes comprise of various chro-
mophore groups falling under the class of azo, anthraquinone, triarylmethane,
diarylmethane, anthraquinone.

• Reactive Dyes: It comprises of two vinylsulfone reactive groups and chro-
mophore groups made from anthraquinone and azo dyes. Because of their
stability, processing conditions and their greater ability to form covalent
bonds with the fibres, reactive dyes are broadly used in the dyeing of cotton,
silk and wool fibres.

• Direct or substantive dyes: For cellulose fibres, these dyes possess greater
affinity and are significantly used for colouring paper products. Its chro-
mophore grouping majorly includes azo and phthalocyanine.
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Table 1 Dyes Classification
based on Chromophore group
[9, 10, 52, 54]

S. no. Class Chromophore

1 Phthalocyanine

2 Nitro

3 Anthraquinone

4 Indigo

5 Diphenyl Methane

(continued)
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Table 1 (continued) S. no. Class Chromophore

6 Phthalein

7 Oxazine

8 Acridine

9 Azo

10 Xanthene

b. Insoluble Dyes in Water

• Vat dyes: These dyes exhibit higher propinquity for cotton, rayon, silk, wool,
cellulosic fibres and linen. Primarily possess solubility in hot water while
few possess solubility in presence of sodium carbonate. Examples: Indigo
carmine, Vat Yellow 1, Vat Black 25.

• Sulphur dyes: These dyes have similar use to vat dyes, contains sulphur-
linked molecules produced from desulphurization of organic compounds,
and are higher molecular weight dyes. Examples: Sulphur black and Sulphur
blue 15.

• Disperse dyes: These are azo structure-based dyes and aremainly used for the
dyeing of prefabricated fibres like polyamide and polyester with a suitable
dispersing agent in the solution. Nano-sized disperse dye particles show good
stability in the high-temperature dyeing process. Examples: RedDisperse 60,
Blue disperse 7.
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3 Dye Degradation Using Photocatalytic Membrane
Reactor

3.1 Mechanism of Photocatalysis in Dye Removal
from Aqueous Solution

The mechanism of the photocatalytic reaction is explained by considering TiO2

as a photocatalyst. The photocatalytic reaction commences with Ultraviolet/Visible
light irradiation having energy greater than the bandgap energy (Eg) of the TiO2

photocatalyst (3.2 eV for anatase and 3.0 eV for rutile) [34, 69]. Upon irradiation,
electrons present in the valence band absorb the energy, gets excited and migrates
to the conduction band, leaving behind holes in the valence band. Photogenerated
electrons thenmove to the catalyst surface and reduce the O2 molecules present in the
aqueous aerated solution or adsorbed O2 molecules on the Ti(III) surface and convert
them to superoxide radical (O2

−) that can eliminate an extensive variety of dyes and
can inactivate microorganisms. Oxygen molecule acts as an electron scavenger, and
in its absence or shortage, photocatalytic reaction efficiency declines due to higher
recombination of electrons and holes [3]. The recombination of charge species, i.e.
electrons and holes results in the dissipation of heat [17].

Correspondingly, photogenerated holes take part in the oxidation reaction with
H2O and O H− and converts them to hydroxyl radical (OH·) that acts as a strong
oxidant and is responsible for the mineralization of organic compounds. Dye
molecules adsorbed on the TiO2 surface or are near to the catalyst surface are
attacked by O H· non-selectively [2]. Superoxide radicals and protons react and
produce hydroperoxide radicals (H O2

·) that exhibit greater potential for the gener-
ation of O H·, and this generated O H· produces the same effect as like O2

·− [3, 41].
The pollutant concentration, irradiation time, loading of photocatalyst, presence of
O2, pH of the aqueous solution, wavelength and irradiation intensity are the major
factors that influence the photocatalytic reactions [45]. The reactions involved in the
photocatalytic process are as follows.

TiO2 + hv → e− + h+ (1)

H2O + h+ → OH· + H+ (2)

OH− + h+ → OH· (3)

Ti(IV) + e− → Ti(III) (4)

Ti(III) + O2 → Ti(IV) + O2
·− (5)
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O2
·− + H+ → HO2

· (6)

HO2
· + HO2

· → H2O2 + O2 (7)

H2O2 + e− → OH· + OH− (8)

H2O2 + O2
·− → OH· + OH− + O2 (9)

O2
·− + DyeMolecules → H2O + CO2 (10)

OH· + DyeMolecules → H2O + CO2 (11)

e− + h+ → Heat (12)

Based on the above understanding of radical’s generation and structural properties
of dyes, an example of a possible photodegradation pathway of Acid Orange 7 dye
is illustrated in Fig. 2.

3.1.1 Dye Sensitization

Generally, dyes are capable of absorbing visible light. Upon irradiation of visible
light, dye molecules located at TiO2/solution interface get excited. From the excited
dye molecules (Dye*), electrons are ejected to the conduction band of TiO2 and lead
to the evolution of cationic dye radicals (Dye+). The electron then participates in
the redox reaction producing superoxide radicals (O2

·−) which in turn fosters the
generation of hydroxyl radicals (O H·) that oxidizes the cationic dye radicals, and
mineralized end products are formed [2] (Refer Fig. 3). To ensure effective ejection
of an electron from the excited dye molecule (Dye*) to the conduction band of
TiO2, adsorption of dye molecules onto the TiO2 surface should be strong enough.
Adsorption of dyemolecules can be influenced byvarying the pHvalue of the solution
as it alters the surface charge of the photocatalyst [34, 50]. The TiO2 photocatalyst
demonstrates a positive surface charge at pH less than 6.8 facilitating anionic dye
attraction and cationic dye repulsion, whereas it exhibits opposite behaviour when
pH is greater than 6.8 [34]. Therefore, it is evident that pH plays an important role in
dye sensitization. Also, pH is one of the influential parameters in deciding the dye
degradation efficiency. Therefore, the later section briefly discusses the performance
of different configurations of photocatalytic membrane reactors for dye removal at
varying pH values.

Dye + hv → Dye∗ (13)
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+  N2

+ SO4
2-

Benzene Acid Derivatives 

CO2 + H2O                                Aliphatic Carboxylic Acids 

OH

Fig. 2 Photodegradation pathway of Acid Orange 7 dye [63]



58 A. Bhattacharya and S. Ambika

Fig. 3 Schematic illustration of Dye Sensitization [2]

Dye∗ + TiO2 → Dye+ + TiO−
2 (14)

3.2 Design of Photocatalytic Membrane Reactor (PMR)

The designing of a photocatalytic membrane reactor is one of the salient aspects
that govern the dye removal efficiency and requires a fundamental understanding
of material properties, membrane configuration and synthesis, pollutant behaviour,
chemical formulation and reaction kinetics. The photocatalytic membrane reactor
has gained widespread attention due to the photocatalytic reaction occurring at the
surface of the membrane, which doubles the benefits by inhibiting the aggregation
of photocatalysts, thus maintain the process, and lowering the membrane fouling
tendency during the treatment processes. Furthermore, the photocatalytic membrane
reactor operates in the continuousmode, and themembrane acts as a barrier that eases
the separation of products, controls the mass transport, offers effective reaction time
and contact area and improves photocatalyst recycling [8]. The generally employed
membranes in PMR are MF, UF and NF [33]. The basic components controlling the
performance of PMR are the light source, photocatalyst material and reactor design
that includes the substrate material of membrane, and configuration of PMC. This
section focuses on the characteristics and selection of substrate materials for the
photocatalytic membrane along with their fabrication methods.

3.2.1 Substrate Material of Photocatalytic Membrane

The substrate material requires to provide chemical, mechanical, and thermal
stability, high surface area and roughness to hold photocatalytic particles and flexi-
bility in adding the functional groups. Generally, chemical composition and structure
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influence permeability and selectivity of the membrane. Besides, morphology such
as surface and cross-section makeup get altered when photocatalysts are introduced
into the membrane matrix. Hence, based on these, the substrate material will be
selected for the preparation of the membrane. Inorganic, organic and metallic mate-
rials are generally used in the photocatalytic membrane synthesis. The common
organic material used for the membrane fabrication is polymers which include
polyethylene terephthalate, polyamide, polyvinylidene fluoride, polyethersulfone,
polyurethane, polyacrylonitrile and polytetrafluoroethylene. The resultantmembrane
is reported to be porous and having high surface roughness to offer high performance
in dye removal. For instance, [23] demonstrated the intensification of membrane
surface roughness with the increment of graphene oxide (GO) loading in graphene-
dispersed polysulfone-mixed matrix membrane (PSf/GO). The study witnessed that
the hydrophilic GO exhibits a higher affinity towards water, leading to fast migration
of GO-dispersed N-methyl-2 pyrrolidonene solvent into non-solvent water during
the phase inversion process. This resulted in the formation of a sphere or nodule
of polymer that was attributed as a surface roughness (mean fit = 2.35 μm) which
further increased the membrane porosity.

Considering the damages associated with the irradiation, and redox reactions
due to the direct interaction of membrane with the reaction environment, inorganic
ceramic materials such as Al2O3, TiO2, SiO2, ZrO2 are the most viable substrate
materials compared to polymeric materials. Furthermore, the ceramic membrane
possesses higher chemical, mechanical, and thermal stability, a long life span and
demonstrates good antifouling properties but is expensive comparatively [6, 26].

The dye removal studies carried out using different varieties of the membrane
substrate material in PMR are compiled in Table 2.

3.2.2 Fabrication of Photocatalytic Membrane

Designing and modification in coherence with advancement towards commercial-
ization of photocatalytic membrane reactor requires a deeper understanding of
membrane fabrication methods. Therefore, this section emphasizes the mechanism,
operation, components and governing factors involved in the different membrane
fabrication methods that are prevalent or are recently developed.

Dip Coating

The dip-coating is one of the easiest and widely used methods for immobilizing
photocatalyst particles onto the membrane surface [4]. The dip-coating method
encompasses immersion of a membrane substrate at a specific speed into the coating
solution containing photocatalyst particles. On the membrane surface, the complete
deposition of particles is ensured by providing full penetration of the substrate mate-
rial at an optimum speed for its complete wetting, sufficient contact time and then
withdrawing at a constant speed. This is followed by evaporation of solvent leading
to the development of a thin film on the surface [57, 61]. The morphology and the
thickness of the deposited film are greatly influenced by the viscosity, density, surface
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Table 2 Removal of pollutants using different varieties of the membrane

S. no. Membrane type Pollutant removal References

1 Cr2O3-enriched geopolymer-based
photocatalytic membrane
(Cr2O3/GPCM)

Basic Green Dye [14]

2 Ag3PO4/Graphene
Oxide/3-aminopro-
pyltriethoxysilane/PVDF composite
membrane

Rhodamine B and Methylene Blue [14]

3 N-vinylcaprolactam-TiO2-acrylic
acid (VCL-TiO2-AA) polymer
nanocomposite modified polysulfone
ultrafiltration membrane

Methylene Blue [58]

4 AgCO@UiO/Graphene Oxide
membrane

Rhodamine B, Methylene Blue, Methyl
Red

[68]

5 N-doped TiO2–ZrO2/TiO2
composite ultrafiltration membrane

Methyl Orange [14]

6 Meso-tetrakis
(1-methylpyridinium-4-yl)
porphyrin-immobilized sulfonated
polysulfone/polyethersulfone blend
membrane (TMPyP@SPSf/PES)

Rhodamine B [65]

7 Cadmium sulphide/polymethyl
methacrylate nanocomposite
membrane (CdS/PMMA)

Rhodamine B [28]

8 TiO2-coated polyvinylidene fluoride
flat sheet membrane (PVDF)

Reactive Blue 19 [51]

9 g-C3N4/TiO2 composite
photocatalyst/polyacrylic
acid/polytetrafluoroethylene
ultrafiltration membrane
(CNTO/PAA/PTFE UFM)

Methylene Blue [16]

10 Composite membrane
-Polysulfone/Nitrogen, Palladium
co-doped TiO2

Eosin Yellow degradation [38]

11 Multi-wall carbon
nanotubes/Ag3PO4/polyacrylonitrile
(PAN) ternary composite fibre
membrane

Rhodamine B [66]

12 Graphene oxide/polyacrylonitrile
composite membranes (GO/PAN)

Indigo, Methylene Blue, Thymol Blue,
Congo Red

[22]

13 Acrylonitrile butadiene
styrene/polyurethane blend
membrane (ABS/PU)

Disperse Yellow 23, Disperse Red 60,
Disperse Yellow 23, Disperse Blue 183,
Vat brown 55, Vat blue 66 and Vat red 10

[42]

(continued)
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Table 2 (continued)

S. no. Membrane type Pollutant removal References

14 TiO2/α-Al2O3 porous membrane Methylene Blue [43]

15 Polysulfone/Titanium
dioxide/Multi-walled carbon
nanotubes mixed matrix Membranes
(PSF/TiO2/MWCNT)

Acid Black 1 [35]

16 Polyvinylidene fluoride/meso-TiO2
hybrid membrane

Methyl Orange [64]

tension and evaporation conditions of the coating solutions along with the immer-
sion time, withdrawn speed, dip-coating cycle and substrate surface characteristics.
Various dip coatingmethods so far followed are direct solution dipping,multi-layered
dip coating, photo-based, spin-based, sol–gel-based and vacuum-based methods.
The dip-coating method can be operated continuously and is usually employed for
ceramicmembrane preparation [18]. The availability of quality photocatalyst powder
in the photocatalytic membrane to the dyes is the vital deciding factor that controls
the removal efficiency. For example, TiO2-coated polyvinylidene fluoride (PVDF)
membrane was fabricated using dip coating with a contact period of 5–60 min. It was
observed that membrane porosity declined with an increase in contact period due to
aggregation of TiO2 photocatalyst particles leading to blockage of pores. In addition,
the dye removal efficiency escalated from 57.09% to 86.1% with an increment in
photocatalyst loading from 0.1 to 1 g/L because of the increase in active sites [51].

Spin Coating

In this method, on the surface of the planar membrane substrate, thin and uniform
polymer films are deposited. The various steps involved in the spin coating method
are deposition, spin-up, spin-off and evaporation. Initially, the substrate is placed on
the revolving base known as a spinner. Either at static or at a slow speed of revolving
spinner, the deposition of the photocatalytic solution takes place on the centre of
the substrate’s surface, and this is known as deposition step. At the spin-up step,
the deposited solution spreads radially outward due to centrifugal force exhibited
by the high-speed revolving spinner. In spin-off step, accumulation and ejection of
the solution takes place due to its outward flow towards the perimeter. The last step
involves thinning up the solution due to evaporation, leaving behind the photocatalyst
film on the surface of membrane. Various factors influencing the film thickness are
evaporation rate, angular velocity, volatility and diffusivity of the solvent along with
the solution concentration and its viscosity [20]. The advantage of the spin coating
method is that it is applicable for organic, inorganic and organic–inorganic solution
mixtures [49].

Electrospinning and Electrospraying

Using electrospraying and electrospinning, the photocatalytic membrane itself can
be created or the coating of photocatalyst on the membrane can also be achieved.
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The basic principle here is—a high electric field is applied on a blend solution that
produces photocatalyst (or membrane substrate and photocatalyst) nanofibres which
gets settled on a collector. In case of photocatalyst coating, the membrane substrate
will be placed on the collector. The key components of the electrospinning setup are
(i) syringe with a needle containing the solution, (ii) high voltage power source and
(iii) flat or drum type collector. Initially, the syringe is filled with blend solution, and
themetallic needle is appliedwith high voltage to produce an electric field to vanquish
the surface tension of the solution leading to the development of cone-shaped droplet
at the needle tip. The syringe pump then constantly pushes the solution, producing
ultrafine fibre that gets collected on the collector or the surface of membrane.

The electrospinning are of different configurations such as melt, single-spinneret,
multi-spinneret and co-axial [62]. Nano-fibres of polymers, metals, composites and
ceramics can be produced by this method. Electric field intensity, solution viscosity
and flow rate, polymer concentration, air humidity and work distance influence the
electrospinning process [31]. Electrospraying and electrospinning only differ in the
quantum of polymer chain entanglements and their presence in the solution. Simply,
by lowering the polymer chain entanglements in the solution, structure of regular
nanofibres can be transformed to beaded nanofibres and to particles under iden-
tical electrospinning conditions [39]. The membrane fabricated using electrospin-
ning demonstrates higher surface area to volume ratio and higher permeability due
to its immense control on the cross-linking and regularity.

Vacuum Filtration

Vacuum Filtration allows the photocatalyst particles deposition onto the membrane
surface physically. By controlling the concentration of the photocatalyst particles and
pressure of the vacuum, different loads of photocatalyst particles can be deposited
onto the membrane surface. The large thickness and higher density membrane can be
achieved using this method. The uniformity in coating largely depends on the down-
stream vacuum pressure. This method requires well-dispersed photocatalytic parti-
cles, else a non-uniform photocatalytic membrane will be formed due to aggregation
of particles. Various photocatalyst particles used in the fabrication of photocatalytic
membrane are MoS2 nanosheets, graphitic carbon nitride and graphene using this
method [15].

Phase Inversion

Under controlled conditions, phase inversion refers to the phase transformation of the
stable thermodynamic polymer solution from liquid to a solid phase. In other words,
precipitation of a polymer from a layer of casting solution involves a change to the
solid phase from the solution phase of the polymer by suitable manipulation of the
environment. Various techniques of phase inversion are precipitation by immersion
in a non-solvent, precipitation by cooling and precipitation by evaporation [21, 27].

In case of immersion in a non-solvent, the cast solution comprising of amembrane
substrate (and photocatalyst) in a solvent is immersed in a coagulation tank consisting
of non-solvent. The membrane (with the photocatalyst) is precipitated due to the
migration of material from the solvent to the non-solvent side. This results in the
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formation of a dense ultrathin skin (containing the photocatalyst) at the exposed
surface. This dense layer depresses the rate of migration of solvent inside the surface
which further lowers the precipitation and forms larger pores. This results in the
formation of an asymmetric membrane comprising of dense ultrathin skin layer with
porous substructure. Symmetric membranes can also be fabricated by this method
by controlling the migration rate of the solution.

In precipitation by coolingmethod, on any desired surface, the solution containing
membrane substrate material (and photocatalyst) and solvent is casted and allowed
to cool. The solubility of the solution decreases as the layer cools and formation
of a film matrix takes place. Polymeric membranes prepared by this method are
polypropylene, polyethylene, polysulfone, polyvinylidene fluoride. In the case of
precipitation by evaporation, solvent or mixture of the solvent evaporates from a cast
solution, due to which solubility of the solution decreases and precipitation of the
solutionmaterial occurs.Dense anisotropicmembraneswith orwithout photocatalyst
can be obtained by this method [21].

3.2.3 PMR Configurations

The photocatalytic membrane process is the compilation of advanced oxidation
process with the separation process. To get the most efficiency on the dye removal,
the configuration of the PMR is vital. The configurations of PMR are mainly cate-
gorized into two (i) photocatalyst in suspension inside the membrane reactor (ii)
photocatalyst implanted or immobilized on the membrane surface inside the reactor.
The active surface area available for the pollutants is more in the suspended cata-
lyst system as compared to the immobilized catalyst ensuring higher photocatalytic
performance for the former and a portion of loss in photoactivity at the latter case.
Furthermore, the drawback of the suspended catalyst reactor is the difficulty in recov-
ering or removing the particles after the decontamination of wastewater, whereas an
immobilized catalyst reactor eliminates this requirement [44, 46]. Correspondingly,
photocatalyst in immobilized mode should be stable and must exhibit strong adhe-
sion with the membrane material. Impregnation of catalyst within the membrane has
better reusability and recoverability at nominal cost [44]. Reference [65] fabricated a
mesotetrakis (1-methylpyridinium-4-yl) porphyrin-immobilized sulfonated polysul-
fone/polyethersulfone blend membrane (TMPyP@SPSf/PES) for the degradation of
Rhodamine B andMethylene blue dye under visible light (300W), and has observed
the degradation efficiency upto 98.3% and 99.1% for Rhodamine B and Methylene
blue dye, respectively.

The studies on PMR for the removal of dyes used varieties of PMR configurations
as follows. Figure 4a represents the suspended photocatalyst PMR with the light
source placed above the membrane matrix, whereas in Fig. 4b, light source is placed
above the feed chamber. Moreover, light source can also be placed both above the
feed chamber and membrane matrix. Also, a light source can be placed inside the
feed solution using immersed lamps. Figure 5 represents the PMRwith photocatalyst
embedded on and within the membrane.
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Fig. 4 Suspended PMR a Illumination of Membrane Matrix b Illumination of Feed Tank [46]

Slurry-Based Photocatalytic Reactor

Slurry-Based Photocatalytic Reactor offers larger interaction between the contami-
nants and the photocatalyst suspended in the slurry, and are coupled with membrane
matrix for separation purposes. Depending upon the configuration, two types of
slurry-based photocatalytic reactor are (i) Split-type (ii) Integrated Type. In the
case of Split-type, photocatalytic oxidation and membrane separation take place in
different chambers as shown in Fig. 6a), whereas both occur in the same chamber in
the case of Integrated type [37]. [12] conducted an experiment for the eradication of
Disperse Red 73 (DR73) dye from the textile industry effluents using TiO2 suspended
photocatalytic reactor combinedwith hollowfibremicro-filtrationmembranemodule
under ultraviolet irradiation (24 W UV Lamp). Measurement of the percentage of
dye degradation was based on the efficiency of Chemical Oxygen Demand (COD)
removal. The analysis revealed that the COD removal efficiency elevates from 70
to 90% with an increase in TiO2 loading from 0.5 g/L to 2 g/L after 180 min of
treatment due to an increase in photocatalytic activity as active site increases (Refer
Fig. 6b).

Reference [19] carried out an experiment for the elimination of reactive black 5
dye using an integrated type slurry-based photocatalytic reactor built by immersing
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Fig. 5 Immobilized PMR a Embedded on the Membrane b Within the Membrane [46]

(a) (b)

Membrane 
Module

Photocataly c
Reactor

Fig. 6 Split-type Photocatalytic Membrane Reactor a Experimental Setup b % Dye Degradation
Versus time (in min) [12]

a flat polytetrafluoroethylene (PTFE) membrane module into a TiO2-based slurry
photocatalytic reactor as illustrated in Fig. 7a. Themembranemodule was positioned
at the middle of the container and in between the two Ultraviolet lamps (15W each).
Furthermore, a magnetic stirrer was used for mixing the solution along with the
air diffuser for continuous aeration. Measurement of % dye degradation was based
on COD and Total Organic Carbon (TOC) removal. Experimental results reveal
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Fig. 7 Integrated Slurry PMR a Experimental Setup b%Removal versus Initial Dye Concentration
[19]

that under continuous flow PMR having a detention period of 4 h, the percentage
removal of TOC, COD and colour decreases from 92 to 46%, 82 to 56%, 99.3 to
83%, respectively, with the surge in initial concentration of dye (Refer Fig. 7b). This
is because a higher initial concentration of dye intensifies the colour of the solution
thereby affecting the depth of the UV light penetration. Moreover, due to constant
light intensity and irradiation time, the energy available for the radical generation
declines with mounting dye concentration as dye molecules absorb the photon flux.

Immobilized Photocatalytic Membrane Reactor

In this configuration, the membrane not only acts as a selective barrier for the
pollutants, but also serves as a support for the photocatalyst [45]. Based on the
integration of the photocatalyst, the immobilized PMR are categorized into three
types, (i) Membrane coated with photocatalyst (ii) Blending of photocatalyst with
the membrane (iii) Self-Photocatalytic membrane.

Membrane Coated with Photocatalyst

Coating techniques like magnetron sputtering, dip-coating, chemical vapour depo-
sition (CVD) and atomic layer deposition (ALD) and electrospinning and electro-
spraying are used for the synthesis of photocatalytic membranes [37]. A laboratory-
scale experiment was carried out by [5] for methylene blue removal using nanofibre
membranes depositedwith titania nanoparticles. Themembranewas fabricated using
electrospinning and electrospraying. The study incorporates two cases, i.e. batch
process and continuous process for the deposition of nanoparticle and nanofibre as
demonstrated in Fig. 8. It was observed that the percentage degradation of methylene
blue after 90min of treatment underUV irradiation (0.6mW/cm2) is 65.48% for batch
process and 99.6% for continuous process, inferring that the batch processmembrane
fabrication is less efficient as compared to the continuous process because of the
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Fig. 8 Photocatalytic membrane fabrication method a batch process and b continuous process [5]

reduction in photoactive interfacial area due to bilayer deposition of nanoparticles
and nanofibres.

Photocatalytic activity of TiO2-coated Polyvinylidene fluoride membrane synthe-
sized by sol–gel method was tested for the Reactive Black 5 (RB5) dye degradation
under ultraviolet illumination (UV-C, 15 W). The TiO2 particles in this experiment
were synthesized at specific pH value 1, 1.25, 1.5 and have found percentage degra-
dation of 54.58, 98.77 and 30.12% for Reactive Black 5 dye in 5 h at pH value
of 1.5, 1.25, 1, respectively. This is because of higher photocatalytic activity at pH
1.25, because of high sol density compared to pH 1.5 and due to origination of more
favourable TiO2 crystal type at pH 1.25 than pH 1 [36].

Blending of Photocatalyst with the Membrane

Wet spinning, nonsolvent-induced phase separation (NIPS), electrospinning and
sintering are the methods used for the synthesis of these types of membrane. The
major advantage of these types ofmembranes is that the leaching of photocatalyst gets
curtailed. Optimizing the proportion of the photocatalyst and the membrane precur-
sors can help us to get the required stability and reactivity of the membrane [37].
Reference [53] carried out an experiment to investigate the effect of photocatalytic
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dye degradation under varying experimental conditions like irradiation time, initial
concentration of dye and pHusing zinc oxide-blended cellulose acetate-polyurethane
(CA-PU/ZnO) membrane prepared using solution dispersion blending method for
removal of Reactive Red (RR 11) and Reactive Orange (RO 84) dyes. Moreover, in
this experiment, ZnO nanoparticles were synthesized by sol gel method. Figure 9
illustrates the experimental setup in which funnel contains the prepared membrane
with dye solution and at different time intervals (10–60 min) kept under the sunlight.
It was found that with increase in illumination time, the degradation efficiency of
dye escalates and reaches its peak after 40 min and then remains constant. Therefore,
illumination time of 40 min is kept fixed for the study. It was also observed that at
pH value 7, higher degradation efficiency of RR11 and RO84 dyes was achieved by
CA-PU/ZnO membrane. Neutral pH is well suited for better performance, because
at low pH, ZnO reacts with acids to produce salts, whereas it forms complexes after
reacting with base at high pH value. Correspondingly, analysis discovered that the
dye degradation efficiency declined with increase in initial dye concentration from
50 to 250 mg/L because generation of hydroxyl ion decreases as active sites of the
photocatalyst gets shrouded with the dye molecules.

Reference [1] utilizes the Metal–organic frameworks (MOFs) for the photocatal-
ysis and demonstrated the photocatalytic degradation of methylene blue dye over 5 h
under dark, ultraviolet (λ = 253.7 nm, 6W) and visible irradiation (λ > 420 nm, 6W)
using Polysulfone-Blended NH2-MIL125 (Ti) membrane with MOF/PSf percentage
composition of 0, 0.2, 0.5 and 1 wt% and fabricated through phase inversion method.

TheNH2-MIL125(Ti) is ametallic organic formwith cyclic Ti8O8(OH)4 oxo clus-
ters and 2-aminoterephthalate ligands and exhibit greater adsorption affinity towards
visible light due to the presence of amino-functionalized structure. For the analysis,
membrane polymeric strip (8 cm x 8 cm)was suspended in 100mL ofmethylene blue
solution having concentration 10 ppm (Refer Fig. 10). At an interval of 60 min, 2 mL

SUN

Photodegrada�on 
process under 
Sunlight

Dye 
solution 

ZnO blended  
CA-PU 
membrane 

Suction pump 
was used to 
collect the 

degraded dye 
solution 

Filtrate collected 
through prepared 
membrane after 
degradation of dye 
solution 

Fig. 9 Experimental Setup for Dye Degradation using CA-PU/ZnO membrane [53]
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Fig. 10 Experimental Setup in a dark, b Visible light and c UV light [1]

aliquots of the dye solution are withdrawn with a disposable syringe and were moni-
tored using UV–Vis Spectrophotometer. Higher dye removal percentage was found
in NH2-MIL125(Ti)/PSf membrane with composition 1% (in weight) under all three
conditions, i.e. dark, visible as well as ultraviolet irradiation. NH2-MIL125(Ti)/PSf
membrane with composition 0, 0.2, 0.5 and 1 wt% showed 30.840, 36.779, 44.203,
49.268% dye removal, respectively, under visible irradiation, whereas under ultra-
violet irradiation, they showed 38.538, 48.846, 52.076 and 56.076% dye removal,
respectively. This is due to the fact thatwith increasing concentration ofNH2-MIL125
(Ti), the density and the quantity of membrane pores got enlarged gradually. Further-
more, under dark conditions, due to the adsorption dominance in the dye degradation,
NH2-MIL125(Ti)/PSf membrane with composition 0, 0.2, 0.5 and 1 wt% showed
26.145, 27.389, 31.592 and 37.881% dye removal, respectively.

Self-Catalytic Membrane

These membranes are constructed with a pure photocatalyst through electrochemical
anodization, and do not necessitate any immobilization step as required in the coated
or blended membrane and can act as antifouling membranes. These membranes
possess higher hydrophilicity, anatase crystallinity and surface area and significantly
lowers the tendency of photocatalyst leaching [6, 37]. Fabrication of TiO2 membrane
using electrochemical anodization of titanium metallic substrate is widely used,
as anodization favours the growth of TiO2 nanotube from the oxidized Titanium
electrode in the presence of fluoride ions in an aqueous electrolytic solution [30, 37].

4 Selected Case Studies

This section delineates the recent pilot-scale studies undertaken by the researchers
for dye removal. The following case studies intend to develop a framework and to
understand the characteristics and behaviour of different reactor setups.
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4.1 Photocatalytic Membrane Bioreactor (PMBR)

Reference [56] experimented to explore the efficiency of tungsten oxide with
graphene oxide alginate beads (WO3/GO) for the photocatalytic degradation of dye
using hollow fibre polyethersulphone membrane bioreactor under visible irradiation.
Modified Hummer Method was used for the Graphene Oxide synthesis. Synthesis of
tungsten oxide involves the usage of tungsten oxide powder, polyvinylpyrrolidone,
sodium alginate and calcium chloride bath. Textile wastewater was pumped with a
flowrate of 6.7L/h into the photocatalytic reactor having a contact time of 3 h. At the
bottom surface of the photocatalytic reactor, an aerator was placed for homogenous
mixing of the solution. Furthermore, from the top of the photocatalytic reactor, visible
light of 500 Wwas immersed, reaching ¾th of the tank. The wastewater after photo-
catalysis passes to the membrane bioreactor (refer Fig. 11). In membrane bioreactor,
a hydraulic retention time of 10 h and mixed liquor suspended solid concentration of
8000mg/L was maintained. The experiment was run twice using both tungsten oxide
(WO3) as well as tungsten oxide (WO3) with graphene oxide (GO) alginate beads
in the photocatalytic reactor. Under the catalyst loading of 500 mg/L and reaction
time of 3 h, the analysis of the photocatalytic reactor effluent revealed that a higher
percentage of colour and COD removal was found in the case of WO3/GO, i.e. 25
and 44%, respectively, whereas in the case of WO3, it was 21 and 36%, respectively.
The higher efficiency of WO3/GO is because graphene oxide acts as an electron
acceptor, and it lowers the recombination of electrons and holes resulting in a higher
dye degradation efficiency. The effluent from the membrane bioreactor shows 76%
COD and 70% colour removal due to higher biomass growth ensuing integrated
PMBR improves the degradation efficiency.

Feed Tank Peristal�c Pump

Photocataly�c 
Reactor

Membrane 
Bioreactor

Permeate

Fig. 11 Experimental Setup of Photocatalytic Membrane Bioreactor (PMBR)
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4.2 C-TiO2-CFA/PAN Photocatalytic Membranes

Reference [47] demonstrated the removal of golden yellow andmethyl orange textile
dyes using novel polyacrylonitrile membrane supported carbon-doped titanium
dioxide-coal fly ash nanocomposite (C-TiO2-CFA/PAN). Optimization of photocat-
alyst along with the effect of pH, photocatalyst loading (0%, 1%, 1.5% and 2% C-
TiO2-CFA), initial dye concentration was also evaluated. The carbon-doped titanium
dioxide-coal fly ash nanocomposite was synthesized by sol–gel method and through
phase inversion technique, immobilized on polyacrylonitrile membrane. Scanning
electronmicroscope analysis reveals the fabricated membrane to be asymmetric with
a thin top layer and porous sub-layer. Optimization of photocatalyst for degradation
of dyes with different ratios of C-TiO2: CFA is illustrated in Fig. 12.

Figure 12 infers that the optimum proportion of C-TiO2:CFA is 4:1 having a
degradation efficiency of 70.5% forMethylOrange and 93.8% forGoldenYellowdye
in 180 min. The degradation efficiency of 90.30% for methyl orange and 89.90% for
golden yellowwas achieved by using photocatalyst loading of 2%C-TiO2-CFA/PAN,
ensuing increase in photocatalyst loading leads to increment in photocatalytic dye
degradation. Also, it was noticed that the degradation efficiency declines with the
rise in initial dye concentration because of solution opacity as illustrated in Fig. 13.
Furthermore, higher photocatalytic activitywas observed at lower pH.This is because
the TiO2 photocatalyst surface exhibits a positive charge, and methyl orange and
golden yellow dye under acidic conditions exhibit zwitterionic structure, because of

Fig. 12 Degradation of a Methyl Orange b Golden Yellow dye with different proportion of C-
TiO2:CFA [47]
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Fig. 13 Removal Efficiency (%) versus Time with increase in initial dye concentration a Methyl
Orange b Golden Yellow dye [47]

which adsorption of dyes on the photocatalyst surface is enhanced leading to a higher
rate of photodegradation of dyes.

4.3 Solar Photocatalytic Membrane Reactor with Fe3+-Doped
ZnO/polyester

Reference [7] investigated the photocatalytic degradation of Reactive Blue 5 (RB5)
dye using Fe3+/ZnO/polyester-based solar PMR. The experiment was performed in
a borosilicate glass container comprising of 100 ml of RB5 dye solution (30 ppm),
5cm2 swatch of Fe3+/ZnO/PMR and ZnO/PMR with 60 mg as an average catalyst
loading and 30 Mm of H2O2 concentration at pH 7 with D65 cool artificial daylight
tubes (72 W) under 30–35 ˚C. Results reveal that untreated dye, i.e. blank showed
no change in concentration with time. Fe3+/ZnO/PMR showed maximum dye degra-
dation efficiency in 180 min treatment because doping of Fe3+ with ZnO reduces
the bandgap resulting in a higher rate of hydroxyl radical generation (refer Fig. 14).
Also, the higher photocatalytic activity of Fe3+/ZnO/PMR was observed due to its
ability to harvest a visible spectrum of irradiation along with an increased rate of dye
adsorption due to higher surface roughness and hydrophilicity.
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Fig. 14 (i) Experimental Setup of Fe3+/ZnO/polyester-based solar PMR (ii) Degradation of
Reactive Blue 5 Dye with time [7]

5 Conclusion

The photocatalytic membrane reactor is gaining widespread recognition due to its
broad-spectrum applicability and inherent advantages like low operational cost,
low membrane fouling, anti-bacterial properties and efficient degradation of dye
effluents. Due to several drawbacks associated with the suspended catalyst system,
immobilization of photocatalyst has significant importance in practical applications.
Excessive photocatalyst loading reduces the photocatalytic activity due to solution
opacity. Commercial application of photocatalytic membrane technology should be
promoted by performing pilot-scale experiments or projects. Studies should focus
on the discovery of novel visible light-responsive photocatalyst for the elimination
of organic contaminants and their suitable recovery/reuse method. Furthermore, an
investigation should also be made for the development of advanced membrane mate-
rial to ensure its stability under UV irradiation and to lower the membrane resistance,
and concentration polarization.
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Abstract Synthetic dyes from textile and other manufacturing industries in the
wastewater are harmful due to their toxic, mutagenic, and cancer-causing nature,
thus compelling for agile development of necessary processes to purify wastewater
efficiently. Being a significant step of industrial wastewater purification, the removal
of synthetic dyes is always challenging due to complex and stable aromatic molec-
ular structures, hence the prime focus of current research. The techniques such as
biodegradation, photocatalytic degradation, Fenton reagent, adsorption, and absorp-
tion are either less effective or costly with operational problems. Recent research
reveals that fibrous membranes offer high-throughput performance to remove dyes
from contaminated water. The chapter will cover the recent advancements in devel-
oping novel strategies for active, economical, and facile removal of synthetic dyes
from wastewater using fibrous membranes. Different types of dyes and innovative
methods for synthesis and modification of fibrous membranes are also discussed in
detail. The chapter’s core focus is to investigate the underlying mechanisms of dye
removal using fibrous membranes for wastewater treatment.

Keywords Fibrous membranes · Dye · Nanofibers · Photodegradation ·
Electrospun · Wastewater · Polyaniline · Polydopamine · Chitosan · Dextrin ·
Polyacrylonitrile

M. M. Iqbal (B) · M. S. Aslam
School of Biochemistry and Biotechnology, University of the Punjab, Lahore, Pakistan

G. Muhammad (B) · M. A. Raza
Department of Chemistry, GC University Lahore, Lahore, Pakistan
e-mail: mgulzar@gcu.edu.pk

M. A. Hussain
Institute of Chemistry, University of Sargodha, Sargodha, Pakistan

Z. Shafiq
Institute of Chemical Sciences, Bahauddin Zakariya University, Multan, Pakistan

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
S. S. Muthu and A. Khadir (eds.), Membrane Based Methods for Dye Containing
Wastewater, Sustainable Textiles: Production, Processing, Manufacturing
& Chemistry, https://doi.org/10.1007/978-981-16-4823-6_5

79

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-4823-6_5&domain=pdf
mailto:mgulzar@gcu.edu.pk
https://doi.org/10.1007/978-981-16-4823-6_5


80 M. M. Iqbal et al.

Abbreviations

ßCD ß-Cyclodextrin
BET Brunauer–Emmett–Teller
ChNW Chitin nanowhisker
CMF Cellulose micro-fibrils
CNFs Carbon nanofibers
cPAN Carbonaceous polyacrylonitrile
CR Congo red
FTIR Fourier Transform infrared spectroscopy
KCC-1 High-surface area silica nanospheres
kDa Kilo Dalton
LDH Layered double hydroxide
MB Methylene blue
MfSNPS Methyl functionalized mesoporous silica nanoparticles
MMMs Mixed matrix membranes
MO Methyl orange
MOF Metal–organic frame work
NFMs Nanofibrous membranes
NMP N-Methylpyrrolidinone
p(GMA) Poly(glycidyl methacrylate)
PANI Polyaniline
PAEK-COOH Carboxylated poly (arylene ether ketone)
PAN Polyacrylonitrile
PDA Polydopamine
PEI Polyethylenimine
PEO Polyethylene oxide
PIM-1 Polymer of Intrinsic Microporosity
PTFE Polytetrafluoroethylene
PVA Polyvinyl alcohol
PVDF Polyvinylidene fluoride
RCF Regenerated cellulose films
SEM Scanning electron microscopy
SPET Poly(ethylene terephthalate)
TGA Thermogravimetric analysis
UV–vis Ultraviolet–Visible
XRD X-ray diffraction
ZIF Zeolitic imidazolate framework
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1 Introduction

Dyes are an intricate class of contaminants in wastewater harmful to both health and
the environment. Industries are endlessly introducing the dyes [26, 54]. Intractability
and property of dyes to impart visible and undesirable color to water are now a
significant issue for the environment [1]. The development of agile, efficient, and
economical water purification systems to eliminate harmful dyes from wastewater
is critically important [6, 34, 45, 71]. Dyes employed during dyeing and printing
processes of yarn and fabrics are discharged from the textile industry into wastew-
ater. There are various strategies available for the rejection of dyes from industrial
discharge water. Examples of dye rejection strategies include biological degradation
by activated sludge, adsorption on activated carbon or membranes. No technique yet
encompasses the removal of all the dyes fromcontaminatedwater.Cost-effectiveness,
size of rejection plant, and operation complexity are limiting factors to practice an
effective dye removal process from wastewater [15].

Purification of wastewater by adsorption is economical, easy to handle, and prac-
tical [4]. Rejection of dyes from wastewater by adsorption is a premium method
among versatile techniques practiced currently. Different materials remove the dyes
from contaminated water to cut environmental toxicity and encourage salvage prac-
tice of water and chemicals [63]. Organic nanofibrous membranes perform bril-
liantly in contaminated water remediation and recently are noticed extraordinarily
[87]. Covalent organic frameworks, evolving materials in the textile discharge treat-
ment, offer potential perviousness and consistent channel structure [58]. Cellu-
lose microfibers find various applications owing to advantages of biological origin,
sustainability, and easy availability in abundance [44]. Polyaniline (PANI) andmodi-
fied forms adsorb dyes through cationic nature and show potential dye rejection from
wastewater [63]. Metal–organic framework (MOF) is the focus of current research in
wastewater purification. The expensive and time-requiring step during recycling after
adsorption is to filter or centrifuge the metal MOF nanoparticles from suspension.
The photocatalytic ability ofMOF nanofibrous compositemembranes eliminates this
step.During the regeneration, the fibrousmembranes easily separate from the suspen-
sion [24]. Modification with specific functional groups increases the capabilities of
nanofibrousmembranes for dye rejection from contaminated water. Polyacrylonitrile
(PAN) nanofibers modified with protein show the ability to confiscate cationic dyes
from contaminated water [26].

This chapter starts with an introduction to fibrous membranes employed for dye
removal from wastewater. The introduction follows a discussion on the features
of fibrous membranes and factors affecting the efficiency and adsorption ability
of nanofibrous structures. The parameters which require optimization to achieve
maximum efficiency and adsorption capacity are also discussed. The methods for the
preparation of fibrous membranes are also introduced. In the next part of the chapter,
fibrous membranes are arranged and discussed according to the type of constituent
polymer and the modification. Novel strategies and methods for the fabrication,
modification, and characterization of various nanofibrous materials recently used
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in dye rejection are discussed in detail in this part of the chapter. Dye rejection
from contaminated water, mostly industrial discharge water, is the prime focus of
discussion. This part of the chapter provides insight into the underlying principles and
mechanisms in the fabrication, modification, and adsorption/desorption processes.
In this part of the chapter, regeneration and recyclability of the nanofibers are also
explored. This chapter also provides the reader a comparison of the dye removal
efficiency and adsorption capacity of various nanofibers. In the last, future horizons
of fibrous membranes for dye removal are discussed.

2 Features of Fibrous Membrane

The membranes for removing dyes from wastewater rely on adsorption phenomena
on nanofibers. The efficiency for dye adsorption is determined by important structural
and functional features of nanofibers constituting the membrane. The nature of func-
tional groups on nanofibers controls the type of dye adsorbed by the membrane. The
fibrous membranes interact with the dye through electrostatic interactions, hydrogen
bonding, or hydrophobic interactions. Figure 1 illustrates the interactions of Congo
red (CR) with nonwoven polystyrene/PANI. The functional groups on nanofibers
are modified by decoration the membranes with various molecules like enzymes,
proteins, nanoparticles, and natural and synthetic polymers [1, 3, 4, 8, 37, 60].

The average diameter of nanofibers constituting the membrane is significant as
it affects the surface area available for dye adsorption. A direct relation is observed
between dye adsorption capacity and the average fiber diameter [87]. The average

Fig. 1 Congo Red dye is adsorbed on fibrous membranes by hydrophobic interactions (via benzene
ring) and hydrogen bonding (via amino group)
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pore size and nature of the membrane affect dye adsorption on the membrane [83].
Larger pore size and layered structure increase dye adsorption on the membrane
[72]. Reliable techniques and methods characterize the morphological characteris-
tics of fibrous membranes. Elemental analysis, X-ray diffraction (XRD), Brunauer–
Emmett–Teller (BET), Fourier Transform infrared spectroscopy (FTIR), EDEX zeta
potential, porosity and ion exchange capacity, Energy-dispersive spectrometry, Scan-
ning electron microscopy (SEM), Transmission electron microscopy (TEM), Ther-
mogravimetric analysis (TGA), and Vibrating sample magnetometer are widely used
to investigate the structural and morphological characteristics of fibrous membranes
[18, 24, 40, 44].

Functional characteristics of fibrous membranes include dye adsorption capacity,
dye desorption ability, and recyclability. Membranes with higher adsorption capacity
in minimum time, flux volume, and pressure are desired. The adsorbed dye is de
adsorbed to regenerate the membrane. Desorption of dye takes place by changing
the conditions of adsorption. Alkalies, acids change the pH and weaken the elec-
trostatic interaction between dye and adsorbent. Organic solvents are also useful in
the desorption process. The membranes with higher desorption capacity and recy-
clability are desired. Antifouling and self-cleaning membranes perform excellently
in industrial wastewater treatment [36, 56].

3 Factors Affecting Efficiency of Fibrous Membrane
for Dye Removal

Initial dye concentration, pH, flow flux, flow time, flow volume, and diffusion
rate significantly affect dye’s adsorption on the membrane nanofibers during a dye
removal process. The parameters are optimized to achieve maximum adsorption
capacity in minimum time. Estimating optimum values for operational parameters,
in a dye adsorption strategy, through response surfacemethodology or other available
statistical tools reduces time and cost.

4 Methods of Fibrous Membrane Fabrication

Various methods are available for the fabrication of nanofibers used in dye
removal from wastewater. Recently employed methods include electrospinning,
sol–gel method, calcination and liquid phase deposition, one-pot method, solvent
casting/progen leaching method, and non-solvent induced phase inversion process
[37, 51]. Among all the nanofiber fabrication methods, electrospinning is widely
used to prepare nanofibers. Electrospinning fabricates membranes of uniform pore
size with increased surface area [19]. The processes of electrospinning and solvent
casting are illustrated in Fig. 2.
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Fig. 2 The processes of electrospinning and solvent casting for preparation of fibrous membranes

5 Organic Polymer Membrane

5.1 Polyacrylonitrile Composite Membrane

Silk fibroin/PAN removes the dye from wastewater. Double-layer filters are synthe-
sized with different compositions of PANI/TiO2. The electrospinning method is used
to fabricate these membranes. SEM reveals ultra-fine fibers arranged in mats in the
double-layer filters. Beads are not formed in the structure. The Silk fibroin/PAN
double-layer filters show high-tensile strength fibers. Anionic reactive black (HFGR)
dye removal from aqueousmedia takes place through adsorption on fibers. The exper-
iment is performed in a dead-end stirred cell filtration device. PANI/TiO2 concentra-
tion, pH, and dye concentration affect dye’s adsorption [5]. PAN/CaCO3 nanofiber
is fabricated using the solvent casting/progen leaching method and subsequently
aminated with triethylenetetramine for dye adsorption from an aqueous solution.
The nanofiber morphology is investigated by SEM, illustrated in Fig. 3. The func-
tional group modification of nanofibers is investigated by FTIR shown in Fig. 4. Dye
removal by the nanofibrous membrane is illustrated in Fig. 5. The optimum condi-
tions for dye removal from wastewater are optimized, and an adsorption model is
build using response surface methodology shown in Fig. 6 [51].

Flux and selectivity are essential contrasting features of adsorbents. An inex-
pensive gradient hybrid membrane is fabricated from oxidized multiwall carbon
nanotubes forming a functional layer by electrospray. Ultra-thin PAN layer is fabri-
cated in the middle supported on polypropylene nonwoven fibers. Based on gradient
structures, themembrane shows excellent flux under lowpressure and removes indigo
dye with high removal ratio of 98% [89]. PAN nanofibers’ double metal modifica-
tion shows combined features of ultrathin fiber diameter, greater surface area, and
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Fig. 3 SEM images showing the morphology of PAN nanofibers and PAN nanoporus fibers before
and after functionalization with CaCO3 or amine. a(1,2) Pure PAN nanofibers, b(1,2) PAN/CaCO3
nanofibers, c(1,2) nanoporous PAN nanofibers, and d(1,2) Aminated nanoporus PAN nanofibers.
(Reprinted with permission of Elsevier from [51])

increased porosity. The fibrous membrane releases hydroxyl radicals when irradi-
ated with light and offers excellent dye degradation capacity through photocatalytic
activity. Reactive blue 19, reactive red 195, and acid orange 7 are shown to degrade
by the membrane’s photocatalytic activity. The membrane is reusable [91].
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Fig. 4 Fourier transform infrared (FTIR) spectra of the nanofibers shows changes in functional
groups during modification of PAN nanofibers. Stretching of carbonyl group disappears due to
calcination. And new peaks of calcite appear. Similarly, bending due to amine group and decreased
intensity of peak of nitrile group a pure PAN nanofiber bCaCO3/PAN nanofiber c nanoporous PAN
nanofiber dAminated nanoporus PAN nanofiber. (Reprinted with permission of Elsevier from [51])

5.2 Polyvinylidene Fluoride Nanofibers

Treatment of PVDF with carbon dioxide plasma by electrospinning decreases
hydrophobicity. Carbon dioxide plasma-treated PVDF rejects crystal violet dye effi-
ciently. Phase inversion and solvent casting for PVDF fabrication are disadvanta-
geous due to less surface area and membrane pore size. In contrast, the electro-
spinning method produces uniform pore size with an increased surface area. FTIR
results show the introduction of negatively charged carboxylate groups on PVDF
membrane after treatment with carbon dioxide plasma. The introduction of carboxy-
late groups in PVDF increases rejection capacity to crystal violet due to signifi-
cant electrostatic interaction with dye [19]. Core–shell-like structures are synthe-
sized from PVDF nanofibers and polypyrrole particles with help of polydopamine
(PDA). Initially, PVDF/dopamine nanofibers are synthesized by electrospinning.
The addition of Tris-HCl solution initiates the polymerization of dopamine into
polydopamine. Pyrrole polymerizes on fibrous membrane through oxidation with
the help of FeCl3. Nitrogen-containing groups on the surface of the core–shell-like
structure increase surface area and solubility in water. Composite nanofibers show
excellent adsorption of methylene blue (MB) and CR [48].

Electrospinning PVDF with chitin nanowhisker (ChNW) introduces func-
tional groups in the membrane used to remove the indigo carmine dye. ChNW
are hydrophilic biopolymers containing two functional groups, while PVDF is
hydrophobic. PVDF and ChNW ratio (15%:1%) gives a combination of hydrophobic
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Fig. 5 Use of nanofibers and nanoporus nanofibers to remove dye a Ultraviolet–Visible (UV–
vis) absorption spectra of nanofibers and nanoporus nanofibers, b Column chart showing dye
removal efficiency of nanofibers, Direct Blue 78 (DB78) removal by PAN nanofibers (C = 80mg/L,
V = 250 mL, t = 60 min, T = 25 °C). (Reprinted with permission of Elsevier from [51])

and hydrophilic functional groups. ChNW increases the contact angle of PVDF
membrane and enhances the dye rejection capacity to IC. The novel idea of
combining PVDF and ChNW is further extendable to the rejection of proteins,
especially hormones and viruses, from wastewater [20]. Membrane distillation
provides long-term and trustworthy water purification system. Polytetrafluoroethy-
lene (PTFE)/PVDF are flat sheet membranes. Membranes are synthesized by using
phenomena of evaporation of solvent through heat. Methyl functionalized meso-
porous silica nanoparticles (MfSNPS) are used to modify PVDF/PTFE membranes.
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Fig. 6 a(1,2) The effect of adsorbent dosage and pH on dye removal by PAN nanofibers, and b(1,2)
(V = 250 mL, t = 60 min, T = 25 °C). (Reprinted with permission of Elsevier from [51])

Important surface characteristics of membranes include morphology, water repul-
sion, and pore size. Lab experiments with feed water solution and permeate solu-
tion give a stable and pure water output through MfSNPS/PVDF/PTFE membranes.
MfSNPS/PVDF/PTFE membranes show the ability to remove CR dye from an
aqueous solution with 99% efficiency [30].

Metal salts with different anions are used to synthesize hybrid membranes from
PVDF. Novel PVDF and layered double hydroxide (LDH) composite membrane
PVDF@LDH is synthesized by combining the method of electrospinning and
hydrothermal treatment. Anions (NO3

−, Cl−, SO4
2−) affect the structure and

charging extent of LDHs implanted on the surface of PVDF nanofibers. Sulfate
ions allow the creation of the hierarchical structure of hybrid fibers. PVDF@CoAl-
LDH offers dye adsorption of ~621 mg/g for MO. The composite membrane shows
more than 90% dye rejection even after three adsorption and desorption cycles [55].
PVDF-calcium alginate nanofiltration membranes are innovative and offer high flux
permeation for dye rejection. The membrane is fabricated by electrospinning PVDF
with sodium alginate solution. CaCl2 crosslinks the polymer. Field emission SEM
equippedwith energy-dispersive spectrometry attenuated total reflectance-FTIR, and
X-rayphotoelectron spectroscopy is used to characterize the features of the composite
membrane.Themembrane shows~99%rejection ofMBandhigher rejection of seven
dyes. The membrane also offers antifouling efficiency to bovine serum albumin and
bacteria [56].
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5.3 Polyaniline Membrane

PANI is an economical and efficient polymer for the adsorption of dyes from polluted
water. Amino groups in PANI acquire positive charge after accepting hydrogen ion.
Adsorption of dyes on PANI takes place through mechanisms of different types of
interactions. PANI shows more affinity toward anionic dyes. Modified PANI with
the increased surface also shows an affinity for cationic dyes. Modified PANI shows
enhanced adsorption capacity, porosity, number of binding sites, interaction due to
functional group modification, and ion exchange features [63].

Conducting polymers are widely used for wastewater purification. One draw-
back of conducting polymers is an aggregation of the polymer. Polystyrene/PANI
membranes produced by electrospinning are capable of removing dyes from
wastewater. Introduction of PANI into nonwoven polystyrene fabricates nonwoven
polystyrene–PANI mates. Investigations with contact angle measurements, SEM,
FTIR, and UV–vis spectroscopy provide knowledge about composite membranes’
characteristics. Interaction time, pH, and initial dye concentration affect adsorption
of CR dye and azo dye on the nonwoven polystyrene–PANI membrane. Nonwoven
polystyrene–PANI membrane shows the excellent capability to reject CR efficiently
from wastewater. The membrane shows recycling ability for 13 cycles of adsorp-
tion/desorption without a decrease in dye adsorption capacity on the membrane. The
membranes show the application’s capability in compact filtration units to achieve
fast removal of dye from wastewater [21].

Polyethylene oxide (PEO)/PANI hybrid membranes are inexpensive and novel.
Combining PEOwith PANI increases the dye adsorbing efficiency of PEOmore than
two times. The scheme for the fabrication of composite membranes is shown in Fig. 7
while SEM images in Fig. 8 demonstrate surface morphology of the composites. The
composite membrane maintains 99% adsorption up to eight cycles of adsorption and
desorption. PEO/PANI shows an ability to adsorbmethyl orange (MO)dye efficiently.
The composite membrane is also applicable for the crossflow filtration unit. TheMO
and PEO/PANI interaction is illustrated in Fig. 9 [54].

5.4 Polydopamine Membrane

Polyethylenimine (PEI) and PDA are coated on the surface of polyphenylene sulfide.
PDA acts like glue in a molecular modification of fibers. Coating increasing stability,
the property of polyphenylene sulfide membrane surface to interact with water and
life of nanofiber. Besides, the crosslinking of catechol and amino in coating increases
resistance to acids. The coated membrane shows more than 99% dye rejection of
methyl blue and rhodamine B. The membrane shows dye rejection even after three
adsorption–desorption cycles. Additionally, the surface-modified membrane shows
the potential for good flux recovery. The membrane also exhibits antifouling prop-
erty [88]. Chitin nanocrystals are decorated with DA and graphene oxide. DA-Chitin
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Fig. 7 Scheme the synthesis of a PANI powder b PANI/PEO composite membrane. N-
methylpyrrolidinone (NMP). Briefly the PANI is prepared bymixing reactants followed bywashing.
Then PANI and NMP are stirred to obtain nanofibers and membrane is obtained by casting. APS:
Ammonium persulfate; PEO: Polyethylene oxide; PANI: Polyaniline. (Reprinted with permission
of Elsevier from [54])

nanocrystals/graphene oxide fabrication is facilitated by vacuum filtration. DA-
Chitin nanocrystals proportion in membrane affects hydrophilicity of membrane.
Novel membrane shows a high capacity to remove MB (99.3%) and CR (98.3%)
from wastewater with recyclability and regeneration properties. The membrane also
shows antifouling property [66].

Membranes modified to carry catalytic oxidation take another advantage of the
decrease in fouling problem. The surface of polypropylene is modified with PDA and
zeolitic imidazolate framework (ZIF), ZIF-67 using local association of monomers
to fabricate PDA/ZIF-67/polypropylene hybrid membrane. The fabrication process
of PDA/ZIF-67/polypropylene is illustrated in Fig. 10. The crossflow filtration
process for wastewater remediation is illustrated in Fig. 11. The membrane rejects
dye using visible light and peroxymonosulfate activation simultaneously. Surface
decoration of polypropylene with PDA and ZIF-67 increases the adsorption of dye
more than two times. The surface decorated membrane shows high efficiency in
physical filtration, photocatalysis, peroxymonosulfate catalysis. The mechanism
for photocatalysis by PDA/ZIF-67/polypropylene is illustrated in Fig. 12. The
membrane also shows recyclability, anti-fouling, and self-cleaning properties for
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Fig. 8 SEM images and contact angle of a pure PEO and b PEO/PANI composite membrane.
PEO: Polyethylene oxide; PANI: Polyaniline. (Reprinted with permission of Elsevier from [54])

the dye rejection process. The foulants transferred to membrane surface contribute
to the high antifouling property of membranes. Sulfate ions and oxide ions help in
dye degradation by the membrane [36].

5.5 Polyethylenimine Membrane

Catechol (Cc) implanted PEI nanohybrid membrane is cost-effective and easily
fabricated. Surface decorated nanohybrid membrane contains hydrophilic amino
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Fig. 9 Effect of acidic and basic pH on chemical structure of MO dye and PANI. The proposed
chemical interaction betweenMO dye and PANI. (Reprinted with permission of Elsevier from [54])

Fig. 10 Fabrication and application of PDA/ZIF-67@PPmembrane in dyewastewater remediation.
Polypropylene membrane is factionalized with DA and ZIF-67 in two steps. The functionalized
membrane removes dye from wastewater through photocatalysis. DA: Dopamine. (Reprinted with
permission of Elsevier from [36])

groups in nature and shows high oil-repellent property underwater. Hence,membrane
is useful for the separation of dyes and oils and surfactants from oil emulsions
during purification steps. The membrane is resilient to alkalies and allows selec-
tive control of dye and surfactant rejection. The membrane shows high efficiency
for more than 30 regeneration cycles of rejection and recovery. The surface deco-
rated membrane shows the potential of high efficiency in wastewater purification
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Fig. 11 Crossflow filtration apparatus applied for photodegradation of dye from wastewater. The
wastewater, feed contaminated with dye flows on surface of membrane and decontaminated water
is collected as filtrate. PMS: Peroxymonosulfate. (Reprinted with permission of Elsevier from [36])

[43]. Hybrid nanofibrous membrane fabricated from modified polyethylenimine (m-
PEI) and PVDV through electrospinning show adsorption of MO ~633 mg/g. The
composite membrane comprising nanofibers shows a porous structure. The fibrous
membrane requires an alkaline solution for regeneration and is recyclable. Film
diffusion and intra-particulate diffusion are factors affecting dye’s adsorption onto
nanofibers [50].

5.6 Polyvinyl Alcohol Membrane

Nanofiber membranes implanted with ZnO nanoparticles on PVA and konjac
glucomannan nanofibers are fabricated through electrospun and heat-mediated
crosslinking. The resultant membranes are multifunctional and show a capacity
to filter air, kill bacteria, and adsorb dyes. Besides, the nanofibrous membrane
possesses catalytic activity aided with light. The nanofibrous membrane show high
efficiency in dye adsorption for methyl orange aided with photocatalytic activity. The
membrane also shows less resistance to flow [46]. PVA/chitosan/silica composite
nanofiber (PCSCN) fabricated by electrospinning shows potential adsorption
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Fig. 12 Proposedmechanism of dye degradationwith peroxymonosulfate activated by visible light.
ZIF-67 acts as photocatalyst and activates PMS. The reactive species generated by PMS cause
degradation of dyes. PMS: Peroxymonosulohate; NHE: Normal hydrogen electrode. (Reprinted
with permission of Elsevier from [36])

capacity (322 mg/g) of direct red 80 (DR80) from wastewater. The adsorbent shows
maximum adsorption at 2.0 pH, ~2 g dosage, and ~16 mg/L dye concentration [52].

PVA/starch hydrogel nanofibrousmembrane is synthesized using electrospinning.
Thermal treatment is used to crosslink polymers. PVA/starch hydrogel is used for the
rejection of MB dye from aqueous solutions. MB is desorbed from the membrane
by passing 5% (v/v) HCl. The membrane shows a maximum adsorption capacity of
400 mg/g. The membrane is suitable for parting MB (cationic dye) and MO (anionic
dye). The property is attributed to the stability and tensile strength of membrane
fibers [59]. Copolymer PVA/PAA fabricated by electrospinning is coated with PDA.
PDA contains functional groups that increase the adsorption of dye on the adsor-
bent. Membranes fabricated by electrospinning show high specific surface area. The
nanofibrous membrane shows an adsorption capacity of 1146.6 mg/g for MB and
good recyclability [90].

5.7 Polymers of Intrinsic Microporosity

PIM-1 shows the high binding capability to neutral molecules and are auspicious
fibers for decontamination. Due to its nonpolar nature, PIM-1 does not interact
with cationic and anionic dyes. Functional group modification of PIM-1 increases
the adsorption properties of nanofibers. Borane dimethyl sulfide complex modifies
nitrile groups of PIM-1 fibrous membrane (PIM-FM) to amine groups. The fibrous
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membrane AM-PIM-FM is obtained with amine modification. For control applica-
tion, PIM-1 dense membrane (PIM-DM) is also modified. SEM analysis shows that
the average diameter of microfiber does not change during conversion. PIM-1 thick
membrane and fibrous membrane both are insoluble in organic solvents. The fibrous
membranes are useful for the adsorption of anionic dyes, such as methyl orange
from wastewater, by electrostatic interactions between amine and anionic dye. The
amino-modified membrane shows increased capacity to remove anionic dye from
water compared to PM-1 dense membrane used as control. The membrane is inves-
tigated for continuous adsorption/desorption and batch adsorption studies to filter
anionic dyes from wastewater [75]. Ultrafine fibers of PIM-1 are fabricated by elec-
trospinning method from hydrolyzed PIM-1. Hydrolysis of PIM-1 takes place in the
presence of sodium hydroxide base. After hydrolysis, PIM-1 is washed and electro-
spun. Uniform and bead-free fibers are obtained using PIM-1 with different degrees
of hydrolysis. Thus, the adsorbent removes MB from water by a simple filtration
process without deriving force [74].

5.8 Miscellaneous Organic Membranes

Polyvinyl chloride membranes synthesized by electrospinning are treated with
solvent and heat to remove cationic dye through adsorption. Initial concentration
of dye and temperature of the solution affect dye adsorption on fibrous membranes.
Themembranes contain long and ultrafine fiberswhen polyvinyl chloride is subjected
to electrospinning at a concentration of 10% (w/v) in a solvent containing tetrahydro-
furan dimethylformamide. Solvent treatment increases the tensile strength of fibers
from 0.67 to 7.87 Mega Pascal. The equilibrium sorption capacity of membrane
increases with temperature and initial dye concentration [99].

Clavibacter michiganesis is immobilized on polycaprolactone and polylactic acid
nanofibrous webs fabricated by electrospinning. The adsorbent removes setazol blue
BRF-X from textile effluents in 48 h from initial concentrations of 50, 100, and
200 mg/ml. The integration of bacteria on nanofibrous webs is investigated by SEM,
imaging, and optical density analysis. The adsorbent is reusable for five cycles [73].

Copolymer poly(dimethyl diallyl ammonium chloride-acrylamide) is subjected to
electrospinning with cellulose acetate to manufacture hybrid nanofiber membranes.
The adsorbent thus produced shows rejection of acid black 172 from contaminated
water. An increase in the proportion of copolymer to 40wt% enhances the adsorption
capacity of adsorbent to 192 mg/g. There is a direct relation with the average fiber
diameter in the hybrid adsorbent [87]. In a simple two-step method, the polymeric
salicyl active esters are deposited on fibrous membranes and then modified with
functional groups. Nanocomposites are used to remove organic dye fromwastewater.
SEM evaluates nanocomposite fibers’ structure, while the surface characteristics
are analyzed by nitrogen adsorption/desorption isotherm. FTIR is used to study
the contact angle and modification of functional groups. Fibrous nanocomposites
show selective adsorption of anionic dyes from the mixture of cationic and anionic
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dyes and regeneration abilities. Kinetic models and isotherm models investigate the
adsorption of dyes on nanofibers. The nanocomposite shows maximum adsorption
of methyl blue. Cost-effective synthesis of salicyl active esters, excellent adsorption,
and regeneration ability make these fibrous membranes useful in research and water
purification applications [94].

Poly (L-lactic acid) nanofibers are synthesized using the plasma etching tech-
nique. Plasma etching technique is a simple, emerald, and efficient method for
the fabrication of nanofibers and generates active binding sites on the surface of
fibrous membranes. Poly (L-lactic acid) nanofibers synthesized by plasma etching
efficiently adsorb the MB dye. The adsorption takes place by electrostatic forces
of attraction. Initial dye concentration and plasma etching time both affect the
adsorption properties of fibrous membranes. Chemical adsorption kinetics of dye
on the fibrous membrane is pseudo-second order, and Langmuir model explains the
isotherm data [6]. Tight membranes for ultrafiltration are synthesized from carboxy-
lated poly (arylene ether ketone) (PAEK-COOH) using a non-solvent-induced
phase inversion process. PAEK-COOH is a condensation polymer of 2-[bis(4-
hydroxyphenyl)methyl] benzoic acid and 4,4′-bisfluorodiphenyl ketone. Polymer
shows thermal stabilitywith a decomposition temperature of 360 °C. The hydrophilic
nature of a tight membrane is determined by the angle of contact. PAEK-COOH
tight ultrafiltration membranes show 99.8% adsorption of CR dye from 100 ppm
solution at 0.4 megapascal pressure. The membranes are applicable to separate dye
from dye and salt mixtures as membranes allow monovalent ions to pass through.
Membrane shows a molecular weight cut-off value of 9.260 kDa and hence allows
monovalent ions to pass through. Divalent ions are slightly rejected. The membrane
also shows antifouling properties and anti-dye adsorption characteristics for bovine
serum albumin. The membrane offers an ability to reject CR, coomassie brilliant
blue, direct red 23, and Evans blue from dye permeate flux [42].

Porous membrane with catalytic ability in the presence of light is fabricated by
electrospinning PTFE/PVA/zinc acetate dehydrate. Later PVA is removed from the
membrane. PTFE is a substrate to support ZnO. ZnO particles act as photocata-
lysts in photocatalytic porous membranes. ZnO photocatalyst particles are formed
by the decomposition of zinc acetate dehydrate present in porousmembranes. Porous
membranes are flexible, chemically stable, and possess surface area with high speci-
ficity. Homogenous immobilization of ZnO particles on the surface reduces cluster
formation and settling of ZnO particles from suspension. Experiments with vacuum
membrane distillation and photodegradation reveal that PTFE/ZnOmembranes show
the ability to remove dyes and slat both simultaneously.Other PTFE/ZnOmembranes
exhibit self-cleaning ability when fouled membranes are treated with UV radiation.
PTFE/ZnO membranes show the broad-spectrum potential in water purification for
dye removal [25].

Capable composite cationic exchange adsorbent fibrousmembranes are fabricated
to remove chlorazole black E dye from wastewater. Bromoacetyl bromide is an atom
transfer radical polymerization (ATRP) initiator and modifies functional groups in
cellulose films. Regenerated cellulose films (RCF) are implanted with poly(glycidyl
methacrylate) p(GMA) through surface-initiated ATRP (SI-ATRP). H3PO4 and
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H2SO4 are used to modify RCF-g-p(GMA) into RCF-g-p(GMA)–PO3H2 and RCF-
g-p(GMA)–SO3H, respectively. The fabrication process of RCF-g-p(GMA)–PO3H2

and RCF-g-p(GMA)–SO3H and subsequent adsorption of chlorazole black E on
nanofibers are illustrated in Fig. 13. FTIR, SEM, and analytical procedures char-
acterize the morphology and structure of the modified fibrous membrane. Factors
that affect adsorption include a dose of adsorbent, pH, ionic strength, initial concen-
tration of dye, and exposure time. Both membranes show maximum rejection at
acidic pH. The adsorption process of chlorazole black E dye on both membranes
follows pseudo-second-order kinetics and adsorption equilibrium correlates with
Langmuir and Freundlich isotherm.Modified RCF shows an ability to regenerate the
membranes for ten cycles of adsorption and desorption of dye from wastewater [8].

To fabricate sulfonated poly(ethylene terephthalate) (SPET) nanofibrous
membranes, SPET is electrospun with trifluoroacetic acid/dichloromethane in solu-
tion. SPETnanofibers show a diameter of 300 nm–1μm. Factors affecting adsorption
ofC.I.Basic blue 3dyeonSPETmembrane include concentration, voltage used, pres-
sure, and time for filtration. A dead-end recirculation ultrafiltration setup carries the
filtration. The effect of pressure on adsorption of basic blue 3 dye on SPETmembrane
is significant while operating time is less. Dye equilibrium sorption fits Langmuir and
Freundlich isotherms [11]. Polyethersulfone nanofibrous membranes bearing nega-
tive charges are fabricated employing the single-step electrospun method. Sodium

Fig. 13 Modification of cellulose-g-p(GMA) into RCF-g-p(GMA)–PO3H2 and RCF-g-p(GMA)–
SO3H and dye adsorption. GMA is grafted on regenerated cellulose films and then epoxy group
on RCF-g-pGMA is modified into phosphate and sulfonic acid group. The anionic groups in
membrane interact with the dye molecules. GMA: Glycidyl methacrylate; g: grafted. (Reprinted
with permission of Elsevier from [8])
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styrene sulfonate and acrylic acid are electrospun in polyethersulfone solution. Func-
tional groups are produced through crosslinking and copolymerization. Afterward,
negatively charged polyethersulfone nanofibrous membranes (NFMs) are fabricated
by direct electrospinning. NFMs are investigated for adsorption of different dyes
by batch method at different pH values. NFMs show adsorption of cationic dye,
MB efficiently. NFMs show the potential of industrial applications for wastewater
purification from dyes [12].

Two methods, electrospinning and in-situ crosslinking, are combined in a novel
strategy to fabricateNFMs. Poly ([2-(methacryloyloxy)-ethyl] Trimethyl ammonium
chloride) (PMETAC) produces crosslinked polymer in a solution of polyethersulfone.
NFMs carry positively charged groups of quaternary ammonium in the polymer of
PMETAC and show the capacity to adsorb negatively charged dyes fromwastewater.
NFMs adsorb CR dye with an adsorption capacity of 208 mg/g and are reusable.
NFMs adsorb 100% dye from wastewater for the first time and show an ability to
adsorb 96.5% dye in the third cycle of adsorption. NFMs show multi-functionality
in wastewater treatment by dye rejection and killing bacteria [45].

6 Metal–Organic Frame Work (MOF)

Metals coordinated to organic ligands show an increased ability to absorb dye. Sepa-
ration of MOFs from solutions for practical use is difficult. Immobilization of MOFs
on fibrous membranes is a novel approach to improving the adsorption of dye and
separating the resulting MOFfrom water. Zeolite imidazole framework is immobi-
lized on PAN membranes through electrospinning. The resulting fibrous membrane
retains 92% adsorption capacity after four regenerating cycles. Zeolite imidazole
framework immobilized on PANmembranes show excellent adsorption ofmalachite,
CR, and Basic fuschin. Easy synthesis, adsorption behavior, and easy purification
make such fibrous membranes applicable for industrial use [27]. Iron immobilized
on a fibrous membrane in the presence of hydrogen peroxide removes crystal violet
dye up to 50 mg L-1 from wastewater. Iron nanoparticles of 50–150 nm size are
immobilized on polyester membrane through amine or thiol groups. Iron immobi-
lized to the polyester membrane through thiol removes up to 98.87% dye in 22 min.
Chemical oxygen demand analysis shows 78% decrease in toxicity. The membranes
are reusable seven times [60].

Hydrazine hydrate and hydroxylamine are used in different ratios to modify PAN
nanofibrousmembranes’ surface, subsequently coordinated with Fe3+ ions. Fe3+ ions
help in the adsorption of azo dye and Reactive Red 195 (RR 195) and oxidation by
photocatalysis. The ratio of hydrazine hydrate and hydroxylamine affect the surface
characteristics of nanofibrous membrane–Fe complexes. The adsorption of dye takes
place through pseudo-second-order kinetics. The dye removal efficiency of MOF is
due to the increased photocatalytic rate constant and adsorption of dye in greater
quantity. The nanofibrous membranes are reusable [35]. MOF (NH2–MIL-125) are
nanofibrous composite membranes with photocatalytic abilities and reduce the step
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of centrifugation or filtration during regeneration of fibrousmembranes and are easily
separated from suspension. MOF (NH2–MIL-125) are well characterized composite
membranes. Investigation with X-ray diffraction (XRD), SEM, FTIR, TGA,BET,
andUV–Vis techniques providemorphological andmechanical information ofMOF.
MOF adsorbs MB and sodium fluorescein through steric hindrance [24]. Chitosan is
a natural polysaccharide. Chitosan/PVA nanofibers are synthesized by electrospin-
ning. ZIF-8/chitosan/PVA bionanocomposite is fabricated by coating MOF, ZIF-8
on chitosan/PVA nanofiber. The adsorbent shows the capability to adsorb malachite
green. Artificial neural networks and surface response methodology are used to esti-
mate the initial concentration of dye statistically. Among three coated membranes
distinguished by the number of coating cycles, chitosan/PVA coated with ZIF-8 for
two cycles shows maximum adsorption capacity [53].

MOFswork by trapping dyes through simple filtration practice. LessMOF loading
quantity, resistance by polymer-forming coating, and greater flow flux result in less
adsorption ratio andMOFs capacity. Increased adsorption ratio and ability andgreater
flux are significant challenges for an efficient filtration process. Nanofibers of zeolitic
imidazolate framework, ZIF-8 are fabricated through an in situ coating of aramid
microfibers and silk microfibers adsorption of dyes. ZIF-8 shows potential adsorp-
tion of organic dyes, including coomassie brilliant blue, congo red, malachite green,
and methylene blue. Hierarchical microstructures in nanofiber membrane permit
high rejection, high flux and large volume filtration applicable for industrial uses
[47]. Composite MOF aerogel is fabricated by implantation of zinc nanoparticles on
crosslinked cellulose.Materials obtained from biomass are cost-effective, promising,
and green. ZIF-67 forms a coating on the cellulose matrix. The composite membrane
shows an adsorption capacity of 617 mg/g for MO. The adsorption capacity is four
times greater than unmodified cellulose [79]. MOF nanofibrous mats are fabricated
for dye rejection. PAN ismixedwith 2-methylimidazole and electrospun. Then ZIF-8
nanocrystals are fabricated PAN nanofibers. Mats consisting of nanofibers reject MB
and malachite green from an aqueous solution. The adsorbent shows a fast adsorp-
tion rate for methylene blue, reaching 1531 mg/g, and degrade MB with ultraviolet
radiation irradiation [92].

Polyester membranes are successfully modified by introducing amine or thiol
groups and zerovalent iron nanoparticles are implanted on the membrane. Polyester
membranes are subjected to plasma treatment before functionalization. The
membranes remove dyes and bacteria from contaminated water by a Fenton-like
process. Investigations show iron nanoparticles ranging 50–150 nm in size are
implanted on fibrous membranes. Fenton-like efficiency of four differently modi-
fied membranes derived from polyester to remove crystal violet dye is investi-
gated in the presence of H2O2. Polyester nonwoven fibers modified with thiol
group and implanted with iron nanoparticles show maximum dye rejection ~98%
in 22 min [60]. Zerovalent iron nanoparticles are embedded on the plasma-treated
polyester nanofibers before or following modified with polyamidoamine dentrimer,
3-(aminopropyl) triethoxysilane or thioglycerol for dye rejection fromwastewater by
Fenton-like catalytic process. The adsorption capacity and other parameters affecting
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dye rejection by the adsorbent are optimized with statistical modeling and experi-
mental design. The statistical investigation shows that pH greater than 5 decreases
the dye rejection; however, an active concentration of hydrogen peroxide increases
dye rejection until equilibrium is established [61].

Using PAN fibrils’ hydrophilic nature, AgBr/Br Schottky junction is formed
on the surface, creating thin films. Electrospinning and wet chemical method are
used to synthesize novel PAN/AgBr/Ag fibrous membrane to remove contaminants
from wastewater through photodegradation. The membranes show a stable porous
structure and mechanical strength. Hence, efficiently filter Disperse red 1 dye and
other contaminants from wastewater [71]. Copolymer beads are synthesized from 2-
hydroxyethyl-methacrylate and methyl methacrylate using FeCl3. Co-precipitation
of Fe2+ ions with beads containing Fe3+ ions takes place at basic pHwith heating. The
resulting beads possessing magnetic properties are implanted on p(GMA). The reac-
tion of implanted p(GMA) with ammonia converts epoxy groups into amino groups.
Surface area measurements, electron spin resonance, Mossbauer spectroscopy, and
SEM are performed to investigate hybrid beads’ morphology and structure. P(GMA)
implanted and amine group-containing beads adsorb the highest amount of reactive
green-19 dye at pH 3.0. The adsorption follows pseudo-second-order kinetics. An
acidic dye is removed fromwastewater takes advantage of the flexibility of implanted
chains. There is no change in beads’ initial adsorption capacity by changing the
condition of adsorption [7].

Electrospinning and sol–gel methods are combined to fabricate mesoporous
nanofibers for dye removal from wastewater. Carboxylated Mn2O3 polymers of
acrylic acid are investigated by microscopic and specific surface area analysis. Silica
andMn2O3 are deposited on the nanofibril surface. Deposition ofMn2O3 on polymer
increases the diameter of fibers but decreases pore size; hence, a mesoporous filter
is obtained. The average surface roughness of the polymer increases after polymer-
ization of the monomer. XRD analysis confirms the grafting of silica on Mn2O3

nanofiber surface. The dye adsorption rate on nanofibers is affected by adsorbent
dose, pH, inorganic anions, and dye concentration. The kinetics of dye adsorption
follows a pseudo-second-order model [9].

7 Cyclodextrin (CD) Modified Membrane

Cyclodextrin offers an advantage for enhancing the efficiency of membranes in
two ways. Cyclodextrin helps in the adsorption of organic compounds through the
complex formation and increases nanofibers’ surface area. PAN nanofibers are elec-
trospun with β-cyclodextrin (β-CD) to introduce functional groups in nanofibers.
Although β-CD increases PAN’s dye rejection ability from 15.5 to 24% overall, less
efficiency of PAN/β-CD membranes is because β-CD is soluble in water and is lost
during the filtration process. A polycondensation reaction crosslinks β-CD into β-CD
polymer and solves the solubility problem. PAN/β-CD polymer shows an ability to
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reject dye with higher efficiency from aqueous solutions. X-ray diffraction analysis
reveals that β-CD forms inclusion complexes with dye molecules [16].

Microfibers are obtained from hydroxypropyl-β-CD and benzoxazine in a solu-
tion using dimethylformamide through electrospun. Microfibers are crosslinked
by thermal treatment. Uniform microfibers are synthesized with a composition
of hydroxypropyl-β-CD (120%) and benzoxazine (25%) by weight/volume. The
microfibers are water-insoluble. However, the thermal treatment causes changes in
the morphology of fibers. Citric acid decreases the deformation in the morphology
of nanofibers. Electrospinning helps in crosslinking and increases resistance to heat.
The morphology of microfibers in water and different organic solvent is investigated
bySEM.BothMBandMOshow interactionwith cyclodextrin.However, crosslinked
hydroxypropyl-ßCD and benzoxazine show selective adsorption of MB, a cationic
dye, through electrostatic interactions. The anionic dye shows less electrostatic inter-
action to microfibers. The cationic dye can be easily removed from microfibers in a
water showing regenerative capability [14].

β-CD functionalizes high surface area silica nanospheres (KCC-1) grafted with
NH2 groups. Treatment with toluene followed by 3-aminopropyltriethyloxysilane
introduces NH2 groups in KCC-1 structure. Functional modification of KCC-1 is
confirmed with FTIR. SEM and TEM provide knowledge about the morphology of
fabricated nanoadsorbents. KCC-1-NH-β-CD shows the ability to remove malachite
green from aqueous solutions with high efficiency [1]. β-CD/glutaraldehyde/PVP
nanofibrousmembrane is fabricated by electrospinning and shows an ability to adsorb
MO dye from wastewater. Implantation of β-CD in crosslinked polymer increases
the adsorption capacity of nanofibrous membranes. The membranes are investigated
for structural features by ATR-FTIR, XRD, SEM, and UV spectroscopy [86].

8 Cellulose Membrane

Membranes based on cellulose materials are cost-effective. Cations are introduced in
cellulosic materials employing quaternary ammonium. The membranes are charac-
teristics investigated byFTIR-ATRspectroscopy.Themembranes showadsorption of
acid, direct, reactive, and cationic dye efficiently. Cotton linters and fabric containing
positively charged functional groups show the potential to remove various dyes
from wastewater. The membranes are easily regenerated by the bleaching process
and retain a good capacity to adsorb dyes [15]. Sustainable carboxylated cellulose
membranes reject dyes from contaminated water. 2,2,6,6-etramethylpepridine-1-
oxyl introduces carboxyl groups to cellulose via oxidation. Structural and morpho-
logical features of filter membrane e characterized byATR, TGA and SEM investiga-
tions. Carboxylated cellulose filter membranes show potential mechanical character-
istics and tensile strength. XPS and elemental mapping investigations show carboxy-
lated cellulose filters adsorb potential MB dye (76.9 mg/g) with high flux at low
pressure. The excellent dye rejection property of carboxylated filters depends upon
the internal micro-nano-scaled structure. The internal micro-nanostructure facilitates
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the adsorption of dye. Dye rejection at low pressure indicates that gravity facilitates
filtration. Cellulosic fabric filters packed in spiral-wound cartridges are investigated,
with wastewater contaminated with dyes and metals simultaneously for remedia-
tion. Carboxylated cellulosic fabric filters show a ten times greater capacity to treat
contaminated water than cellulosic fabric filters [34].

Cellulose micro-fibrils (CMF)-based membranes implanted with Fe3O4 nanopar-
ticles are magnetic and mediate catalysis. HKUST-1/Fe3O4/CMF membranes show
magnetic and catalytic activity for application in dye rejection from wastewater.
CMF disperses MOF crystals (HKUST-1) and Fe3O4 nanoparticles and increases
the catalytic feature of HKUST-1/Fe3O4/CMF. TEM, BET, XRD, FTIR, TGA, and
energy-dispersive spectrometry investigate properties of nanofibers. The vibrating
sample magnetometery technique confirms the presence of Fe3O4 nanoparticles
on the surface of CMF. The porous morphology of MOF facilitates the increased
adsorption capacity of HKUST-1/Fe3O4/CMF. Novel membranes show high
efficiency in rejection of MB from wastewater due to larger surface area and
catalytic nature with advantages of regeneration, sustainability, and recycling [44].
Copper oxide nanoparticles implanted on the cellulose oxidized with 2,2,6,6,
tetramethylpiperidin-1-oxyl increases dye rejection capacity and anti-pathogenic
activity. SAXS andQCMDconfirm the formation of nanoparticles. The carboxylated
cellulose nanolayers act as a substrate and adsorb the metal ions. Cu2O/TOCNF
composite membrane is investigated for UV irradiated MB rejection from aqueous
solutions [82]. Highly porous cellulose acetate nanofibers are implanted with silver
nanoparticles. The resulting adsorbent shows potential adsorption efficiency in
removing Rhodamine B from wastewater, indicating that silver nanoparticles do not
affect the adsorption of dye from aqueous solutions. Further silver nanoparticles
increase the bactericidal capability of the adsorbent. The adsorbent is applicable to
remove dye from wastewater [84].

9 Chitosan Composite Membrane

Chitosan is abundant, biocompatible, able to form films, and possesses polar func-
tional groups for the adsorption of organic molecules. Chitosan/hydroxyapatite
is a porous membrane. Sponge-like intrinsic morphology and an outer surface
that supports adsorption of dyes from wastewater. Porous chitosan/hydroxyapatite
membrane shows four times more adsorption capacity as compared to nonporous
one. The adsorbent thus fabricated shows 98% dye rejection in a duration of fewer
than 15min. The procedure of fabricationmembrane is facile and easy. The adsorbent
is reusable for five cycles at 150 mg L-1 dye concentration [76]. Chitosan (β-(1→4)-
linked D-glucosamine and N-acetyl-D-glucosamine) and clay are chemically modi-
fied to fabricate chitosan/clay composite. Chitosan/clay composite removes direct
rose from an aqueous solution. The formation of composite nanofibers increases
the adsorption ability of chitosan. Higher pH allows maximum dye adsorption on
the composite adsorbent. The adsorption of direct rose on chitosan/clay follows
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pseudo-second-order kinetics and the Redlich–Peterson model. 0.1 M HCl regen-
erates chitosan/clay adsorbent and elutes the dye. The composite shows ability to
remove 87% dye from diluted solution [29].

Chitosan is coated on cellulose acetate/pol(yhydroxybutyrate-co-
hydroxyvalerate) fiber layers to synthesize a three-layer composite membrane.
Chitosan is used as a substrate, while acetate/pol(hydroxybutyrate-co-hydroxy
valerate) acts as a fence. Glycerol content affects the mechanical strength and filtra-
tion efficiency of the membrane. The membrane shows a dye adsorption capacity of
188.52 for dispersed dye [95, 96]. Microfibriller cellulose coated with chitosan or
ZnO/chitosan is investigated for adsorption efficiency of MO. Coated microfibrillar
cellulose fabricated by simple method show the ability to remove MO dye from
an aqueous solution. XRD and SEM images show the formation of a thick layer
of chitosan over microfibrillar cellulose with a concentrated solution of chitosan.
However, treatment with a dilute solution of chitosan results in the wrapping of
individual microfibrillar cellulose microfibers. The photodegradation ability of
ZnO/chitosan-coated microfibrillar cellulose further increases in the presence of
ultraviolet radiation. The adsorption of dye an adsorbent takes faster in the ultraviolet
radiation. Maximum dye adsorbed on ZnO/chitosan-coated microfibrillar cellulose
is 42.8 mg/g [28].

Composite electrospun nanofibrous membranes, chitosan/PVA/SiO2 are affinity
membranes. Composite membranes show increased mechanical and filtration char-
acteristics. SiO2 gives strength to the fibrous membrane and increases water flow and
adsorption of dye on microfibers’ surface. The initial concentration of SiO2 affects
fiber thickness, morphology, pore size, and permeability of affinity membranes. The
fibrous membranes show the ability to remove 98% Red 23 dye from an aqueous
medium [22]. Chitosan is used to modify palygorskite to fabricate adsorbent for
reactive dye. The fabricated adsorbent shows increased adsorption of dye compared
to unmodified palygorskite [69]. Crosslinked chitosan–tripolyphosphate/nanotitania
composite membrane removes methyl orange dye from aqueous solutions. The effi-
ciency of membrane for removal of dye is analyzed by performing a statistical anal-
ysis experiment, the response surface methodology using Box–Behnken design. The
parameters optimized in this analysis include TiO2 initial concentration, dose, pH of
the solution, and temperature. 50% TiO2 initial concentration, 0.09 g dose, 4.0 pH of
the solution, and 40 °C temperature gives dye removal efficiency of approximately
87% [2].

Chitosan nanoparticles implanted fibrous membranes are fabricated and inves-
tigated to reject negatively charged dyes for purification of contaminated water.
Chitosan nanoparticles implanted on cationic fibrous carrier remove anionic dye
through adsorption. Activated polyethylene terephthalate fibers are used for the
immobilization of chitosan nanoparticles. The modified nanofibrous membrane
shows the potential rejection ability of dye rejection 300–1050 mg/g for different
dyes. The adsorption capacity of the adsorbent depends upon the type of dye. Nega-
tively charged phthalocyanine dyes of variousmolecular sizes, nature, and number of
ionic groups are investigated for dye rejection by the novel adsorbent. Intra-particle
diffusion limits the overall reaction as a rate-determining step, and the adsorption is a
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pseudo-second-order reaction. pH also affects the adsorption of dye on the adsorbent,
and with maximum capacity in the pH range of 2–8. The chitosan-modified cationic
fibrous carrier readily regenerates in alkaline solution [41]. For the fabrication of
chitosan/alginate foams, ternary acetic acid/water/tetrahydrofuran are employed as
solvents during lyophilization process. The composite membrane shows intercon-
nected pores and appropriate structure fitting for dye adsorption. The foam offers
water repelling nature and adsorbs MB (1488.1 mg/g). The adsorbent also shows
potential adsorption capacity for acid black-172. The adsorption takes place through
chemisorptions and depends upon the weight ratio of chitosan and alginate [97].

10 Modification of Membrane with Protein

Nanofibers are modified with protein for the rejection of cationic dyes from wastew-
ater. Modification with hydrolysis introduces carboxylic groups to PAN nanofibers.
Bovine serum albumin purified from laboratory wastes couples with P-COOH to
fabricate P-COOH-BSA nanofibrous membranes. Investigations with equilibrium
dissociation constant show capability of P-COOH-BSA nanofibers to remove tolui-
dine blueO (TBO)with 434.78mg/g at alkaline pH.Dye rejectionwithBSAmodified
nanofibers follows pseudo-second-order kinetics and fits Langmuir isotherm model.
The BSA modified nanofibers are easily regenerated using a high concentration of
sodium chloride solution or 50% glycerol, and dye rejection capacity is sustained up
to 97% for five cycles [26]. Novel keratin protein-based adsorbent is fabricated from
merino wool fibers. The hierarchical microstructure of wool fibers is exposed by
controlled hydrolysis of cuticle cells, forming a protective coating on fibers’ surface.
The adsorbent shows a high adsorption capacity of 294 mg/g for Rhodamine B dye
in the presence of 3.5% acetic acid. The hydrolyzed wool fibers contain amine and
carboxylic groups involved in the interaction of adsorbent with the dye molecules.
The Amine group is capable of accepting hydrogen ions and deprotonation [81].

11 Laccase Immobilized Membrane

Laccase immobilized on polypropylene chloride film fabricated on fibrous polymer
pGMA show the ability to remove procion green HG4, brilliant blue G, and crystal
violet. The morphology of polypropylene films fabricated on pGMA is characterized
by SEM and FTIR. The amount of enzyme immobilized on film and the activity of
the enzyme provides an idea about the intact structure of the immobilized enzyme.
Experiments show an increase in thermal stability, shelf life, and activity in the
immobilized enzyme. MALDI-TOF-MS and kinetic studies show that immobilized
laccase possesses the ability to remove dyes from textile wastewater with excellent
efficiency [3]. Laccase is implanted on a hybrid membrane fabricated from zeolite
like geopolymer. The composite membrane is prepared by a simple, fast method
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of cyclic adsorption. The membrane shows more than 99% crystal violet removal
with 93% efficiency in 8-h filtration in a flow-through procedure. The membrane is
cheaper and durable [93].

12 Biomass-Based Membrane Adsorbents

Leaves of Posidonia cieanica (L.) adsorb dye from the textile industry’s wastewater.
Temperature, pH, and pretreatment of leaves affect the adsorption of e on the biolog-
ical fibrous material. Leaves of Posidonia ocieanica (L.), a seagrass found in the
Mediterranean, are economical, available, and renewable biomaterial. An increase
in temperature increases the adsorption of dye on biomaterial. At pH5.0, the biomate-
rial removes themaximum dye fromwastewater. Treatment of fibers with H3PO3 and
HNO3 increases the efficiency of fiber for dye adsorption. Adsorption is explained by
Lagergren first-order and pseudo-second-order models. Freundlich isotherm model
explains the equilibrium data of adsorption [64]. Rice flour and graham flour contain
biodegradable natural carbohydrate polymers. Polymeric adsorbents from rice flour
and graham flour encapsulate methyl orange dye and show dye rejection capability.
The pH of a solution significantly affects the rejection of dye by biodegradable poly-
meric adsorbent. Langmuir isotherm fits the adsorption of dye by biodegradable
polymeric material. The polymeric adsorbent shows the capability of regeneration
for several cycles to treat wastewater [62].

Natural carbohydrate from turmeric powder shows potential ability to encapsulate
MB at neutral pH efficiently. The adsorbent adsorbs dye even in the presence of
different metal ions. FTIR results show that carbonyl and hydroxyl groups in TP
adsorbent stabilize dye encapsulation through electrostatic and stable complexation
mechanisms. The dye is desorbed by passing ethanol and remains usable for many
adsorption and desorption cycles. The natural carbohydrate-based adsorbent is cost-
effective, biodegradable, and shows potential dye rejection applications in textile
industry discharge [32]. Plant wastes are used as filler fabricate porous mixed matrix
membranes (MMMs) from polyethersulfone through phase inversion. The water
vapor-induced phase inversion method is used to manufacture MMMs.

MMMs showadsorption of cationic dyes fromwastewater. Banana peel, teawaste,
and shaddock peel examples of plant waste material used as fillers. MMMs are
characterized for their properties by investigations with techniques of BET, FTIR,
SEM, TGA, zeta potential, porosity, and ion exchange capacity. MMMs show a
high capacity to adsorb cationic dyes, 1173 mg/g for MB and 1244 mg/g for methyl
violet 2B. The cationic dyes adsorb on MMMs through the combined effect of elec-
trostatic and hydrophobic forces and hydrogen bonding. Desorption of dye from
MMMs is done with 1 M KSCN in 80% methanol. MMMs are regenerated for three
cycles with excellent dye rejection and recovery potentials. And are applicable in
a dead-end operation at a larger scale [40]. A dual crosslinked hybrid membrane
is synthesized from readily available biomaterials. Plantago Psyllium mucilage,
eggshell membrane, and alginate are used to crosslink. The membrane shows the
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capacity to adsorb negatively charged dye MB and positively charged dye MO from
wastewater. The adsorbent adsorbs MB andMO from an aqueous solution of 10 ppm
initial concentration at alkaline and acidic pH, respectively [57].

Changes in morphology, structure, flimsiness, and damage by pathogens occur
with aging of super wetting materials and decrease wettability, restraining applica-
tion in challenging processes like separation of oil–water emulsions and dye rejec-
tion. Microfibers obtained from the chestnut shell are oleophilic/hydrophobic due to
aliphatic and aromatic hydrocarbons in higher quantity and show steady structure.
The nanofibers show the ability to adsorb organic Rhodamine B and MB dyes from
the oil–water boundary efficiently [65].

Eggshell and its membrane show adsorption of CI reactive yellow 205 dye. The
adsorption of dye mainly depends on the membrane’s surface area [70]. Carbonized
eggshell membrane is implanted with Cadmium sulfide quantum dots–TiO2 and
shows efficient rejection of MB from wastewater. Carbonized eggshell membrane is
coated with Cds–TiO2 followed by heat treatment. The resulting membrane shows
dye adsorption. Membrane aslo shows catalytic activity in the presence of sunlight
[67]. Chemical modification of eggshell membrane is investigated by FTIR, indi-
cating hydroxyl, carbonyl, and methylene groups. The modified membrane adsorbs
CR (98%) from aqueous solution [68].

13 Silica-Based Membrane

Silver nanoparticles are fabricated on silica activated with the amino group through a
simple method in the presence of an aqueous solution extracted from Nigella sativa.
Elemental analysis, FTIR, XRD, TGA, SEM, and EDEX techniques are used to
analyze membranes. The membranes efficiently reject indigo carmine from wastew-
ater. The effect of factors is investigated in batch experiments. A 20-min contact time
establishes the indigo carmine equilibrium during dye rejection. Membrane adsorbs
indigo carmine at a capacity of 73.05 mg/g. The adsorption of indigo carmine on
Ag activated silica takes place according to pseudo-first-order kinetics. Gibbs free
energy, entropy, and enthalpy data show that indigo carmine’s adsorption on Ag acti-
vated silica is thermodynamically endothermic and feasible. The membrane surface
is stable without significant loss of silver nanoparticles in an aqueous environment
and can be recycled, showing the cost reduction [18].

PVA/SiO2 hybrid membrane is functionalized with cyclodextrin using sol–gel or
electrospinning method. Tetraethyl orthosilicate and silylated monochlorotriazinyl-
ßCD co-condense in the presence of cetyltrimethyl ammonium bromide in one step.
Afterward, electrospun fabricate nanofibers when PVA is added. Cyclodextrin func-
tionalizes the hybrid membrane. The functionalized hybrid membrane shows the
potential to adsorb carmine dye efficiently. The membrane can be regenerated by
acidification [80]. Functionalized nanofibrous membranes are prepared by sol–gel
process, electrospun, calcination, and liquid phase deposition. Iron is implanted
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on TiO2/SiO2 nanofibers. Nanofibers are fabricated by mixing PVP, ferric chlo-
ride hexahydrate, tetraethyl orthosilicate, and titanium n-butaoxide in a mixture
of dimethylformamide and ethyl alcohol in one pot followed by electrospinning.
The mixture of dimethylformamide and ethyl alcohol acts as a solvent. The fibrous
membrane is then subjected to calcination. Then molecular imprinting is done by
the addition of o-phenylenediamine with UV irradiation. The molecular imprinted
nanofibers show potential for selective photodegradation of 4-nitrophenol [37]. One-
step coaxial electrospinning technique is used to fabricate the flexible core–shell
fibrous membranes from silica and alumina. Silica forms the core phase, and alumina
comprises the shell phase. Calcination of alumina imparts high adsorption capacity to
the membrane and increases the mechanical strength of fibers. The membranes show
adsorption of CR and are recyclable [85]. Novel magnesium silicate nanofibers are
flexible. Silicate nanofibers are fabricated through hydrothermal reaction and elec-
trospinning of silicon dioxide. MgSiFM is used as a filter membrane and shows a
potential adsorption capacity of 609.75mg/g forMB.The fabrication of silicon-based
adsorbent is cost-effective, simple, and facile [95].

14 Carbon Nanofibers (CNFs)-Modified Membrane

CNFs/TiO2–PANcompositemembrane is fabricated by electrospinningmethod from
PAN and CNFs. Investigation with SEM shows PAN nanofibers’ diameter implanted
withCNFs nanoparticles in the range of 200–260 nm. FTIR confirms the implantation
of functional groups in the PAN nanofibers after treatment with CNFs. Treatment
of PAN nanofibers with CNFs decreases the contact angle from 38° to 18°. The
hybrid membrane also adsorbs metal ions with high efficiency and shows potential
for purification of contaminated drinking water [33].

CNFs show potential dye adsorbing properties. In a simple method, filtration
and adsorption properties of CNFs are utilized to remove MB from contaminated
water. CNFs offer greater surface area, uniform structure, and many active sites than
granular activated carbon and carbon nanotubes. Hence, they show more significant
potential to adsorb dye from contaminated water. CNFs show a potential to reject
MB dye at the flux of 1580 Lm−2 h−2. CNFs are highly porous and allow stacking
of membranes, hence increased adsorption potential. Potential to adsorb dyes and
ability to recycle show CNFs are applicable to industrial wastewater treatment [39].
Oxidative template assembly method is used to fabricate polypyrrole nanofibers and
further modified with activated carbon through N-linking resulting in formation of
N-activated carbon nanofibers adsorbent for the removal of triphenylmethane and
chromotropic acid dyes from wastewater. N-activated carbon nanofibers are used
as electrodes in capacitor cells. Capacitive dye removal offers a greater voltage
window, good capacitive behavior, and enhanced sustainability required to remove
chromotropic dyes [77].

Silver ions trapped in carbonaceous microspheres covalently attached to
nanofibers show 100% rejection to MB dye. Silver nanoparticles are implanted by
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Fig. 14 Schemeforpreparation of the cPAN nanofibrous composite membrane through electrospun
and hydrothermal reaction. cPAN: Carbonaceous polyacrylonitrile. (Reprinted with permission of
Elsevier from [13])

reduction into the carbonaceous PANcomposite nanofibers. The process illustrated in
Fig. 14 is used for the synthesis of Ag ions implanted carbonaceous PAN composite
nanofibers. The morphology of resulting composite nanofibers is investigated by
FE-SEM and TEM techniques. The change in morphology of nanofibers by implan-
tation of Ag is shown in Fig. 15. MB dye adsorbs on fibrous membrane through
Fenton-like oxidation of implanted silver nanoparticles. The nanofibrousmembranes
show potential application for purification of water emulsions due to the presence of
superhydrophilic and underwater superoleophobic nature. The process of complex
emulsion purification by carbonaceous Ag/PAN composite nanofibers is illustrated
in Fig. 16 [13].

A novel dye rejection membrane consists of carboxyl multi-walled carbon
nanotubes implanted on bacterial cellulose fibers. After grafting, the material is
electrospun, and then chitosan hydrogel is coated on nanofibers. Chitosan acts as a
fence layer. The membrane removes direct orange S, Procion Red mx-5B, Stilbene
Yellow, and MB with a rejection rate of 90% for dyes molecular weight more than
600 g/mol under 0.5-Pa pressure. The membrane shows antifouling property for both
oil and protein [98].

15 Clay-Based Membrane

Palygorskite, sepiolite clinoptilolite are fibrous clay minerals and offer inexpen-
sive removal of dye from wastewater. Clay materials show a large specific surface
area and high cation exchange capacity. Clay materials show potential rejec-
tion of cationic dye safranin O (SO+) [78]. Ultrafiltration membranes formed by
TiO2 nanoparticles implanted on bentonite are cost-effective and adsorb anionic
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Fig. 15 Morphology characterization of various PAN nanofibers through FE-SEM and TEM. a–d:
FE-SEM images of PAN, cPAN, cPAN-Ag and magnified view of cPAN-Ag, respectively, d shows
implantation of Ag nanoparticles on cPAN nanofibers; e–g: TEM images of cPAN cPAN-Ag; g:
Dark-field TEM image of cPAN-Ag; h–l element mapping results of cPAN-Ag nanofiber. cPAN:
Carbonaceous polyacrylonitrile. (Reprinted with permission of Elsevier from [13])

Fig. 16 a Purification of complex emulsions by hydrogel-like nanofibrous membranes; b The
membranes show hydrogel-like properties under water due to oxygenated functional groups;
c adsorption of lead ions on carbonaceous materials; d Organic dyes are degraded by the silver
nanoparticles (catalyst)in the presence of H2O2 and the bubbles produced in this process demulsify
the emulsion; e The antibacterial activity of the silver nanoparticles. (Reprinted with permission of
Elsevier from [13])
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dyes direct 80, acid orange, and cationic dye MB efficiently. After deposition
of TiO2 nanoparticles by the dip-coating method, the layer is heated at a high
temperature. TiO2 nanoparticles adhere to the substrate material. Environmental
SEM results show homogenous deposition of TiO2 nanoparticles [10]. Montmo-
rillonite/chitosan/PVA nanofibrous membranes are fabricated by electrospinning.
Novel nanocomposite membranes show the capacity to treat wastewater contam-
inated with dyes. The affinity membranes allow dye rejection through adsorption
of dye, spreading extremely fast throughout the affinity membrane. Implantation of
Mt. increases the strength of the electrospun nanofibrous membrane and decreases
compaction. The membranes show the ability to remove 95% basic blue 41 along
with high flux. The membrane is antifouling and shows the capacity of recycling
several times [23].

16 Miscellaneous Membrane Materials

Due to the strong affinity between adsorbed and adsorbing materials, the recycling
is difficult. Recycling of adsorbents decreases the expense of the water purifica-
tion system significantly. The coated adsorbents not only enhance adsorption but
are easy to recycle. Modification of coating with iron enhances dye adsorption in
the presence of H2O2 due to photo-Fenton phenomena. The adsorption capacities
at various temperatures and adsorption geometry help decipher the mechanism of
adsorption using a statistical physics model. The statistical physics model calcu-
lates energy changes during adsorption on iron immobilized fibrous membranes [4].
Gelatin/calcium alginate hybrid nanofibrous membranes fabricated through elec-
trospinning show adsorption of cationic dye MB. The hybrid membrane increases
adsorption capacity by decreasing the flow rate. Gelatin combined with algi-
nate increases the mechanical strength of the nanofibrous membrane. Gelatin also
increases the recycling ability of alginate-based nanofibrous membrane through
positively charged amino groups in gelatin [49].

Fluorene-based covalent organic frameworks show the capacity to reject sky
blue A dye from wastewater. The optimum conditions for the effective working of
fluorene-based covalent organic framework are investigated by central composition
design. Fluorene-based covalent organic shows maximum dye rejection capacity of
299 mg/g (99%) at pH 5.0, 45 °C, and adsorbent dosage 0.005 g in a contact time of
1 h. A cost-effective andmovable method based on colorimetry using amobile phone
is developed for in-field analysis of sky blue A rejection in wastewater [58]. Boron
nitride ultrathin membranes fabricated by the one-step solvothermal method is inno-
vative and comprise nanofibers of only ~8 nm diameter. Boron nitride membranes
are nanonets with the potential efficiency to remove dyes from contaminated water.
Boron nitride nanonets show adsorption of MB dye with a capacity of 327.8 mg/g.
BN nanonet facilitates ultrafast adsorption of dye on nanofibers. The time required
to attain adsorption equilibrium is only 1 minute for boron nitride nanofibers [38].
Hierarchical Al2O3/TiO2 membrane surface shows a great affinity for water, almost
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Table 1 Summary of various fibrous membranes used for dye removal from wastewater

Dye Membrane References

Methylene blue Nano-TiO2 ultrafiltration membrane [10]

Polymeric natural carbohydrate of
turmeric powder adsorbent

[32]

Crosslinked Plantago Psyllium
mucilage, eggshell membrane, and
alginate

[57]

Superhydrophobic/superoleophilic
natural fibers

[66]

Free-standing PVA/PAA membrane [91]

Polyethersulfone/plant waste particles
mixed matrix membranes

[40]

Carboxylated cellulose fabric filters [34]

PVDF-calcium alginate nanofiltration
membranes

[56]

(continued)

0°. The membrane is synthesized by the electrospunmethod before calcination in the
air. Increased water affinity is due to Al2O3 heterojunctions spread over the surface
of TiO2. Al2O3 heterojunctions increase surface area and hydrogen bonding. The use
of adsorption sites under the protection of hierarchical nanostructure increases dye
adsorption capability of the nanofibrous membranes up to 98% [17].

Treatment of kraft lignin with glycidyltrimethylammonium chloride introduces
positive charge to kraft lignin. Effect of temperature, pH, time, and molar ratio
of glycidyltrimethylammonium chloride to lignin are investigated. Ninety percent
solubility of lignin inwater is achievedwith 1wt.% lignin concentration. The cationic
material used as flocculent can remove remazol brilliant violet, reactive black, and
direct yellow from model contaminated water [31]. Table 1 summarizes various
fibrous membranes for dye removal from wastewater.

17 Future Horizons

Nanofibrous membranes show great potential in the dye rejection process. However,
the range of dyes removed by a nanofiber is limited. Second, the removal of dye from
complex emulsion is difficult, especially in the presence of metals. At present and
particularly in future, the cost-effectivemultifunctional nanofiberswith improveddye
adsorption capacity and efficiency for a broad range of dyes are critically required.
Moreover, in industry, nanofibers capable of maximum performance at industrial
parameters like high flux, low pressure, and minimum time are required. The scien-
tists search for novel synthetic and biopolymers and surface modifiers and methods
to achieve the above objectives.
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Table 1 (continued)

Dye Membrane References

Polymer of Intrinsic Microporosity [75]

Magnesium silicate nanofibrous
membranes

[95]

Fibrous chitosan/sodium alginate
composite foams

[97]

Novel boron nitride ultrathin fibrous
membrane

[38]

Carbonaceous nanofibers—50, 100, and
280

[39]

Cellulose micro-fibrils [44]

Gelatin/alginate composite nanofiber
membrane

[49]

Three-dimensional PVDF/starch
nanofiber membrane

[59]

Chitin Nanocrystal Composite
Membrane

[66]

MOF nanofibrous mats [92]

Chitosan hydrogel and Bacterial
cellulose

[98]

Polymeric Salicyl Active Esters [94]

PVDF/PDA fibrous membrane [48]

MOF (NH2–MIL-125) [24]

Poly β-Cyclodextrin/Poly Benzoxazine [14]

Plasma-etched PLLA nanofiber
membrane

[6]

Electrospun carbon
nanofibers/TiO2-PAN hybrid membranes

[33]

Methyl orange Crosslinked
chitosan-tripolyphosphate/nanotitania
composite

[2]

Biodegradable natural carbohydrate
polymeric adsorbents of rice flour

[62]

Biodegradable natural carbohydrate
polymeric adsorbents of graham flour

ZnO/Chitin-microfibriller cellulose mat [28]

Crosslinked Plantago Psyllium
mucilage, eggshell membrane, and
alginate

[57]

Fe-doped TiO2/SiO2 nanofibrous
membranes

[37]

Polyethylene oxide/PANI composite
membrane

[54]

(continued)



Fibrous Membranes for Water Purification: Focusing on Dye Removal 113

Table 1 (continued)

Dye Membrane References

PEI nanofibrous membrane [50]

poly(vinylidene fluoride)@layered
double hydroxide

[55]

β-Cyclodextrin/Glutaraldehyde
Crosslinked PVP Nanofibers

[86]

Cellulose matrix-supported
metal–organic framework (MOF) hybrid
aerogel (ZIF-67@CA)

[79]

Amine modified PIM-1 fibrous
membrane (AM-PIM-FM)

[75]

Congo red Modified egg shell membrane [68]

Electrospun polystyrene/PANI
composite membranes

[21]

Polymer of Intrinsic Microporosity
(PIM-1)

[74]

Chitin Nanocrystal Composite
Membrane

[67]

Flexible core–shell fibrous membranes
for mesoporous alumina-based
adsorbents

[85]

PVDF/PDA fibrous membrane [48]

PTFE/PVD [30]

Crystal violet Fenton-like functionality of iron
immobilized fibrous membranes

[60]

Fibrous polymer-grafted polypropylene
chloride film

[3]

PVDF electrospun membrane [19]

Laccase immobilized composite
membrane

[93]

Malachite green MOF nanofibrous mats [92]

β-cyclodextrin functionalized dendritic
fibrous nanosilica

[1]

ZIF-67/PAN Fibrous Membrane [27]

Azo Dye Cellulose films with fibrous polymer [8]

ZnO/Chitin-microfibriller cellulose mat [28]

PAN nanofibrous membrane [35]

Iron-modified composite adsorbent
coating surface

[4]

Polystyrene/PANI composite
membranes

[21]

(continued)
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Table 1 (continued)

Dye Membrane References

Rhodamine B Mussel-inspired modification of
polyphenylene sulfide membrane

[37]

Superhydrophobic/superoleophilic
natural fibres

[66]

Surface hydrolysed keratin protein fibers [82]

Indigo carmine Chitin nanowhisker
(ChNW)-functionalized PVDF
membrane

[20]

Cyclodextrin-functionalized mesoporous
polyvinyl alcohol/SiO2

[80]

Amino-functionalized silica/Nigella
sativa (black seed) aqueous extract

[18]

Procion green H4G and Brilliant blue G Fibrous polymer-grafted
polypropylenechloride film

[3]

Direct red 80 and acid orange 74 Nano-TiO2 ultrafiltration membrane [10]

4-Nitrophenol Fe-doped TiO2/SiO2 nanofibrous
membranes

[37]

Direct rose Chitosan (β-(1 → 4)-linked
d-glucosamine and
N-acetyl-d-glucosamine) composite

[29]

Acid black 172 Cellulose acetate
(CA)/P(DMDAAC-AM) composite
nanofibrous membranes

[87]

Fibrous chitosan/sodium alginate
composite foams

[97]

Safranin O Fibrous clay minerals and zeolites [78]

Reactive black (HFGR) Electrospun silk fibroin/PAN [5]

Reactive green-19 Poly(HEMA-co-MMA) beads [7]

Sodium fluorescein MOF (NH2–MIL-125) nanofibrous
hybrid membranes

[24]

Methyl blue Mussel-inspired modification of
polyphenylene sulfide membrane

[88]
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Preparation and Application
of Chitosan-Based Membrane: Focusing
on Dye Removal

Abubakar Hamisu Mijinyawa, Geeta Durga, and Anuradha Mishra

Abstract Water pollution is caused by the direct discharge of harmful dyes into
the environment and is a major global problem. Dyes if present in the water can
be toxic to the aquatic organisms and humans. Dyes are recalcitrant in nature, and
they can resist attack by heat, light, and microorganisms. Hence, most of the reac-
tive dyes are non-biodegradable and their removal from the aqueous solution is very
difficult, and therefore, a necessary measure must be applied in order to tackle the
existence of the water pollution problem. Adsorption is a well-known technology
that is adopted in the academia and industries for removal of dyes from solution.
The adsorption of dyes on adsorbents is a simple and economical procedure that is
widely used for large and small-scale removal of dyes. In the current chapter, we
reviewed the extraction of chitin from the shells of marine animals, the prepara-
tion of chitosan by deacetylation reaction, structure and properties of the chitosan
biopolymer. Chitosan films could be prepared by casting technology via dissolu-
tion of chitosan in a suitable solvent followed by simple evaporation technique.
The chapter highlights that chitosan films have superior physicochemical character-
istics than raw chitosan biopolymer; the mechanical strength of reported chitosan
films might be as high as 28 MPa. Among the different chitosan films, this chapter
has comprehensively presented the discussion on preparation, characterization, and
dye removal application of various classes of chitosan composite membranes. The
tensile strength of chitosan composite film could reach 35 MPa approximately, thus
suggesting the composite films based on chitosan could be considered as good adsor-
bents for dye removals from water. The maximum adsorption capacity (Qmax) of the
reviewed composite film could reach 655 mg g−1, but comparatively lower than
Qmax of chitosan-magnetic cyclodextrin composite by a mammoth difference of
2125 mg g−1. Both of the chitosan-based composites are recyclable through multiple

A. H. Mijinyawa · G. Durga (B)
Department of Chemistry and Biochemistry, School of Basic Sciences and Research, Sharda
University, Greater Noida 201306, India
e-mail: geeta.durga@sharda.ac.in

A. Mishra
Department of Applied Chemistry, School of Vocational Studies and Applied Sciences, Gautam
Buddha University, Greater Noida 201312, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2022
S. S. Muthu and A. Khadir (eds.), Membrane Based Methods for Dye Containing
Wastewater, Sustainable Textiles: Production, Processing, Manufacturing
& Chemistry, https://doi.org/10.1007/978-981-16-4823-6_6

121

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-4823-6_6&domain=pdf
mailto:geeta.durga@sharda.ac.in
https://doi.org/10.1007/978-981-16-4823-6_6


122 A. H. Mijinyawa et al.

adsorption–desorption cycles. Despite the good adsorption and regeneration and
reuse capabilities of chitosan-based composite films, and in order to enhance their
dye removal capacities, the present chapter has strongly recommended further works
to explore more of magnetic chitosan-based composite membranes with superior
adsorptive behaviors for consideration of future practical dye removal application
from wastewater. Finally, the characterizations of such adsorbent systems should be
comprehensively investigated before and after dye removal to understand the details
on mechanism of the removal of dyes from water.

Keywords Water pollution · Chitosan · Chitosan films · Chitosan composite
membranes · Tensile strength · Adsorptive behavior · Dyes removal · Maximum
adsorption capacity (Qmax) · Mechanism · Recycling

Nomenclature

AC Activated carbon
AFM Atomic force microscopy
AR Acid red dye
AO Acid orange dye
BET Brunauer-Emmett-Teller
[Bmim] Ac 1-Butyl-3-methylimidazolium acetate
BO Bezactive Orange
BY Brilliant yellow
CA Cellulose acetate
CD Cyclodextrin
Ce Equilibrium dye concentration (mg L−1)
CNF Cellulose nanofiber
Co Initial dye concentration (mg L−1)
CSB Chitosan/saponin-bentonite composite
CR Congo red
Da or u Dalton atomic unit
DD Degree of deacetylation
DMSO Dimethyl sulfoxide
[EMIM] AC 1-Ethyl-3-methylimidazolium acetate
FD&C Food, drugs & cosmetics
FTIR Fourier Transform infrared spectroscopy
GO Graphene oxide
ILs Ionic liquids
IR Infrared radiation
K Kelvin
Kc Equilibrium constant
KL Langmuir constant (L g−1)
LCTS Low molecular weight chitosan
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MB Methylene blue dye
MG Malachite green dye
MgO Magnesium oxide
MMT Montmorillonite
MO Methyl orange
MPa Megapascals
MWCNTs Multi-walled carbon nanotubes
MW Molecular weight (g mol−1)
PAA Polyacrylic acid
PEG Poly (ethylene glycol)
PZC Point of zero charge
Qe Equilibrium adsorption capacity (mg g−1)
Qmax Maximum or monolayer adsorption capacity (mg g−1)
R Molar gas constant (J mol−1 K−1)
RB Reactive blue
RL Separation factor (dimensionless)
SEM Scanning electron microscopy
T Absolute temperature (Kelvin)
TEM Transmission electron microscopy
TiO2 Titanium dioxide
USD United State Dollars
W Weight (gram)
XRD X-ray Diffraction Analysis
ZnO Zinc oxide

1 Introduction

Potable water is needed for bulk drinking, agricultural, and industrial applications.
Domesticwastes and chemical pollutants are continuously increasing thewater pollu-
tion burden worldwide, which has today become a critical environmental issue.
Combined with the already existing shortage of ground or drinking water, the
water pollution is massively increasing water scarcity, especially in the developing
countries.

Water purification is a top priority amongst the environmental and industrial
chemists and government agencies as well. Biological procedure is a traditional
method that is applied by usingmicrobes for the treatment of various domestic, indus-
trial, or sewage pollutants. However, it lacks effectiveness due to the slow nature,
low pollutant removal, and high cost of the method. The use of adsorption method
using activated carbon has remained the most well-established technology applied
both at the academic and commercial or industrial levels. There are large numbers
of different adsorbents that have been reportedly adopted for water purification of
heavy metals and dyes wastewater [1–3].
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Among the class of pollutants, synthetic dyes are known to be highly visible in
water, irritant, non-biodegradable, carcinogenic, and mutagenic. Moreover, the dyes
have been reported to cause cell inactivation in animals [4]. The two most important
components of dyes are chromophore which produces the color and the auxochrome
which enhances the affinity of the color of dyes [5]. They (dyes) are commonly
classified into anionic, cationic, and nonionic based on the type of charges in their
structures.

Notably, the dyes have attracted wide applications in biomedical and industrial
fields as coloring agents. Due to the non-biodegradable or recalcitrant nature and
toxicity of many dye compounds, their removals from wastewater have remained to
be a very difficult task; it is, however, very much necessary to remove dyes from
wastewater before being discharged into the environment. Adsorption as advance
technology is an effective or robust way for dye removal from the aqueous solution
[6].

Despite the bulk of researches and high dye adsorption characteristics possessed
by the conventional activated carbons, some conclusions on reasonable answers to
the drawbacks of this type of carbons have not yet beenmade available commercially.
The activated carbons are suffering from the high cost of adsorption and regenera-
tion processes, and this has caused a wide restriction of the application of activated
carbons at the industrial level. There is also sludge problems that are associated
with their use in solution, the removal of which, from surface of treated water, may
increase the overall cost of the process.

Activated carbons that are derived from some previously reported low-cost adsor-
bents including the agricultural solid wastes [7] exhibited similar problems as do
the commercial carbons. This kind of wastes themselves require activation in most
of the reported studies in order to make them much more effective sorbents for dye
adsorption [8], which in turn makes the whole process to be expensive.

Green chemistry area strongly recommends the application of biomaterials in
water purification because they are sustainable, low-cost, eco-friendly in nature,
and tunable. The use of biomaterials like chitosan in water to remove toxic dyes
is a welcomed green practice and being regarded as a new alternative to the use of
commercial activated and or similar carbon-based materials.

Chitosan is a well-known derivative of chitin, an animal-based polysaccharide
and being a second in abundance apart from the cellulose polymer [9]. It is obtained
from the chitin by a chemical deacetylation reaction under alkaline condition [10].
Raw chitosan (Fig. 1) has abundant functional groups, notably, the hydroxyl group
or –OH and amino group or –NH2. Hence, chitosan is referred to as the amino-
polysaccharide, which gives it a cationic nature due to the positive charge on its
nitrogen atoms when in solution.

The adsorptive characteristic of chitosan towards the molecules of dyes depends
mainly on these chemical groups and other environmental factors such as the pH of
the solution, amount of chitosan or dose, temperature, etc. At a pH value below 6.5,
chitosan is protonated and can therefore be used for the adsorption of anionic dyes
from water. At the basic pH, the density of negative charges on chitosan increases,
and this property makes it useful for adsorption of cationic dyes.
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Thus, chitosan biopolymer and its derived forms are potentially useful in the
adsorption of the molecules of dyes from water [11]. The presence of functional
groups in the chitosan, suggests that this biopolymer canbemodified to formprobably
chitosan composite membrane, etc., which may have an improved dye adsorption
property in comparison to the raw chitosan.

In this chapter, we firstly describe in brief the preparation and structural prop-
erties of chitosan biopolymer and basic principles on membrane systems. After-
wards, we would discuss in comprehensive term the recent advances on preparation
and application of chitosan-based membranes, with a clear focus on the chitosan
composite membranes that are applicable for dye removal from wastewater. We
would pay extreme attention for reviewing on the recent research papers on this
topic that were published in the past or within the 10–15 years only. This impor-
tant chapter would be regarded as a full summary containing great knowledge of
various advanced methods that are used in the preparation and characterization of
the chitosan composite membranes.

To sum up, the primary objectives of this review are to provide a thorough
overview on preparation, physicochemical properties, dye removal, regeneration,
and reusability performances of this type of membrane systems, to study the most
important interactions that could adequately describe the removal mechanism, and to
discuss a direct comparison of adsorption affinities with other reported similar mate-
rials. This particular chapter provides a state-of-the-art research documents purposely
on the chitosan-based composite membranes for the removal of different kinds of
dyes from water. Hence, this chapter will serve as a useful guide for many students
and researchers to properly study, to understand, and to conduct/undergo researches
in the control of water pollution, especially the dye removals.

2 Chitosan Biopolymer

Naturally, chitosan can be found in the fungal cell wall of aspergillus and mucor.
However, the commercially available chitosan polymer is made from chitin that is
extractable from the shells of crustaceans and exoskeletons of insects and mollusks
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[12]. Chitin is the main component of the marine crustaceans. Chitosan was discov-
ered in the middle of the eighteenth century, but was later little known in 1934 after
the verification of its crystalline structure. Herein, we are discussing in detail the
common method of preparation and some usual properties of chitosan.

2.1 Preparation of Chitosan from Chitin

Chitin shown in Fig. 1a is a white polysaccharide, hard, crystalline with high molec-
ular weight (MW) distribution, and it is extracted from the shells of shrimp and crab.
The biowastes from the crab and shrimp shells are used for the large-scale production
of chitin and chitosan.

The extraction of chitin and preparation of chitosan are stepwise chemical proce-
dures. The extraction of chitin involves the grounding of the shells to obtain some
smaller particle sizes; calcium carbonatemineral is removed by treating the grounded
shells with the solution of dilute hydrochloric acid followed by stirring under ambient
condition [12]. The former process is called demineralization as it involves the
removal of mineral contents of the shells. The treatment of the residual material
with dilute sodium hydroxide (aqueous solution) helps in the removal of protein
from it, which finally yields the raw chitin biopolymer.

On the other hand, the chitosan is prepared by deacetylation of the extracted chitin
using excess of sodium hydroxide solution (normally 40–45%NaOH concentration)
and water as a solvent [13, 14]. The chitosan can be separated by filtration method,
and then is purified by washing with water several times until the pH of the solution
attained neutral state which is then followed by oven drying method. The preparation
of chitosan is shown schematically in Fig. 2. The success of the reaction is determined
by the parameter called the degree of deacetylation (DD), which is related to the
degree of transformation of the chitosan from chitin. The DD, in turn, it depends on
the reaction factors viz. the concentration of NaOH, temperature, and time of the
deacetylation reaction [15].
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2.2 Structure and Properties of Chitosan

Figure 1b depicts the basic structure of chitosan polysaccharide. The chemical name
of chitosan is β-(1:4)-linked 2-amino-2-deoxy-β-D-glucopyranose, and it is obtained
by transforming the acetamide groups present in the chitin into primary amino groups
[16]. This structurally distinguishes chitosan from the initial chitin.

Chitosan is a linear polycation consisting of multiple hydroxylated with amino
functional groups in themain structure and plenty of hydrogen bonded structures. The
chitosan biopolymer consisted of β-(1:4) linkages of N-acetyl-D-glucosamine and
D-glucosamine [17]. In chitosan, the carbon, hydrogen, and nitrogen have elemental
compositions of 44.11%, 6.84%, and 7.97%, respectively [14].

Chitosan is renewable and relatively a low-cost polymer, eco-friendly, biodegrad-
able, biocompatible, alkaline stable, film-former, mechanically, and thermally stable.
The average MW of chitosan is around 3,800–20,000 Da. A chitin with a degree of
deacetylation (DD) of at least 75% is generally classified as a chitosan polymer. The
degree of deacetylation enhances greatly the density of positive charge on chitosan,
and this property can induce a stronger electrostatic interaction between chitosan and
anionic structural matter. The degree of deacetylation for a cationic chitosan with a
reasonable good solubility should be within the range of 85–98% [12].

Chitosan has very poor solubility in water [18] owing to the presence of amino
groups having pKa of 6.3–6.6 values. However, it is found soluble in weak acidic
media and this particular property may weaken the stability of chitosan film. Some
reported dissolution media for chitosan are acetic acid [19], tartaric acid [20], 1-
ethyl-3-methylimidazolium acetate [21], etc.

The poor solubility of the chitosan in water has necessitated its chemical modifi-
cation to obtain various chitosan derivatives with some wider variety of applications.
The cross-linking of chitosan with epichlorohydrin, formaldehyde, glutaraldehyde,
etc., is one example that is considered as a viable option and is found usually to
improve the solubility and mechanical stability of chitosan [22]. The acidic aqueous
solutions of chitosan can be useful for the production of chitosan film polymers. The
preparation of chitosan membrane is another crucial method for obtaining chitosan
derivative with new properties.

Thus, chitin can be extracted from the shells of the marine animals which can be
found as wastes from the fishery industries. Chitosan biopolymer is prepared by the
deacetylation of chitin using excess NaOH solution. Chitosan has poor solubility in
water; hence, its modifications are therefore necessary.
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3 Chitosan-Based Membranes

3.1 Definition

The present section would focus on the discussion of solely some reported adsorp-
tive membranes, which are based on chitosan biopolymer. According to an earlier
definition, the membrane can be defined simply as semipermeable barrier, which
can regulate the transportation of either gaseous or liquid substance between two
adjacent phases [23]. The membranes are traditionally used in the separation of gas
and for water treatment applications.

3.2 Preparation

Hassan et al. [24] recently highlighted a simplemethodologyonpreparationof a novel
biopolymer membrane, for example, chitosan-based film. The simplified scheme for
the method of preparation of a biopolymer membrane is given in Fig. 3 as shown
below. Inorganic and or organic acids are usually used as the common solvents for
dissolving chitosan in order to prepare its corresponding membrane system by the
simple evaporation of water molecules.

According to this method, a specified quantity of the biopolymer is dissolved
proportionally in its solvent, and then followed by casting on a glass plate, washing,
and drying procedures under certain given experimental conditions. Specifically, the
polymer solution that is to be casted is obtained after vigorous stirring method for
a period of about 24 h at ordinary temperature. [25] dissolved chitosan in an acetic
acid solution at 1:1 weight ratio (%) to form a chitosan-based membrane of thickness

+

BIOPOLYMER

SOLVENT
BIOPOLYMER MEMBRANE

Fig. 3 Common method for the preparation of biopolymer membrane. Note The final solution of
the biopolymer obtained after stirring is casted on glass plates or petri dishes to form the membrane
system, which is being neutralized by the given base, washed several times with water, and then
dried
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which is around 60 μm. This membrane, according to the authors, was neutralized
in a solution of NaOH (0.1 molar concentration) for 10 min followed by excessive
washing with distilled water, and finally it was dried.

Cui et al. [19] prepared a chitosan-based membrane by using a combined new
binary solvent system involving tartaric acid for pre-treating of the chitosan and 1-
ethyl-3-methylimidazolium acetate, i.e., [EMIM]AC for acting as a translucent agent
during the preparatory synthesis. Both of the solvents could act simultaneously as
dissolutionmedia for chitosan towards the preparation of a smooth and thick chitosan
membrane or film. However, the use of the later solvent (an ionic liquid, IL), as the
only solvent media for dissolving the chitosan is restricted, owing to the fact that ILs
are viscous and not easily recovered at a considerably higher dissolution temperature
and lower chitosan concentration.

Nevertheless, the ILs (or the organic salts with melting points equivalent to or
below the room temperature) are viewed as desirable green and good solvents for
dissolution of biopolymers [26], and have generally attracted somewide applications
in the area of material syntheses and catalysis [27].

Certainly, there are drawbacks with regard to the use of both acids and ILs as
dissolution medium for chitosan in the formation of a biopolymer membrane. When
acids are used, the resultant film also contains residual amount of the acid and this
renders a further treatment of the film by using an alkali. This is not a feasible process
from the commercial point of view as it may require excess time and money. Hence,
another way of dissolving chitosan is indeed a necessary thought.

About a decade ago, [28] proposed a novelmethod for the development of chitosan
film by dissolving the chitosan in the water using carbonic acid or carbon (IV) oxide
gas (CO2). The role of the carbonic acidwas to dissolve the chitosanwithout lowering
the pH of the film or final solution, and the CO2 is eliminated during the process
of the film preparation. This new method is shown in Fig. 4. This methodology is
different from the one that adopts the use of the common organic acids like acetic
acid in which its residual amount may remain in the finally prepared film.

There are two available stages that are involved in the above process. For the
stage 1, the CO2 gas is bubbled into an emulsified form of chitosan in water. The
CO2 reacts with water to form H2CO3 acid (pKa = 3.9), which then reacts with
chitosan to form the cationic form of chitosan that is soluble in aqueous water. The
chitosan film is formed from the stage 2 which is described as follows: During this
stage, theH2CO3 acid present in the neutral solution of chitosan (pH6.8) decomposed
into the individual CO2 and H2O molecules. During the process of evaporation, the
molecules of CO2 evaporated easily along with the water to form the solid chitosan
film which contained no remaining acid [28].

3.3 Physicochemical Properties

The groups such as amino, hydroxyl, and acetamide that are present in the structure
of chitosan give it some attractive adsorption property [29]. Despite this adsorptive
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Fig. 4 A novel method for dissolving chitosan using a carbonic acid gas [28]: The chitosan acts as
an electron donor (a base) in the reaction

characteristic, chitosan has still some certain major drawbacks which include its low
mechanical stability (due to its higher hydrophilicity) and pH sensitive nature. To
overcome these inherent problems, scientists have considered the development of
chitosan-based membranes or films in the area of dye removal from water [29, 30].
The properties of the film may be dependent upon the several factors which may
include the DD of the chitosan, the method of preparation, and type of materials
applied in the preparation of the chitosan-based film.

The mechanical strength is a crucial property that can judge the suitability of
materials to be either used as effective adsorptive membranes or not. The mechanical
strength of chitosan films obtained from its solution is normally found to be in the
range 15–18 MPa [31]. However, [19] developed a chitosan-based film by using
ethanol as a regenerative solvent, and the maximum strength for this synthesized
membrane was determined by the authors to be 24 MPa. The rearrangement and
tighter bonding between the curledmolecules of chitosan in the film, as a result of the
formation of intermolecular hydrogen bonds (upon drying), caused the improvement
in the mechanical properties of the resulting chitosan membrane according to the
authors.

Chitosan-based membranes have excellent mechanical properties which make
them useful for adsorption of the molecules of dyes from water [9, 32]. The tensile
strength and elongation at break of reported chitosan films were approximated to be
28 MPa and 64%, and this showed a good mechanical property that could facilitate
for easier phase separation of molecules of dyes after their adsorption from water
[33, 34]. Thus, the ease of the phase separation property exhibited by the membrane
offers it some advantage for the practical/real applications.
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The water absorption or swelling degree of chitosan-based films is another signif-
icant property that is greatly important in the context of the adsorption of dyes
from aqueous solutions, as the porous structures of the films could be expanded after
absorption of thewatermolecules to accommodate the penetration of largemolecules
of dyes inside the generated pores [22]. Recently, high water absorption (200–900%)
behavior has been reported for chitosan-based films [34, 35]. The swelling degree of
the chitosan film (500% swelling) does not depend on the temperature of the solution
as revealed by [34].

Chitosan film prepared by a ternary solvent method (acetic acid/dioxane/DMSO)
exhibited superior water absorbency of around 896 g g−1 than the film obtained
by using a single solvent or acetic acid alone having the absorbency of 212 g g−1

[36]. The micro-nano structural property and the less crystalline or lower amorphous
percentages [37] are responsible for such higher water absorbency amount in the
chitosan film. The net effect on the film’s property was that the surface functional
groups are largely exposed for the water absorption purpose.

3.4 Types and Uses of Chitosan-Based Membranes

This section presents some of the various types/classes of novel chitosan-based
membranes that are available in the literature along with their respective uses in dye
removal application by adsorption phenomenon. They are briefly discussed below
one after the other according to their types:

I. Chitosan blend membrane: Polymer blending or coating is a simple technique
that is applicable in the fabrication of chitosan-based adsorptive membranes.
The key to the fabrication of this type of membranes is the consideration
of the miscibility of each of the constituent polymers, in order to provide a
better interaction among them, resulting in homogenous and much reinforced
polymer-based membranes [11]. The introduction of the positively charged
chitosan onto a solid polymer support may affect the overall surface charge of
the prepared membrane system [38]. The blending of chitosan with polymers,
such as cellulose, cellulose acetate (CA), etc., has been considered as an effec-
tive traditional way of overcoming the intrinsic shortcomings (lowmechanical
and chemical stabilities) as possessed by the raw chitosan [39–41]. Solvent
casting and deacetylation approach have been successfully applied for the
development of biodegradable, miscible, flexible, and water-stable deacety-
lated cellulose acetate/chitosan blend films for the adsorption of the molecules
of acid orange 7 and brilliant yellow dyes [41]. The amount of the positive
charge (0.21–0.94 mmolg−1) increased gradually with the increment of the
content of the chitosan (6.67–27.3 wt%) in the developed films.

II. Chitosan porous membrane: A porous membrane structure can be obtained
or prepared by employing the use of chemical additives known as porogens
or pore generators (pore-forming agents) through the principal of selective
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dissolution mechanism. Porogens that are used in the preparation of chitosan
membranes are broadly classified into organic porogens, e.g., poly (ethy-
lene glycol), poly (ethylene oxide), poly (vinyl alcohol), etc., and inorganic
porogens, e.g., sodium chloride (NaCl), calcium carbonate (CaCO3), Silica,
alumina, etc [11]. The porosity of membranes can be determined by using
a Brunauer–Emmett–Teller (BET) method under inert nitrogen atmosphere.
The pore structure of the chitosan porous membrane can provide significant
reduction in the mass transfer resistance, improved water permeability, and
adsorption of molecules of dyes or pollutants. Earlier, a macroporous chitosan
film was developed for the adsorption of Congo red dye from water [42]. The
authors progressively employed the use of formaldehyde to protect the amino
groups in chitosan from being reacted or attacked by the poly (ethylene glycol)
or PEG used as porogens during the preparation of the film. The synthesized
chitosan porous membrane had exhibited some rough surfaces in comparison
to the pure chitosan having a smoothed morphology.

III. Imprinted chitosan membrane: Certain polymeric adsorbents may possess
some limited adsorptive or binding sites, and this may cause poor ionic selec-
tivity in the specific materials. Imprinting technique can be adopted to over-
come the lack of the selectivity of the adsorbents. The imprinting (Fig. 5) is the
process by which a target is added during the preparation of the polymer-based
membranes in order to introduce some voids on the polymer’s background, and
the target or the imprinted template is then extracted or washed to obtain the

Fig. 5 The imprinted technique for the preparation of imprinted polymer-based membrane. Note:
The imprinted target or template is casted along with the film, and the template is leached out of
the casted film as shown above
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active sites or the imprinted polymer specifically to be used for the adsorption
of the target template molecules [43, 44].
One of the advantages of the imprinting process is that it increases the selec-
tivity of the membranes through a specialized selective adsorption of the
molecules or ions in the aqueous solution (Fig. 6). Chitosan has attractive
capacity and potential to be imprinted for the selective sorption of ionic or
molecular species [45]. The number of reports on imprinted chitosan-based
membranes is very few, and thus, this presents a novel area of research in the
development of such membranes for separation purpose.
Recently, amesoporous imprinted chitosan/titaniumdioxide orTiO2 nanocom-
posite (approximate surface area and average pore radius were 95 m2/g and 19
Å, respectively) was synthesized for the highly selective ionic adsorption of
Rose Bengal (anionic dye compound) from industrial effluent water (Ahmed
et al. 2017). The imprinted chitosan/TiO2 nanoparticles were prepared through
a sol–gel method using the Rose Bengal dye as the template target. The addi-
tion of the catalysts such as the tin oxide, and zinc oxide in the synthesis of the
imprinted polymer membranes was to facilitate the extraction of the template
[46].

IV. Chitosan composite membrane: Addition of some particles in the micro or
nano level into the structure of matrix or the polymer membrane, inside the
matrix or coated on its surface, to produce immiscible mixture with some new
properties and applications may result in the formation of polymer composite
or nanocomposite membrane as the case it may be [47]. Thus, the formation of

Fig. 6. Selective adsorption of the target ions/or molecule by the imprinted membrane. Note: The
density or the number of the target (feed side) is being reduced as seen in the permeate site



134 A. H. Mijinyawa et al.

nanocomposite polymermembrane is simply the combination of the polymeric
materials with nanomaterials in order to tailor their structure and physicochem-
ical properties for specific applications such as in thewater purification studies.
Chitosan displays great potential in the fabrication of polymer-based composite
membranes. Various recent literatures had addressed the addition of nanoparti-
cles, such as activated carbon [48],multi-walled carbon nanotubes (MWCNTs)
[49, 64], nano clay [50], graphene oxide (GO) [9], titanium dioxide (TiO2)
(Ahmed et al. 2017), zinc oxide (ZnO) [51], etc., into the chitosan as the
matrix biopolymer to form composites for the removal of different classes of
dyes from aqueous solutions.

Most common substances for dissolving chitosan are acids, ionic liquids, carbon
dioxide gas, etc. Chitosan-based films are prepared by a solvent casting technology.
By this way, the physicochemical properties, such as the mechanical strength of the
chitosan, are enhanced. A number of chitosan-based membranes are prepared and
reported by various researchers; they are chitosan blend, chitosan porous, imprinted
chitosan, chitosan composite membranes, and so on.

4 Chitosan Composite Membranes

In the Sect. 3, the classifications of composite membranes based on the chitosan
biopolymer have been briefly introduced by highlighting theirmethods of preparation
and adsorptive applications in the removal of harmful dyemolecules fromwastewater.
Thus, under present section, the variousmethods of preparation of the chitosan-based
composite membranes are going to be well discussed one by one.

4.1 Chitosan/Activated Carbon Membrane

Activated carbon or AC is a carbon material that can be prepared by treatment of
biowaste, coal, charcoal, coconut shells, or wood, etc., using either physical and or
chemical activation methods [8, 52]. The product from the either method is regarded
as an activated carbon, which can be used as adsorbent for the adsorption of dyes;
its quality or adsorptive property depends on the type of the used biowaste and type
of the activation method [53]. The physical method is limited due its requirement of
higher temperature and longer time of activation compared to the chemical activation
procedure. The activated carbon has typically a porous structure and large specific
surface area in the range 500–2,000 m2 g−1 [54]. There are broadly two types of the
ACviz. theH-typewhich has a positive chargewhen inwater and being hydrophobic,
and the L-type which assumes negative charge in water and being considered as
hydrophilic [5].
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Although, the activated carbons have high dye adsorption capacities [5], but their
adsorptions can be improved further by composting them with chitosan or biopoly-
mers to form composite membrane (s). The composite may have a possible syner-
gistic high adsorption behavior due to co-existence of both the starting materials.
On the other hand, the chitosan in its raw form may have low adsorption affinity for
dyes, in particular, the cationic dyes. Its adsorption capacity for removal of different
class of dyes can be enhanced by making a composite membrane with the acti-
vated carbon due to the synergistic effects. However, there are very limited numbers
of or no research works which are available in the literature on chitosan/activated
carbon composite membranes that are focused for dye removal studies. Although,
the removal of metal ions using chitosan-based activated carbon composite films
have been reported earlier [55].

4.2 Chitosan/Carbon Nanotubes Membrane

Carbon nanotubes (CNTs) is being defined as a 1D allotrope of carbon atoms having
a rigid cylindrical nanostructure and unique characteristics including its high aspect
ratio, chemical stability, ease of functionalization, and so on [56]. The CNTs have
since been discovered in the year 1991 by Lijima [57]. According to the number
of graphene layers rolling on each atom, the CNTs are categorized broadly into
two types, namely, the single-walled CNTs (SWCNTs) and the multi-walled CNTs
(MWCNTs).

Functionalizing polymer matrixes with the CNTs by incorporation procedure can
provide an enhancement in the separation performance of the composite membranes
through an improved water permeability and rejection of pollutants fromwater on its
surface [56, 58]. The CNTs have poor dispersion in polymermatrix due to the smooth
surface structure, van-der-Waals, and itsπ-to-π interactions, and the combined effect
is the reduced separation performance of CNTs membrane.

Functionalization or introduction of functional groups on the mouth of the CNTs
is considered as a good approach towards the improvement in its properties such
as antifouling behavior, mechanical and thermal stabilities, water permeability,
pollutants or dyes rejection or adsorption capability [59, 60]. Recent findings have
shown that the CNTs have the potential for removal of synthetic dyes by adsorption
phenomenon [61]. Their adsorption capabilities are even found to be greater than
those for the activated carbons because of the existence of some stronger interactions
between the CNTs and the molecule of the dyes in solution [62].

The adsorption capacities of the CNTs can be improved further by functionalizing
themwith biopolymers such as the chitosan (via a covalentmodification) owing to the
hydrophilic nature and excellent dispersion of the biopolymers than the CNTs, and
this kind of study is attracting great interests from the scientists. It also opens up a new
way for the preparation and environmental application of novel biopolymer-based
CNTs adsorbents [63].
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A magnetic chitosan-graphitized multi-walled carbon nanotubes (designated as
CS-m-GMCNTs)was recently being developed by a process called suspension cross-
linking method using glutaraldehyde as a chemical cross-linking agent, and was
used as adsorbent for the removal of carcinogenic Congo red dye from water by
adsorption [49, 64]. The authors have claimed that the synthesized novel adsor-
bent displays certain advantages for environmental cleanup application such as its
excellent dispersion, ease of separation, and high dye adsorption capacity.

4.3 Chitosan/Graphene Oxide Membrane

Graphene oxide or GO is a highly oxidized carbon-based material and a derivative
of graphene. GO contains abundant amount of oxygen/or species of oxygen which
are available for adsorption between the layers. GO is synthesized by an oxidation
method using strong chemical oxidizing agent, example, potassium permanganate
or chlorate, etc., forming several oxygen functionalities such as a carboxyl, epoxy,
hydroxyl, and so on, and these hydrophilic groups make GO to be well dispersed in
water, thus producing some stabilizing effect to GO carbonaceous material [32, 65].
The GO is most successfully prepared from the graphite powder by the Hammers or
the newly modified Hammers procedure [66].

Both graphene and its oxidized form, i.e., the graphene oxide have been reportedly
used as effective adsorbents for adsorption of anionic and cationic dyes from water
[67, 68]. Recovery of GO adsorbent is a problematic issue because it is able to
form some stable colloidal particles that may hinder its phase out separation in
water. However, immobilization of the GOwith biopolymers is used to solve out this
drawbacks by forming aGO-based biopolymer composite with the tendency of phase
separation and effective adsorption. One example is the amidation reaction between
chitosan and carboxyl groups of the GO to form a composite based on chitosan and
the GO with a well-dispersed physical characteristics [69].

Recently, chitosan was used to cross-link graphene oxide to yield a framework
structure of chitosan/GO composite film (highly swellable in water) to be used as
an effective adsorbent for the removal of methylene blue (MB) dye by adsorption
method [70]. The average thickness of the synthesized film was around 20–60 μm,
and it possessed enhanced negative charge groups when in the ionized state.

4.4 Chitosan/Nano Clay Membrane

Clays are defined as the hydrous aluminosilicate (Al–Si–O–H)minerals that aremade
up of the colloidal fractions of soils, sediments, rocks, and water molecules, and they
may be composed of fine-grained size of minerals and other minerals such as the
quartz, carbonate, and oxides of metal. Clays are of several types, amongst them are
the pyrophyllite–talc, smectites–montmorillonite, mica–illite, kaolinite, serpentine,
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sepiolite, and vermiculite [71]. The common exchangeable ions that are present on
the surface of clays include the ions of sodium (Na+), calcium (Ca2+), magnesium
(Mg2+), potassium (K+), hydrogen (H+), ammonium (NH4

+), sulfate (SO4
2−), chlo-

rides (Cl−), nitrate (NO3−), etc., and the exchange with these ions present on the
clays occur so readily without affecting its structural surface [72, 143].

Bentonite and montmorillonite or MMT altogether known as the smectites are the
most commonly used nano clay adsorbents in the water purification application. The
composition of the bentonite is made up of the MMT and other non-clay minerals
[74]. Bentonite has two tetrahedral silicate layers sandwiched in one octahedral sheet
of aluminate layer in a ratio of 2:1with a negative charge on the lattice of the bentonite
clay. Thus, it is generally believed that bentonite has greater affinity towards cationic
dyes than anionic dyes due to attraction between unlike charges.

Generally speaking, the attraction of the clayminerals tomolecules of the cationic
dyes is stronger than the attraction to anionic dyes because of the presence of the
net negative charge on the surfaces that have a strong affinity for positively charged
dyes [75]. For instance, the adsorptions of the clay to Methylene Blue and Malachite
Green (cationic dyes) are significantly higher than adsorptions to the molecules of
Congo Red and Methyl Orange (anionic dyes), and the main reason for this major
difference is as a result of the difference in the surface chemistry of the clay and
charges on the dyes. Clays are hydrophilic in nature and therefore not compatible
with organic molecules. Hence, the need to modify them has arisen in order to make
them compatible with hydrophobic substances.

Modification of clay minerals can be done by acid activation, thermal treatment,
and formation of composite membrane [76, 77]. Recently, the group of Zhang
(2016) developed a hybrid composite membrane called cross-linked quaternized
chitosan/bentonite for adsorption of the anionic Amino black 10B dye from water.
The synthesis was done firstly by dispersing the bentonite clay into a quaternized
chitosan using a method of the membrane-forming procedure. Secondly, this was
followed by cross-linking reaction to make the quaternized material chemically
stable. The addition of the clay into a polymer can lead to the development of
composite with increased mechanical strength and resistance to heat [78].

A chitosan/saponin-bentonite composite film was developed for the efficient
removal of methyl orange dye from wastewater [79]. The saponin is a surface modi-
fying agent, and its addition leads to the surface alteration through the chemical
interaction with its two acyl groups [80].

4.5 Chitosan/MgO Membrane

Magnesiumoxide (MgO) is a basic oxide that is non-toxic and chemically stable [81].
MgO is an eco-friendly adsorbentwith high reactivity and adsorption capability, and it
is therefore a promising inorganic compound for water decontamination application.
Hydrothermalmethod is used to prepare anMgOnanostructure with particles that are
highly crystalline and homogenous. However, the particles of theMgOobtained from
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this method can undergo agglomeration phenomenon [82]. This particular drawback
can be tackled by using cetyltrimethylammonium bromide (CTAB) as a soft template
to control the morphology of the MgO nanoparticles during the synthesis to prevent
its formed particles from being agglomerated.

In the adsorption study, both chitosan and the MgO have certain limitations.
Chitosan requires long contact time for dye adsorption. On the other hand, the MgO
has lower adsorption, but with much shorter contact time for dye decontamination in
comparison to the chitosan [82]. Hence, it may be possible to improve the adsorption
behavior of the chitosan via the combination of itself, chitosan, and MgO or the
fabrication of novel composite membrane adsorbent having high adsorption and
lower contact time for the dyes removal. A chitosan/MgO film was synthesized by
solvent casting procedure under mild drying for use as an effective adsorbent in the
removal of reactive blue (RB) 19 dye from solution [83].

4.6 Chitosan/Zeolite A Membrane

ZeoliteA is an inorganic fillerwhich has the formulaNa12 (AlO2)12 (SiO2)12*27H2O.
Zeolite A is therefore a synthetic sodium aluminum silicate with a 3D framework of
structure, and its cubic microcrystals have rounded corners and edges, and average
particle diameter of 3.5 μm [30]. It is used in the household detergents and as
catalysts. The structure of Zeolite A can be modified easily, and Zeolite A has been
reported to possess some good adsorption properties due to its high specific surface
area and ion-exchange capacity [84, 85]. It is therefore used as adsorbent for the dyes
removal from aqueous solution. However, Zeolite A has negative charge groups and
its application for the removal of anionic dyes is limited due to such observed charge
similarity.

While chitosan, on the other hand, can be used for the effective adsorption of
anionic dyes because its –NH2 groups are protonated under acidic condition by
forming a positively charged biopolymer [84]. There is an extreme scarcity of scien-
tific data on the preparation of composite membranes based on chitosan and the
Zeolite A for removal of dyes from the water. A report by [30] discussed the modi-
fication of chitosan by Zeolite A that formed chitosan/Zeolite adsorbent for the
adsorption of Bezactive Orange 16 from solution [30]. This adsorbent was prepared
following a mixing solution method, and the thickness of the obtained colorless film
was measured to be 100 μm.

4.7 Chitosan/Zinc Oxide Membrane

Zinc oxide (ZnO) is a chemically stable metallic oxide which is known to be photo-
catalytic with a wide bandgap of 3.17 eV, biocompatible, non-toxic, and a low-cost
compound that have wide range of applications such as in the catalysis [86, 87].
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Most scientific reports have focused on the photocatalytic capability of the n-ZnO
for the water remediation or sequestration of the pollutants from wastewater [89].
Contrarily, the ZnO nanoparticles have been rarely used as adsorbents for the control
of dye water pollution [90].

ZnO possess higher specific surface area and strong adsorption affinity, and there-
fore, it can be applied as a potential adsorbent material for the water treatment appli-
cation [88]. It is also found to exhibit higher adsorption capacity due to the rapid
diffusion and adsorption kinetic rates [91].

Chitosan can be embedded into the ZnO nanoparticles (n-ZnO) to suppress the
aggregation tendency of the ZnO nanoparticles, and at the same time to increase the
number of the adsorptive or active sites on the chemical structure of chitosan [92].
To the best of our ability or knowledge, there are no reports that have been found
from the literature on the adsorptive removal of dyes by using the chitosan/ZnO
composite membranes only. But, chitosan/ZnO nanocomposite films have been
reportedly prepared for other applications [93, 94].

4.8 Chitosan/Cellulose Nanocrystals Membrane

Cellulose is an industrial raw material that is useful and being the most abundant
polysaccharides that exist naturally. Cellulose is a low-cost polysaccharide which is
stable, eco-friendly, and nonpoisonous biomass polymer [95]. The chemical structure
of cellulose (Fig. 7) contains multiple hydroxyl groups that can be connected via
some strong inter- and intra-molecular hydrogen bonds [27]. These chemical bonds
make cellulose hardly to be dissolved in common solvents, and therefore, this limits
its further processing and subsequent applications when in the native form. Ionic
liquid—a greener solvent like the 1-butyl-3-methylimidazolium acetate ([Bmim]
Ac) can dissolve cellulose excellently and satisfactorily [96–98].

Although the chemical structure of the cellulose biopolymer could be modified
to produce different derivatives. One of the derivatives of cellulose is the cellu-
lose nanocrystals or the CNCs which can be used as a functional entity or nano-
reinforcements in biopolymer membranes for the removal of dyes through electro-
static attraction [3, 99]. Previous publication reported the use of the CNCs as a func-
tional entity in chitosanmatrix for the development of chitosan/cellulose nanocrystals
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to be used for the removal of targeted dye compounds from water [3]. According to
the authors, the increased amount of the CNCs was found to have an incremental
effect on the high dye removal efficiency.

4.9 Chitosan/Cellulose Nanofiber Membrane

Cellulose nanofiber (CNF) is an important cellulose-based material which is a by-
product of photosynthesis that is produced in abundance fromplants or algal biomass.
TheCNFbiopolymer is a sustainable, low-cost polymer and also, it possesses the ease
of processing or operation. Unlike the cellulose nanocrystals which is produced by
chemical methods like the acid hydrolysis, but the CNF can be prepared by mechan-
ical treatments such as the homogenization, grinding, and or sonication processes
[100]. TheCNFexhibit unique high surface area and this property could lead to highly
reinforced polymeric nanocomposites [101]. Due to its attractive high specific area
and biocompatibility, the CNF is often regarded as an ideal adsorbent material for
dye adsorption from wastewater.

The corresponding composite of chitosan and CNF is found to have better
structural, physical, chemical, and mechanical characteristics. Most recently, the
composite film of chitosan and CNF was synthesized by mixing, solution casting,
and solvent evaporation, and applied directly for the adsorption of six different types
of dyes from water [102]. The four anionic dyes adsorbed onto chitosan/CNF film
are methyl orange, eosin, Congo red, and methyl blue, and the two cationic dyes are
methylene blue andmalachite green. The film exhibited high adsorption and reusable
character for methyl orange.

Some of the chitosan composite membranes that are discussed herein are:
the chitosan/activated carbons, chitosan/carbon nanotubes, chitosan/graphene
oxide, chitosan/nano clay, chitosan/MgO, chitosan/zeolite A, chitosan/zinc oxide,
chitosan/cellulose nanocrystals, and chitosan/cellulose nanofiber composites. These
types of systems are not being well explored or studied as adsorbents for dye
removals; in particular, the membrane systems like chitosan/activated carbon and
chitosan/ZnO composites are not being reported from the literature. Interestingly,
most of the reviewed chitosan composite membranes exhibited good capacities for
the removal of dyes from water by adsorption. Still, further studies in this direction
are needed.

5 Methods of Characterization

The primary objective of this section is to present some of the peculiar methods
or techniques which are applied in the characterization of chitosan-based composite
membranes or films that are specific for dye adsorption study. Focus of the discussion
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will be on some of the latest scientific publications that are reported recently on
chitosan adsorptive composite membranes.

5.1 Scanning Electron Microscopy (SEM)

The scanning electron microscopy or SEM is being the most frequent microscopic
technique that is applied in the characterization of polymeric membrane because of
its simpler or easier method of sample preparation [103]. Unlike optical microscopy,
the SEM is more sophisticated as it uses electrons as a source of the excitation.
Here, a beam of high energy electron interacts with atom of the sample in order
to produce signals that can be captured by detectors, thus generating a magnified
image of the sample under investigation. The signals that are produced as a result
of the interaction can include the secondary electrons, backscattered electrons, and
X-rays [104]. Some electron microscopy like the FESEM uses or is linked with an
energy-dispersive X-ray spectroscopy (EDS), a quantitative technique that can be
used for determination of the elemental composition present in the sample.

SEM or FESEM requires the preparation of sample before the image is taken
for subsequent analysis. Generally, the sample needs to be dried with the sole aim
to preserve its structure before applying high sputtering temperature or striking its
surface with the energetic electrons. Since biopolymers are nonconducting in nature,
they must be coated with a thin layer of metals such as the gold or platinum and so
on [105]. The SEM technique can be used to produce images with excellent qualities
and higher magnification for identification of the structure and surface properties
of sample. Earlier study demonstrated that the chitosan-based membrane system
possess a uniform or regular surface morphology, especially when prepared by the
casting technique [30].

5.2 Transmission Electron Microscopy (TEM)

TEM technique produces sample image with higher resolution than the SEM,
although in both the techniques same principle is applied during the analysis of
the sample. Structures that cannot be accurately viewed or analyzed with the SEM,
can be imaged using the TEMmethod of analysis. The microstructure and nanorein-
forcement in polymer membrane can be studied by using the TEM. This analytical
technique or TEM is even more sophisticated than SEM, and hence, there must be
an ultrahigh vacuum and an operator who is supposed to be well skilled and should
have adequate expertise to operate the TEM machine much effectively [106].

Recent work reported the detailed study on the synthesis, characterization, and
application of chitosan/ZnO/GO hybrid nanosized structure. The as-prepared grain
bunches of chitosan/ZnO/GO hybrid was demonstrated or analyzed using the TEM
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procedure to have some nanosized grains with the size approximated to be found
around 5–10 nm [107].

5.3 Atomic Force Microscopy (AFM)

The atomic forcemicroscopy or abbreviated as the “AFM” is amicroscopic technique
that possesses high resolution capacity for analyzing the topography of the surface
of sample by a mapping method using cantilever. The AFM can be used to analyze
the composition, mechanical property, and roughness of the surface of a sample
[108]. The TEM image of chitosan-based multi-walled carbon nanotubes has been
taken by carrying out the AFM test in a scan size of 5 μm by 5 μm. Introduction
of the nanotubes as a filler into the matrix has resulted in the increase of the surface
roughness of the membrane [56]. This was confirmed by the appearance of the bright
sites in the AFM of the membrane due to the existence of nanofiller inside it.

5.4 Fourier Transform Infrared Spectroscopy (FTIR)

The technique of infrared or IR spectroscopy is used to study how matter interacts
with light radiation in the electromagnetic region [103]. The IR spectrophotometer
comes in different types, the dispersive spectrophotometer which has low repro-
ducibility and Fourier transform infrared (FTIR) spectrophotometerwhich has higher
reproducibility and it is now commonly used in the laboratory for research purpose.
Nowadays, the FTIR is the most dominant type of spectrophotometer which enables
to record spectra with high signal-to-noise ratio to a depth of 10–20 μm diameters
for the samples.

The absorption of IR radiation by a molecule causes molecular vibration due to
the bond stretching or bending, and a spectrum is produced which may serve as
a fingerprint for identification of the structure of sample. Generally, the IR spec-
trophotometer can be used in the identification of chemical nature of materials and
determination of purity of a particular compound. Table 1 shows the three different
regions in the infrared spectrum and their characteristic wavenumbers. In partic-
ular, the mid-IR region is used extensively in various applications for qualitative and
quantitative analyses of sample analyte [109].

Table 1 Various infrared
(IR) regions and their
characteristic wavenumbers

S./no. IR region Characteristic wavenumbers (cm−1)

1 Near-IR 14,000−4,000

2 Mid-IR 4,000−400

3 Far-IR 400−10
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Recently, the chemical structure of chitosan/MgO composite film was analyzed
by adopting the FTIR spectroscopy [83]. Bands for chitosan biopolymer such as the –
N–H stretch and –C–O–C vibrations of chitosan and theMg-O vibrations of theMgO
nanoparticles were identified in the chemical structure of the synthesized nanocom-
posite film. This clearly showed that molecular interaction might have occurred
between the phase of chitosan as the matrix and the MgO particles.

5.5 X-ray Diffraction Analysis (XRD)

The XRD is widely employed in the identification of crystalline, semicrystalline,
and or amorphous regions that may be observed in biopolymer membranes [103].
When solid material encounters with some X-ray radiation, a unique XRD pattern
is produced which can be used to study the relative crystallinity of the polymeric
sample. The beam of the X-ray is focused on the sample at an angle of 2θ, and then a
detector records the intensity of the diffracted ray. According to the Bragg’s law, the
beam of the diffraction by the crystalline phase follows the Bragg’s equation (Eq. 1)
as shown below:

λ = 2d ∗ sin (θ) (1)

where d is the spacing of crystals, λ is the wavelength of the incident rays, and θ is
the angle of the diffraction.

TheXRDanalysiswas employed recently for distinguishing the crystalline phases
identified in chitosan, GO, and chitosan/GO composite film [70]. The XRD pattern
of pure chitosan shows two broad peaks due to its amorphous nature, and that for GO
dominantly exhibit high crystallinity as a result of the appearance of one sharp peak.
Chitosan/GO film (Fig. 8b) possessed low crystallinity as a result of the reduction
of the amorphous phases as observed in its X-ray diffraction pattern. The analysis
of the XRD patterns of this composite indicated the exfoliation of the chitosan into
the sheets of the graphene oxide with a net increase in the interplanar distance from
0.72 to 0.87 nm.

5.6 Tensile Tests

The tensile test is a physical characterization procedure that can be used for the
evaluation of the mechanical properties of biopolymer films. The tensile proper-
ties mean the mechanical properties which are caused by the application of regular
forces on material. Some of the mechanical properties that are commonly measured
for polymer-based films are the elongation at break, Young’s modulus, and tensile
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Fig. 8 XRD patters of a chitosan (LCTS) and b chitosan/GO film (GO-LCTS). LCTS stands for
low molecular weight chitosan and GO graphene oxide. (To take permission from ACS Omega
for https://doi.org/10.1021/acsomega.8b01871)

strength [110]. The tensile versus deformation curve characterizes the tensile capacity
for a biopolymer in terms of the listed properties shown in Fig. 9.

The standard methods for tensile testing of materials are the American Society for
Testing andMaterials [111] for determining the mechanical properties of plastic film
with thickness of around 0.25 mm, and the ASTM D638 for testing the mechanical

Fig. 9 A typical tensile
behavior in biopolymer film.
This curve is termed as the
tensile versus deformation
curve

https://doi.org/10.1021/acsomega.8b01871
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behavior of polymer materials with thickness roughly above 1.00 mm. Earlier, it
was found that cross-linking of biopolymers increases the tensile strength, but on
contrary, the addition of plasticizers increases the flexibility and deformation at the
break, hence a decrease in the tensile strength of biopolymers is observed [113].

The tensile test of chitosan/CNFfilmwas recently performed on a universal testing
machine with the specificationModel 5576, Instron Instruments, USA at a crosshead
speed of 1 mm min−1 and gauge length of 40 mm. With the addition of the CNF, the
tensile strength of chitosan/CNF film was approximately 35 MPa, in contrast to the
strength of chitosan film alone which was around 4.36 MPa [102]. The improvement
of mechanical behavior of the chitosan/CNF filmmay facilitate multiple recycling of
the adsorbent due to the possibility of its resistance on the impact of phase separation
and adsorption of the dyes.

5.7 Contact Angle

The contact angle or θ as shown in Fig. 10 is that angle between the surface of a solid
or film and the tangent to the surface of the liquid (usually water or glycerol, ethylene
glycol, etc.) in contact with the solid. The interfacial tensions at the equilibrium is
expressed as shown below.

Cos (θ) = (γSV − γSL) ÷ γLV (2)

where γSV, γSL, and γLV are the surface tensions at boundaries between solid-
to-vapor, solid-to-liquid, and liquid-to-vapor, respectively. For hydrophilic and
hydrophilic films, the contact angle covers the values for θ < 90° and θ > 90°, respec-
tively. The contact angle can be measured by the help of a goniometer instrument in
captive bubble mode [115].

Fig. 10 Contact angle between liquid and the surface of film
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The knowledge of the contact angle is vital for evaluating the surface wetta-
bility and the resistance of film against water, that is to say, to know whether the
film has hydrophilic or hydrophobic nature [114]. In the recent report by Zinadini
(2014), the authors reported a static water contact angle of 52.4° for the synthe-
sized carboxymethyl chitosan-coated Fe3O4-based membrane; this value meant the
prepared membrane has hydrophilic character which can allow it to attract more with
the water molecules [10]. This may enhance the penetration of the molecules of dye
pollutant in aqueous solution.

5.8 Porosity and Surface Area

The porosity and specific surface area of polymer membranes are usually determined
by means of the nitrogen (N2) adsorption using the Brunauer–Emmett–Teller (BET)
method [3]. A cross-linked membrane system consisting of chitosan and cellulose
nanocrystals was prepared by casting technology involving simultaneous compres-
sion and cross-linking procedures; this membrane was reported to have mean pore
sizes and surface area of the magnitude 13 nm and 2.9 m2g−1, respectively [3].
According to the authors of the publication, the membrane was compacted due to the
net influence of the chemical cross-linking using glutaraldehyde solution that lowers
the porosity and area. The cross-linking reaction was similarly found to decrease
both the pore sizes and surface area of polymer membrane [116, 117].

Most commonly, the chitosan composite membranes are well characterized
by employing the use of some modern analytical instrumentations such as the
SEM or FESEM, TEM, FTIR, and XRD. Despite the importance of AFM, tensile
tests, contact angle, porosity, and surface area measurements, these methods are
rarely being presented in most publications for characterizing of chitosan-based
membranes. Thus, future studies should focus on a comprehensive characterization
of the membrane systems.

6 State-of-the-Art Review on Dye Removals Using
Chitosan-Based Membranes

Under this section, we would describe the outcome obtained from the survey of
literature on methods and analyses used for the removal of different classes of dyes
from water by adsorption onto chitosan films and/or chitosan composite membrane
systems along with comparative study with other similar chitosan-based adsorbents.

Adsorption is the physical adherence of gaseous or liquid or ionic pollutant
known as the adsorbate, on surface of a solid material known as the adsorbent [118].
The reverse of the adsorption is called the desorption phenomenon. Adsorption is
different from absorption phenomenon. Absorption involves the incorporation of
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liquid substance into solid matter. Also, there shall be no confusion between the
adsorption and sorption processes. Sorption is a general term that is referred to both
of absorption and adsorption [119]. Biosorption or bio-adsorption is another term that
is often confused in the literature with bioaccumulation, which involves the binding
of ions on inactive microorganisms. Biosorption is the sequestration or removal of
ions from the solution by microorganisms such as algae, fungi, or bacteria [120].
The microorganisms are collectively referred to as the biosorbent.

6.1 Review on Dye Removals by Adsorption Technology

Synthetic dyes possess several problems from esthetic one to toxic such asmutagenic
and carcinogenic environmental issues. The presence of dyes in water and wastew-
ater is undesirable and thus making the water unsafe for drinking and or any other
purposes. Dyes are known to have toxic effect to both animals and humans (Mall
et al. 2005) [42]. It is therefore compulsory to treat dye-bearing wastewater before
being discharged into the surrounding. There are strict regulations imposed by the
government to the industries on the compliance or adherence to dye decontamination
from wastewater before being released into the environment. Adsorption is the most
widely used technology that is available for the dye removal from solution, due to
the simplicity and cost effectiveness of the technology [42].

During the adsorption, the molecules of dye get in contact with adsorbent surface
via these two important processes or systems viz. the batch adsorption and fixed-
bed adsorption [48]. These two systems are found frequently applied in solid–liquid
adsorptions and separation processes for lab and large-scale, respectively.Wastewater
treatment by adsorption method can be therefore treated discontinuously in batch
mode and or continuously in the fixed-bed reactors (Ali et al. 2014). Each of these
methods has its own merit and demerit. In the fixed-bed columns, large volume of
wastewater can be treated at the industrial scale, but for the batch mode only small
or medium size water can be treated at once. However, one of the advantages of the
batch mode is its ability to easily adjust and control the adsorption parameters unlike
in the fixed-bed mode.

I. Dyes removal by using chitosan membranes

Various state-of-the-art reviews on the chemistry of removal of dyes by adsorption
on chitosan membranes would be discussed in the present subsection of the review
chapter. With the view of easier understanding in the chemistry or nature of the inter-
actions between dyes and adsorbents, we would also present the structure of the dyes
in the discussion in detail. Progress on the modern approach of the dye adsorption
would be highlighted with clear emphasis on the chemistry of the applied adsorption
and parameters, isotherms, kinetics, and or thermodynamics of the adsorptions in
those previously reported studies.
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There are several adsorption parameters that are used especially in the batchmode
of adsorption for the control of the dye removal process by adsorption.Theparameters
are commonly optimized by employing the use of traditional or statistical methods
of analysis. One of the important parameters is the pH of solution. The pH affects the
degree of ionization of dyes in solution, charged groups on adsorbent, and ultimately,
the sorption process itself [121]. Other important parameters that are related to the
dye adsorption process are the adsorbent dose, contact time, temperature, and ionic
strength. The chemistry and or mechanism of dye adsorptions on various kinds of
adsorbents are well compiled and reviewed using state-of-the-art publications and
are given as follows.

In the removal of Congo red dye, CR (Fig. 11) by adsorption on to a cross-linked
membrane of chitosan biopolymer, the optimum pH of adsorption of the CR on
chitosan film has occurredwithin the range of pH 4–6 [42]. Themolecule of CR tends
to ionize in the aqueous solution and finally forming the (R-SO3

−) groups which are
anionic or negative in nature. Under the acidic condition, the electrostatic attraction
between protonated chitosan (positively charged) and the negatively charged CR
facilitates high removal of molecules of the dye. But, beyond the stated pH above,
the CR adsorption decreased due to the presence of large excess of –OH−, that is the
competitor ions, thus causing an electrostatic repulsion.

The influence of temperature and thermodynamics of the adsorptionwas evaluated
on the CR adsorption using the prepared chitosan film [42]. The diffusivity of the
molecules of dyes increases with increase in the temperature due to the reduction in

NH2

SO3Na

N

NH2

NaO3S

N

N
N

Fig. 11 Chemical structure of Congo red (CR) dye [122]
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diffusion resistance [123]. Authors described that as the temperature of adsorption
increased from 298 to 318 K, the CR removal efficiency by the film had increased.
At high temperatures, the film interacted weakly with the CR dye, consequently, the
dye removal efficiency kept still. The negative values for the standard Gibbs free
energy (�G0) demonstrated a spontaneous adsorption phenomenon. The van’t Hoff
equation defines the parameter �G0 as follows:

�G0 = −RT ln Kc (3)

where the R is the molar gas constant and Kc is the adsorption equilibrium constant.
Chitosan film is also used in the adsorption of food dyes from wastewater. Food

dyes are those types of dyes that are essentially used to color food-based products
such as in the dyeing of chewing gums, juices, sweets, sodas, mustard, etc. [124].
Effluents from the food industries may contain untreated food dyes in the receiving
water, and such dyes if found in water are known to create esthetic and carcinogenic
harmful effects [125]. Another environmental issue with regard to the discharge of
food dyes into water is their ability to cause the reduction of sunlight penetration,
thus disturbing the process of photosynthesis in aquatic or marine plants.

Two different food dyes have been recently removed by batch adsorption onto
chitosan films [34], the applied model dyes were Acid red 18 (AR 18) with pKa of
6.4 (Fig. 12) and FD&C blue no. 2 or Indigoid dye with pKa of 12.2 (Fig. 13). The
authors described that the adsorption of the AR 18 on chitosan films was higher than
for the corresponding FD&C blue No. 2 dye. The molecular size of the AR 18 dye
was lower in comparison to that of the FD&C blue No. 2, hence facilitating an easier

Fig. 12. Chemical structure
of Acid red 18 (AR 18) dye
[126]
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Fig. 13 Chemical structure of FD&C blue No. 2 dye [128]. Note: FD&C stands for Food, Drugs,
and Cosmetics

diffusion of the dye. The molecules of smaller dye penetrate deeply into the internal
pore structure of biopolymer [22].

The adsorption capacities for both AR 18 and FD&C blue no. 2 dyes attained
maximum at lower temperatures; the solubility of the dyes increased as temperature
of the adsorption increases [22], thus decreasing the adsorption of dyes because the
interactions between the dyes and chitosan film became weaker, and conversely the
interactions between the dyes and solvent became stronger. The authors analyzed
the equilibrium isotherms for the adsorptions of these dyes onto chitosan film. The
equilibrium curves for the adsorption of both the AR 18 and FD&C blue no. 2 were
described as a type “H,” due to the fact that the film possessed some accessible sites
for adsorption and hence great affinity towards the modeled dyes [127].

Previously, the removal of another pair of the food dyes had been well demon-
strated by adsorption on the chitosan films. The studied food dyes were FD&C red
no. 2 or amaranth (Fig. 14) and FD&C yellow no. 5 or tartrazine dye (Fig. 15). The

Fig. 14 Chemical structure
of FD&C red no. 2 or
amaranth dye [130]
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Fig. 15 Chemical structure of FD&C yellow no. 5 or tartrazine dye [130]

adsorption capacities for the two dyes increased with decreasing the magnitude of
pH of the solution. Under the acidic condition, the amino groups on chitosan tend
to become positively charged via protonation [52], thus bring about an electrostatic
interaction between the anionic dyes and the cationic chitosan film. At the pH value
2, swelling degree of chitosan films (700–1200%) increased, and this might also
had facilitated the transport and access of the dyes into the sites of the adsorption.
Moreover, the FD&C yellow no. 5 with MW of 534.4 g mol−1 exhibited the highest
adsorption capacity than the FD&C red no. 2 with a larger molecular size, i.e., MW
of 604.5 g mol−1 [129].

Rêgo et al. [129] analyzed the possiblemechanismof adsorption for both the above
dyes on chitosan films by examining the FTIR before and after dye adsorptions.
Absorption bands of the chitosan film, i.e., before the dye adsorptions (Fig. 16a)
in the region of 3300–3100 cm−1 were responsible for the stretching vibrations of
the N–H and O–H bonds. After the adsorption of both the tartrazine (Fig. 16b) and
amaranth (Fig. 16c) dyes, the interactions between each of the dye and the film were
same because they have similar structural and functional groups, i.e., the anionic
sulfonated groups on each of the dye was similar. According to the authors, the
chitosan film (Fig. 17a) adsorbed both dyes due to the presence of S atoms confirmed
after the adsorption process (Fig. 17b and c).

II. Dyes removal by using chitosan composite membranes

Similarly, the various state-of-the-art reviews on the chemistry of removal of dyes
by adsorption on chitosan composite membranes would be discussed in the present
subsection of the review chapter. With the view of easier understanding of the chem-
istry or nature of the interactions between dyes and adsorbents, wewould also present
clearly the structure of the dyes in the discussion in detail. Progress on the modern
approach of the dye adsorption would be highlighted with clear emphasis on the
chemistry of the applied adsorption and parameters, isotherms, kinetics, and or
thermodynamics of the adsorptions in those previously reported studies.
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Fig. 16 Chemical structure
of chitosan film a before the
adsorption, b after
adsorption with tartrazine
dye, c after adsorption with
amaranth dye [129]. (To
take permission from the
Journal of Colloid and
Interface Science for
https://doi.org/10.1016/j.jcis.
2013.08.051)

Chitosan biopolymer is usually modified by converting it to the chitosan
membranes or films in order to overcome its intrinsic drawbacks such as the low
stability, pH sensitivity, and low adsorption [30, 42, 129, 130].

But still the chitosan membranes are limited due to the possession of lower
chemical and mechanical characteristics. To overcome these problems and obtain
some products with superior mechanical and adsorptive properties, scientists have
nowadays adopted the preparation of chitosan-based composite films as adsorptive
membranes for enhanced removal of dye compounds from solution [30, 70, 131].

https://doi.org/10.1016/j.jcis.2013.08.051
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Fig. 17 Elemental composition of chitosan film a before the adsorption, b after the adsorption with
tartrazine dye, c after adsorption with amaranth dye [129]. (To take permission from the Journal
of Colloid and Interface Science for https://doi.org/10.1016/j.jcis.2013.08.051)

https://doi.org/10.1016/j.jcis.2013.08.051
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Fig. 18 Optical photographs: aGMCNTs existed in the solution, bCS-m-GMCNTs is dispersed in
solution, c solution of the CR dye, d separation of the CS-m-GMCNTs adsorbents from the treated
solution of the CR dye by a bar magnet [49, 64]. (To take permission from the Journal of Appl
Surf Sci for the https://doi.org/10.1016/j.apsusc.2013.09.003)

Further, chitosan composite membranes can also be produced with improved dye
removal efficiency compared to the chitosan or its corresponding films [83].

The magnetic and cross-linked chitosan-graphitized multi-walled carbon
nanotubes (or designated as the CS-m-GMCNTs) was reportedly synthesized and
used as an effective adsorbent for the removal of the CR dye (Fig. 11) from
the wastewater [49, 64]. The authors described that the dye adsorption reached
263.3 mg g−1, and also the adsorption was temperature-dependent which is sponta-
neous in nature due to the negative values of the change in the Gibbs free energy.
The effectiveness of the CR removal by adsorption on the CS-m-GMCNTs adsorbent
could be well ascertained from Fig. 18d.

The sulfonate groups on CR dye dissociated to become negatively charged, and
at a pH 6.3, the –NH2 present on the surface of CS-m-GMCNTs were protonated
leading to the enhanced CR adsorption through the electrostatic attractions in the
aqueous solution. Moreover, in the previous study, the point of zero charge (PZC) of
the GMCNTs moiety was reported to be around 4 [132] which meant that at a low
pH values, the positive charges or binding sites on the CS-m-GMCNTs adsorbent
increased which subsequently got interacted with the anionic CR dye, and hence the
high CR dye removal was observed according to the authors’ report.

Nešić and co-workers described the adsorption of Bezactive Orange 16 (BO 16)
dye on the composite film of chitosan and zeolite A [30]. The BO 16 dye (Fig. 19),
MW of 617.54 g mol−1, is an anionic dye and is often applied for the dyeing of cellu-
losic fibers; its commercial name is Remazol Brilliant Orange 3R. They described
that electrostatic interactions was one of the possible mechanism of the adsorption
of BO 16 on the film; the adsorption between the positively charged chitosan/zeolite
and themolecules of the negative BO 16 dye wasmaximum at around a pH value of 6
in the aqueous solution. The Langmuir model fitted and adequately predicted the BO

https://doi.org/10.1016/j.apsusc.2013.09.003
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Fig. 19 Chemical structure of Bezactive Orange 16 (BO 16) dye [30]

16 adsorption on chitosan/zeolite film with an adsorption capacity of 305.8 mg g−1

value. The Langmuir isotherm model is represented by Eq. 4 as illustrated below.

1/Qe = (1/Qmax) + [
1/ (Qmax ∗ KL)

] ∗ (1/Ce) (4)

where Qe is the adsorption capacity (mg g−1), Ce is the equilibrium CR dye concen-
tration (mg L−1), and KL is the Langmuir constant (L g−1). The separation factor, RL,
which is expressed in terms of the KL, can be defined by Eq. 5 below. The magnitude
of the RL indicates whether the adsorption is favorable (0 < RL < 1), unfavorable (RL

> 1), linear (RL = 1), or irreversible (RL = 0) [83, 133].

RL = 1/ [1 + (KL ∗ Co)] (5)

Sabzevari and co-workers converted GO into the GO-chitosan composite film
(swelling degree, 6,500%) by cross-linking itwith the chitosan as a biopolymer cross-
linker [70]. The formation of an amide linkage formed between the –COOH bond in
the GO and –NH2 group in the chitosan supported the formation of the GO-chitosan
composite and the cross-linking reaction [134]. The zeta potential of theGO-chitosan
film was lower than −30 mV, hence its particles could maintain a stable colloidal
solution [136]. According to the authors, the monolayer adsorption of MB dye, MW
of 319.85 g mol−1 (Fig. 20), on the GO-chitosan film was 402.6 mg g−1 (Qmax)
which exceeded that for the pristine GO material. The GO-chitosan film allowed the
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N

N(CH3)2(H3C)2N

Fig. 20 Chemical structure of Methylene Blue (MB) dye [135]
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better dispersion of GO and prevents its aggregation in water, thus leading to high
adsorption capacity in the composite.

Earlier, the use of binary blends such as the chitosan/cellulose acetate blends or
composite membranes was employed recently to solve the shortcomings of the pure
chitosan and was applied for the removal of acid orange 7 (Fig. 21) and brilliant
yellow (Fig. 22) dyes from wastewater [131]. The authors developed this membrane
by using a mixture of acetic acid and water, casting technology, and deacetylation
approach to form the cationic chitosan/cellulose acetate composite membrane. The
net positive charge on the surface of the adsorbent was detected by analyzing the
curves which were obtained from a potentiometric titration. As described by the
authors, the modification of the chitosan/cellulose acetate by deacetylation method
removed the acetate group from the film, thus converting the film into much more
hydrophilic with the lowest contact angle of 33°.

The researchers described that the adsorptions of both AO 7 and the BY dyes were
found to be 9.98 mg g−1 (99.8% efficiency) and 9.38 mg g−1 (99.7% efficiency),
respectively, and their adsorptions on the chitosan/cellulose acetate composite were
observed photographically by the authors to be very similar.

The developed chitosan/saponin-bentonite (CSB) composite film was applied for
the high adsorption of methyl orange dye from the aqueous solution under the

HO

N

N-O3S

Fig. 21 Chemical structure of acid orange 7 (AO 7) dye [137]
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Fig. 22. Chemical structure of brilliant yellow (BY) dye [138]
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optimum pH of 4.80–5.30 [79]. The maximum adsorption capacities for the CSB
film were investigated by the authors under different temperatures viz. 303, 318,
and 333 K, and the corresponding adsorptions were found to be 360.86, 398.98,
641.99mg g−1, respectively. This showed that the adsorption increased by increasing
the temperature, and hence the process was endothermic in nature.

The development ofmulti-functional adsorbent filmbased on chitosan biopolymer
and MgO nanoparticles was undertaken by Nga and his group for the removal of
reactive blue 19 (RB 19) dye (Fig. 23) from the wastewater by adsorption route
[83]. Reactive dyes easily form covalent bonds with fibers, have high color stability,
solubility, and low degradability, and are also widely applied in the textile industries
[52, 139]. After the dyeing process, about 50% of the reactive dyes can be lost, and up
to 10–200 mg L−1 concentration of the reactive dyes may be found in the wastewater
outlets [140, 141].

The adsorption of the AR 19 dye fluctuated over the pH 3–7, but above the pH
7, the dye adsorption on the chitosan/MgO nanocomposite decreased due to the –
OH competition with the molecules of the AR dye. They described that under the
optimum pH of 7, the maximum adsorption of the AR 19 dye was predominantly
due to the electrostatic interactions that occurred between the negatively charged AR
dye and the positively charged chitosan/MgO composite film over the pH 3–7 range
[83]. The adsorption of the AR 19 dye onto the chitosan/MgO was temperature-
dependent, increased with the increase in the temperature, and the Qmax of the dye
adsorption was determined (from the Langmuir isotherm plot) to be 512.82 mg g−1

at 311 K. Accordingly, chemisorption between the counter charges in AR dye and
the film controlled the adsorption kinetics.

The improvement in the mechanical properties of membrane adsorbent could
promote effectiveness for the dye removal, separation, and recycling studies. The
developed and high strength chitosan/CNF film as discussed earlier in the present
chapter was employed for the selective adsorption or removal from the aqueous solu-
tion of different types of dyes including the methyl orange, MO (Fig. 24), methylene
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Fig. 23 Chemical structure of reactive blue 19 (RB 19) dye [142]
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Fig. 24 Chemical structure of methyl orange (MO) dye [138]

blue, MB dye (Fig. 20), malachite green, MG (Fig. 25), and Congo red, CR (Fig. 11)
[102].

Both the MO and CR are anionic dyes, while both MB and MG are cationic
dyes. And interestingly, according to the authors, the synthesized chitosan/CNF
composite selectively adsorbed the different dyes. In the single system dye removal,
by comparing the characteristics UV–VIS absorption band of each of the dye before
and after the adsorption, the researchers concluded that the chitosan/CNF exhibited
efficient adsorption towards the MO dye (Fig. 26a), however, it showed compara-
tively negligible adsorption towards the MB dye (Fig. 26b). It was speculated by the
authors that the rejection of the MB dye by the chitosan/CNF composite was caused
by the presence of the chitosan in the composite, which has positive charge on its
amino functional groups.

While in the binary system dye removal, mixed solutions of MO/MB dyes were
selected by the authors. They demonstrated that the characteristic absorption curve
for MO changed drastically (Fig. 26c) after the adsorption process; in contrast, the
absorbance for the MB dye was barely changed in the mixture. Similar observation
was discussed with the mixture of theMO/MG dyes, while the band for theMG dyes
(Fig. 26d) showed insignificant change after the adsorption. Thus, the chitosan/CNF
composite film exhibited excellent adsorption selectivity towards the anionic dyes
than the cationic dyes due to the electrostatic interactions between the film and the
negatively charged dye compounds.

Fig. 25. Chemical structure
of malachite green (MG) dye
[102]

NN Cl-
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Fig. 26 Absorbance of a MO, b MB, c MO/MB, and d MO/MG mixtures, before and after the
adsorption process [102]. (To take permission from the Carbohydrate Polymers for the https://
doi.org/10.1016/j.carbpol.2020.117473)

Furthermore, the monolayer adsorption (Qmax) of MO onto the chitosan/CNF
composite was determined by the authors to be 655.23 mg g−1; the Langmuir model
as reported by the authors, showed excellent fitting with lower average relative error,
thus indicating that the MO was adsorbed on the active sites of the adsorbent. The
strong attraction between the composite and the MO dye had attributed to the high
adsorption capacity.

6.2 Review on Regeneration and Reusability

Regeneration by desorption process is the separation or detachment of the spent
adsorbent material from the contaminant in the solution. It can also be defined
as the rapid recycling or recovery of exhausted/or spent adsorbents using feasible
techniques or methods. Regeneration of activated carbon is indispensable process.
However, for other solid adsorbents, it is also important if necessary. The desorption
lowers the operating cost of the adsorption, and it also opens a way for the extraction
of the pollutants from solution, and regeneration of the adsorbent for another adsorp-
tion cycle [118]. It can also reveal the mechanism of the adsorption. The literature

https://doi.org/10.1016/j.carbpol.2020.117473
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Fig. 27 Costs of various adsorbents reported in the literature [73]. (To take permission from the
RSC Adv. for the https://doi.org/10.1039/c8ra04290j)

on regeneration of adsorbents is very limited or not adequately explored except for
the commercial activated carbons.

The exhausted adsorbents canbe regeneratedbyusing anumber of techniques such
as the bioregeneration, chemical treatment, electrochemical, supercritical extraction,
thermal,microwave regeneration, ultrasound, andphotocatalyticmethods [73]. Func-
tional adsorbents are those that are very effective and economical, and the costs of
the adsorbents can be lowered through the process of recycling without significant
loss of the active sites and removal efficiencies [145].

The cost (in USD currency) of various reported adsorbents for dye removals is
shown in Fig. 27. From the figure, it can be learned that the adsorption process by
using chitosan-based materials can be regarded as costly, and the regeneration of
such bio-based materials would be very crucial in the control of water pollution.

And, the regeneration and possible reuse of chitosan-based films are not yet
adequately being explored or discussed in the majority of the reported literature.
Thus, this leaves a wide research gap which is to be investigated by researchers in
thefield of environmental and remediation ofwastewater. Some fewdata that reported
the regeneration and reusability studies of chitosan-basedfilms can be found available
and they are discussed herein with the clear focus on the chemistry of the desorption
process.

The amaranth (Fig. 14) and tartrazine dyes (Fig. 15) removed by the adsorption
on chitosan films were desorbed over 2 cycles after 5 min and by using 0.50 M
NaOH as eluent. Three adsorption–desorption cycles were run by the authors, and
after the first two cycles, the adsorbent maintained its physical nature and maximum

https://doi.org/10.1039/c8ra04290j
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adsorption capacity. They had described that the desorption phenomenon of the dyes
was due to the occurrence of an electrostatic attraction [129].

Chitosan/GO composite membrane was regenerated by using a mixture of dilute
HCl and ethanol solution at 1:1 v/v ratio. The adsorbed MB dye was desorbed over 3
cycles, and the removal efficacy exceeded 80% after these three consecutive cycles
[70]. The result was presentedwell by the authors and is shown in Fig. 28. The authors
had further described that after every desorption process, the adsorbent was dried at
313 K for 24 h before another adsorption cycle was carried out. They concluded that
the advantage of the Chitosan/GO composite membrane (cross-linked adsorbent)
was its facile separation process and its capability to be regenerated over multiple
adsorptions–desorption cycles as depicted in Fig. 28.

The chitosan/CNF composite was regenerated by soaking it in 0.10 M of KOH
solution under constant stirring, and the recovered adsorbent was used for another 6
cycles [102]. Intense competition between the –OH− ions in the KOH solution and
the adsorbedMO dye promoted the elution of the dye which leads to the regeneration
of the chitosan/CNF composite [146]. The composite was easily affected by the pH
change; hence, the process of desorption was quickly completed by rinsing it in the
KOH solution.

The adsorbent, Chitosan-g-PAA/Rice Husk hydrogel composite for the MB
removal, was subjected to the 5 cycles of adsorption–desorption process [153]. Its
dye adsorption showed only a slight decrease after the last cycle, which proved its
reusability feature for the practical application in the wastewater treatment. More-
over, the reported chitosan/Magnetic β-CDhas a reuse capability for up to the 5 cycles
with a high dye desorption behavior. According to the authors, the dye desorption
process of this magnetic adsorbent was performed by using organic solvent (ethanol

Fig. 28
Adsorption–desorption
cycles of a Graphene oxide,
GO (orange) and
b chitosan/GO film,
GO-LCTS (blue) [70]. LCTS
stands for low molecular
weight chitosan and GO
graphene oxide. (To take
permission from ACS
Omega for https://doi.org/
10.1021/acsomega.8b01871)

https://doi.org/10.1021/acsomega.8b01871
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in 0.1 M NaOH), since its dye adsorption was driven through the inclusion type of
mechanism. There is also a low decrease of the dye uptake after a fifth cycle.

6.3 Review on Comparative Study

The performances of various adsorbent materials are expressed in the literature by
comparing their respective adsorption capabilities. The adsorption can be further
expressed in terms of the adsorption or removal efficiency, R (%), or the equilibrium
adsorption capacity, Qe or q (mg g−1). These two distinct terms are mathematically
defined by the following two expressions:

R (%) = [(Co − Ce)/Co] ∗ 100 (6)

Qe

(
mg g−1) = [(Co − Ce)/W] ∗ V (7)

where Co and Ce are the initial and equilibrium concentrations (expressed in mg
L−1), W is the weight of the adsorbent (in gram), and V is the volume of the solution
in liter [102]. These terms that are described above are usually determined from the
experimental data as widely being reported by various researchers.

In the present section, the performance of the chitosan-based adsorptive
membranes would be compared with other similar bio-based adsorbents that are
being reported recently in the scientific literature. In order to avoid any kind of
confusion that may flash on the minds of the respective readers, the term Qmax, the
maximum or monolayer adsorption capacity, would be taken as the term to differ-
entiate the adsorption performance of each of the adsorbent that are to be discussed
herein. The monolayer adsorption capacity, Qmax, is calculated value and is deter-
mined from the Langmuir isotherm plot; it expressed the maximum amount of the
dye adsorbed per active site in the material. Table 2 shows a comprehensive review
on comparison of the monolayer adsorption capacities (Qmax) among the different
chitosan-based adsorbents such as the chitosan films, chitosan composite films, and
so on.

The reported adsorption results were entirely different depending on the type
and nature of the adsorbent, and the experimental conditions such as the initial
concentrations, adsorbent dosage, contact time, and the pH of the solution. In the
case for the chitosan-based adsorbents, the origin of chitosan and the degree of the
deacetylation (DD) might bring about the difference in the adsorption capacities. For
instance, chitosan beads have superior specific surface area than the corresponding
chitosanflake-type, chitosanbeads obtained from the sources such as the crab, lobster,
and shrimp wastes were reported to have difference in their surface areas and dye
adsorption capacities in the following order crab>lobster>shrimp, respectively [149].

The comparison about the adsorption of the dyes on the chitosan-based adsorbents
could be difficult as the adsorption studies were performed for different dyes under
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Table 2 Comparison of the maximum dye adsorption capacity of chitosan-based adsorbents

S./no. Chitosan films (Adsorbents) Adsorbate
or dye

Conditions:
initial conc.,
dosage, contact
time, and pH

Adsorption
capacity, Qm
(mg g−1)

Literature
citations

1 Chitosan film Congo red 20 mg L−1,
0.1 g, 4 h, and
pH 4–6

40.65 [42]

2 Chitosan film Acid red 18 20–100 mg
L−1, 500 mg
L−1, 8 h, and
pH 7

194.60 [34]

3 Chitosan film FD&C blue
no. 2 dye

20–100 mg
L−1, 500 mg
L−1, 8 h, and
pH 7

154.80 [34]

4 Chitosan film Amaranth 200 mg L−1,
0.1 g L−1, 2 h,
and pH 2

278.30 [129]

5 Chitosan film Tartrazine 200 mg L−1,
0.1 g L−1,
0.5 h, and pH 2

413.80 [129]

6 Chitosan film FD&C red 2 50–300 mg
L−1, 8 h, and
pH 2

494.13 [144]

7 Chitosan film FD&C
yellow 5

50–300 mg
L−1, 8 h, and
pH 2

480.00 [144]

Chitosan composite films

1 CS-m-GMCNTs Congo red 10–1000 mg
L−1, 0.05 g,
1–3 h, and pH
6.3

263.3 [49, 64]

2 Chitosan/zeolite A Bezactive
Orange 16

30–80 mg L−1,
0.015 g, 50 h,
and pH 6

305.8 [30]

3 Chitosan/GO Methylene
blue dye

100–1000 μM,
0.05 g, 24 h,
and pH 7

402.6 [70]

4 Chitosan/cellulose acetate Acid orange
7

10 mg L−1,
0.25 g, 17 h,
and pH 3.6

Q =
9.98 mg g−1

[131]

5 Chitosan/cellulose acetate Brilliant
yellow

10 mg L−1,
0.25 g, 17 h,
and pH 3.6

Q =
9.38 mg g−1

[131]

(continued)
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Table 2 (continued)

S./no. Chitosan films (Adsorbents) Adsorbate
or dye

Conditions:
initial conc.,
dosage, contact
time, and pH

Adsorption
capacity, Qm
(mg g−1)

Literature
citations

6 Chitosan/saponin-bentonite Methyl
orange

20–180 mg
L−1, 0.5 g,
2.5 h, and pH
4.80–5.30

641.99 [79]

7 Chitosan/MgO Reactive
blue 19

100–700 mg
L−1, 0.14 g,
24 h, and pH 7

512.82 [83]

8 Chitosan/CNF Methyl
orange

10–500 mg
L−1, 0.1 g, and
pH 5

655.23 [102]

9 Chitosan/magnetic
maghemite

Methyl
orange

10–60 mg L−1,
0.5 g, and pH
2.91

29.41 [147]

10 Chitosan/polyvinyl
alcohol/zeolite

Methyl
orange

100–500 mg
L−1, 0.05 g,
6 min, and pH 4

153 [148]

Other biopolymer adsorbents

1 Chitosan beads from crab Reactive red
no. 222

0–600 mg L−1,
0.1 g, and
5 days

1106 [149]

2 Chitosan beads from lobster Reactive red
no. 222

0–600 mg L−1,
0.1 g, and
5 days

1037 [149]

3 Chitosan beads from shrimp
wastes

Reactive red
no. 222

0–600 mg L−1,
0.1 g, and
5 days

1026 [149]

4 Chitosan from crab shells Acid green
no. 25

0–69 mg L−1,
0.2 g, 24 h, and
pH 4

645.10 [150]

5 Chitosan from crab shells Acid orange
no.10,

0–69 mg L−1,
0.2 g, 24 h, and
pH 4

922.90 [150]

6 Chitosan from crab shells Acid red
no.12

0–69 mg L−1,
0.2 g, 24 h, and
pH 4

973.30 [150]

7 Chitosan FD&C red
no. 40

0–250 mg L−1,
0.05 g, 8 h, and
pH 6.6

529 [124]

(continued)
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Table 2 (continued)

S./no. Chitosan films (Adsorbents) Adsorbate
or dye

Conditions:
initial conc.,
dosage, contact
time, and pH

Adsorption
capacity, Qm
(mg g−1)

Literature
citations

8 Chitosan/GO Reactive
black 5

0–1000 mg
L−1, 0.02 g,
24 h, and pH 2

277 [32, 65]

9 Chitosan/magnetic β-CD Methyl blue
dye

1500–6000 mg
L−1, 0.03 g,
50 min, and pH
5

2780 [151]

10 Chitosan/modified Ball
Clay

Methylene
blue

30–300 mg
L−1, 0.1 g, and
pH 12

142 [135]

11 Chitosan beads/activated
carbon

Crystal
violet

0–14 mg L−1,
0.4 g, 40 min,
and pH 9

12.50 [152]

12 Chitosan-g-PAA/Rice Husk
hydrogel

Methylene
blue

1500–2500 mg
L−1, 0.05 g,
1 h, and pH 5

1952 [153]

13 Chitosan/polyamide
nanofibers

Reactive
black 5

0–150 mg L−1,
0.2 g L-1, and
pH 1

456.90 [154]

14 Chitosan/polyamide
nanofibers

Ponceau 4R 0–150 mg L−1,
0.2 g L-1, and
pH 1

502.40 [154]

15 Cross-linked Chitosan/AC Thionine
dye

10–100 mg
L−1, 0.18 g,
6–8 h, and pH 7

60.90 [155]

16 Chitosan/glutaraldehyde
Beads

Reactive
black 5

5–65 mg L−1,
0.4 g, 48 h, and
pH 3

1.56 [156]

AC = Activated charcoal; CD = cyclodextrin; CNF = cellulose nanofibers; GO = graphene
oxide; PAA = polyacrylic acid; FD&C = Food, Drugs, and Cosmetics; CS-m-GMCNTs =
chitosan/magnetic graphitized multi-walled carbon nanotubes; Qmax = maximum or monolayer
adsorption capacity

different experimental conditions. Although the dye removal capacity of most of the
adsorbents showed good adsorption except for the Chitosan/Glutaraldehyde Beads
which exhibited the least adsorption capacity (Qmax = 1.56mgg−1) [156]. The reason
was described by the authors that the higher adsorbent dosage could had triggered the
overlap of the active sites, hence decreasing the active surface area and the adsorption
capacity as well.

The adsorptions of the dyes on chitosan/magnetic β-CD composite and chitosan
beads were superior to the adsorptions on chitosan, chitosan films, and chitosan
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composite membranes. The chitosan/magnetic β-CD composite showed an adsorp-
tion of 2780 mg g−1, which is superior to the entire adsorbents that are presented in
Table 2. Such remarkable adsorption behavior of the composite was due to its higher
chemical stability, higher surface area due to its spherical nature, ability to form the
inclusion complex for the adsorption of the MB dye through the prominent host–
guest interactions mechanism, and the absence of the internal diffusion resistance
[151].

However, for the removal of more than one type of dye using the same adsor-
bent, their comparison can be made easier. For instance, chitosan film adsorbed
194.60 mg g−1 of AR 18 dye higher than the adsorption of FD&C blue no. 2 dye
(154.80 mg g−1) [34]. The two dyes differed in their molecular sizes, the smaller
dye, in this case of the AR 18 diffused faster than the other dye. Similarly, the differ-
ence in the adsorptions of the Amaranth and Tartrazine dyes onto the chitosan film
was due to the same reason. It was noted that the dyes are not of the same struc-
tures and molecular sizes, hence this reflected that the diffusion of the dyes into the
internal pore structure of the chitosan could be entirely different, hence there might
be difference in the adsorption capacities as observed.

From Table 2, it was understood that the adsorptions for some of the chitosan
composite membranes or films were said to possess comparatively superior adsorp-
tion than for some of the chitosan films. For instance, the chitosan/CNF and
Chitosan/saponin-bentonite films adsorbed 655.23 mg g−1 and 641.99 mg g−1 of
dyes, respectively, than all of the chitosan films that are shown in the table. It can be
expected that there was strong attractions between the chitosan composite films and
the dyes compared to the chitosan films alone [102].

The adsorptions for both theAO7 (Qe = 9.98mg g−1) and BY (Qe = 9.38mg g−1)
dyes were reported to be very similar due to the fact that they have same sulfonate
groups in their chemical structures [131]. The adsorptions of the respective dyeswere
experimentally determined by the authors by applying Eq. 7. Here, the Qe values do
not represent the actual maximum adsorption capacities of the composite membrane
because the authors did not discuss the Langmuir isotherm model in their adsorption
study.

It could be clearly observed from the table that the adsorptions for many of the
reviewed dyes occurred under the acidic medium (1≤ pH≤ 7), thus indicating many
of the dyes to be anionic in nature or negatively charged compounds. Sincemost of the
chitosan-based adsorbents have positive charges on their structures, the adsorption
between the chitosan-based materials and such anionic dyes could be through the
electrostatic interactions [151]. The positive charge on chitosan is increased in acidic
solutions by the protonation of its amino groups. However, for the cationic dyes, such
as the MB and crystal violet, their adsorptions occurred under near neutral and or
alkaline conditions, i.e., pH≥ 7 as shown inTable 2. Thus, the surface of the chitosan-
based adsorbents became negative which got interacted with the positively charged
dyes [152].

The influence of the contact time on the dye adsorption and or simply the kinetics
of the adsorptions had been well investigated in most of the reported research works.
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The faster dye removal rate is a requirement for industrial water pollution applica-
tion of adsorbents [148]. Hence, in order to design effective adsorbents, the material
should have faster adsorption rate. As depicted from Table 2, most of the reported
adsorbents, even the ones having the superior adsorption capacities, have slower
adsorption rates, because they took longer contact times to complete or for the adsorp-
tion to reach the equilibrium stage. For example, the chitosan beads from the crab
shells adsorbed around 1106 mg g−1 of dye over 5 days [149].

Similarly, the Chitosan/Polyvinyl Alcohol/Zeolite adsorbed 153 mg g−1 of MO
dye over 6 min contact time [148]. Moreover, the chitosan/Magnetic β-CD adsorbed
2780 mg g−1 of the methyl blue dye within 50 min contact time. Hence, these
adsorbents have the superior adsorption rates due to the absence of the internal diffu-
sion resistance. The adsorption rate of the Chitosan-g-PAA/Rice husk hydrogel was
also satisfactory [153]. The Chitosan/Polyvinyl Alcohol/Zeolite suffered from the
lower adsorption compared to the later adsorbent or chitosan composite membranes.
The adsorption rate for chitosan/CNF film was not indicated in the previous report,
although it possessed a good adsorption, regenerative, and recycling capacities [102].

In order to lower the costs of the production for the effective adsorbents, the regen-
eration and reusability studies are very important for sustainable application.Wehave
gone deeper into the reported publications and reviewed them accordingly. [129]
reported chitosan film can be regenerated and reused for over 2 cycles. The reported
chitosan/GO composite membrane exhibited the adsorption–desorption capacity for
3 different cycles [70]. The Chitosan/Magnetic β-CD could be recycled for 5 times in
mixed solvents containing sodium hydroxide and ethanol solution [151]. Chitosan-
g-PAA/Rice husk hydrogel was subjected also to a 5 adsorption–desorption cycles
and the dye adsorption was only decreased slightly [153]. Chitosan/CNF film can be
desorbed and reused for up to 6 consecutive cycles [102]. The recovery and reuse
study for chitosan beads had not been reported by the scientists [149].

Therefore, effective adsorbent should possess high adsorption capacity, faster
adsorption rate; it could be easily recovered/or regenerated and reused for several
number of adsorption–desorption cycles. Hence, some of the chitosan films and
chitosan/CNF composite film can be subjected to further study in order to improve
their sorption characteristics and adsorption rates. Also, Chitosan/Magnetic β-CD
andChitosan-g-PAA/Rice husk hydrogel are excellent and reusable adsorbentswhich
could be considered to develop other chitosan composite films.

We reviewed the performance of chitosan films and chitosan composite
membranes towards the dye removals by adsorption phenomenon. The dye removals
affinity is significantly affected by the pH of aqueous solution. The adsorption rates
ofmost sorbents are slower due to the diffusion resistance influence except in the case
of chitosan/Magnetic β-CD. The reviewed results are compared with those of other
similar adsorbents that are found in the literature. There are limitations on recovery
and reuse studies for most of the adsorbents.
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7 Conclusion and Remarks

Discharge of persistent dye pollutants into the environment is a global major concern,
as the dyes can harm plants, animals, and humans; dyes are also very difficult to be
treated due to their recalcitrant and complex structural natures. In addition to the
existent governmental and organizational policies on water pollution control, the
treatment of wastewater containing dyes is a necessary phenomenon to the academia
and industrial sectors. Nowadays, it has become a top priority to treat wastewater
before being discharged into the surroundings, because the presence of the bulk of
polluted water is growing rapidly plus the huge demands for dye-free water globally.
Different treatment procedures have been studied and reported by many researchers
around the world. However, water pollution by dyes is being best treated by adsorp-
tion process using various classes of adsorbents. Also, the adsorption is being widely
accepted not only for the lab-scale but for the industrial scale in the removal of
different pollutants from water.

The use of the biopolymers as sorbents for the removal of dyes is a green alterna-
tive in the water pollution control because biopolymers are renewable, inexpensive,
biodegradable, and biocompatible in the living bodies. Chitosan is a good example
of the biopolymers, and the chitosan is derived essentially from chitineous materials
obtained mostly from the fishery industries. Chitosan has current industrial appli-
cation in food processing and is also being applied as adsorbent for the removal of
dyes.

Chitosan may be converted in the form of flake, beads, films, composite films,
and hydrogels. However, in the present chapter, the preparation and structural char-
acteristics of the chitosan have been overviewed; the classification and methods
of the preparation of different types of chitosan membranes have been well
reviewed with the support of state-of-the-art publications. This chapter has compre-
hensively presented the recent advancement in the characterization of chitosan
composite membranes produced by casting technology for application as adsorp-
tive membrane systems as reported from some literature. Some of the chitosan-
based composite membranes that have been focused and reviewed accordingly in
the chapter are (1) chitosan/activated carbon; (2) chitosan/carbon nanotubes; (3)
chitosan/graphene oxide; (4) chitosan/nano clay; (5) chitosan/Magnesium oxide; (6)
chitosan/zeolite A; (7) chitosan/zinc oxide; (8) chitosan/cellulose nanocrystals; and
(9) chitosan/cellulose nanofibers.

Recent publications on chitosan-based adsorbents for dye removals have been
well reviewed and presented in the current chapter with a view to find the present
overall status or progress in the development and application of such greener mate-
rials. This chapter has highlighted that the study about the syntheses, physicochem-
ical properties, and water control or dye removal application of chitosan films and
chitosan composite membrane systems are very limited as found from the reviewed
number of literature reports. Although, there is significant improvement in the chem-
ical and mechanical properties of the chitosan composite membrane systems, such
as the chitosan/saponin-bentonite, chitosan/cellulose nanofibers, chitosan/MgO,
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chitosan/zeolite A, in particular, than some of the chitosan films and other reported
adsorbents.

But, according to the fair comparative review, the chitosan, chitosan films, and
chitosan composite membrane systems exhibited good dye adsorptions than other
reviewed adsorbents such as the chitosan beads/activated carbons, cross-linked
chitosan/activated carbons, chitosan/glutaraldehyde, and chitosan/modified ball clay.
In contrast, the Chitosan/magnetic β-cyclodextrin was reviewed to possess excellent
adsorption towards the removal of dye owing to its enhanced and superior chemical
stability, higher surface area due to its spherical nature, ability to form the inclusion
complexwith the dye compounds, and the absence of the internal diffusion resistance
as against other adsorbents which have slower dye adsorption rates as highlighted in
the reviewed Table 2.

The chapter has reviewed that the attractions of the dyes on reported adsorbents
is by electrostatic interactions between the dyes and the adsorbents; anionic dyes are
preferably adsorbed on chitosan-based adsorbents at a pH≤ 7, the adsorbent surfaces
become positively charged, e.g., in the adsorption of MO dye on the Chitosan/CNF
at pH = 5; while the cationic dyes are adsorbed at a pH ≥ 7, in contrast, here the
surfaces of the adsorbents are negatively charged, e.g., in the adsorption of MB dye
on Chitosan/Modified Ball Clay at pH = 12.

The adsorption–desorption cycles are studied by researchers to find out whether
a given or particular adsorbent can be recovered and reused after some several
cycles of adsorption and desorption procedures. Since the pH is a factor that has
significant effect on the adsorption of dyes, so, the adsorbed dye compounds can
be eluted or washed out from the adsorbent’s surface by simply washing it with
some suitable solvents under different pH. But, in the present chapter, few of the
adsorbents have been reported to exhibit the regeneration and reuse capabilities.
Chitosan film reported by [129] has a reuse capability for about 2 cycles. Both
the composite membranes of chitosan/GO and that of the chitosan/CNF can be run
for over 3 and 6 cycles of adsorption–desorption, respectively. Also, the adsorbents,
Chitosan-g-PAA/RiceHusk hydrogel and chitosan/Magnetic β-CD are recyclable for
five consecutive cycles with some slight decrease in the dye uptake by the adsorbents.

Therefore, the present chapter examines the classification,methods of preparation,
physicochemical properties, dye removal application and mechanism, recovery and
regeneration capabilities of different classes of the chitosan composite membranes.
The chapter also highlights how chitosan films, chitosan composite membranes, and
other similar reported chitosan-based materials can be applied as greener adsor-
bents for the dye removal application from wastewater. Although, very few of the
chitosan-based adsorbents have been reported to have some remarkable adsorption
and regeneration capacities; there application for the removal of dyes from the indus-
trial effluents is subject to the further intensive study in order to investigate other
new systems based on the chitosan adsorptive membranes with additional superior
adsorption capacities, adsorption rates, and regeneration and reuse behaviors.

Thismay open a new approach in the development and application of the chitosan-
based membranes in the area of water pollution control, especially the dye removal.
Hence, the following remarks can be undertaken for further research works with the
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sole intention to develop newly designed magnetic chitosan composite membranes
with enhanced adsorption and recyclingproperties to be applied as adsorptive systems
towards the removal of dye compounds from water:

• To develop by optimization some new chitosan or cross-linked
chitosan/cyclodextrin (CD) composite membranes from broad sources by
incorporation with the magnetic Fe3O4 nanoparticles; the advantage of such
adsorbents or the membrane may include strong chemical stabilities, high specific
surface areas, and absence of the internal diffusion resistance. Moreover, such
adsorptive membranes can be easily recovered after the removal of the dyes from
wastewater by bar magnet.

• The adsorption capacity ofmembrane is reportedly said to be directly proportional
to the surface area of active site on membrane surface. Therefore, the knowl-
edge on the specific surface area of the adsorptive membranes is highly recom-
mended in this chapter to be obtained by utilizing the Brunauer–Emmett–Teller
(BET) surface area analyzer using the N2 adsorption–desorption measurements.
As observed frommany of the available publications, this crucial study is entirely
missing or not reported.

• The mechanism of the removal of dyes by the adsorption on chitosan-based
membranes shall be investigated thoroughly by studying the properties of the
adsorptive membranes before and after adsorption of the dyes from aqueous solu-
tions. This would provide an insight or a better understanding on how the dyes
interact with the membranes.

• An industrial effluent may contain more than one class of dyes in it. Most of
the reported chitosan-based adsorbents have selective adsorption characteristics,
i.e., they selectively adsorbed one class of dye more than the other at a given pH
value, e.g., chitosan/CNF film adsorbed higher amount of MO dye than MB at
pH = 5. So, therefore, the development of the nonselective adsorbents should be
encouraged in future studies towards the removal of dyes in both single and binary
systems.

• The future magnetic adsorbents based on chitosan membranes shall be well
focused to possess the capabilities to be recycled for number of adsorption–desorp-
tion cycles, in order to make them more economically viable ones.
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Abstract Urbanization, industrial activities, and the rapid increase in major pollu-
tants have led to serious environmental concerns. Dye wastewaters are poor degrad-
able and toxic compounds with serious damage for the life. The demand for a clean
environment for pollutants such as dyes has increased. Biodegradation of dyes is
important to decrease the amount of dyes as a result of industrial processes. Adsorp-
tion is one of the main processes, and fruitful results have been achieved in terms of
cost, availability, and efficacy. It is a solution to old traditionalmethods such as chem-
istry or biology. Due to the adsorption properties, many polymers have been studied,
but lignin has become a potentialmaterial for dye removal. Lignin is amultifunctional
polymerwith great properties such as usable, non-toxic, antibacterial, dye-absorbing,
anti-cancer, etc. Therefore, lignin-based materials have arisen for different applica-
tions. Besides, lignin-degrading enzymes have been shown potential results in the
treatment of dye removal. The dye removal depends on a cooperative process of the
main enzymes followed by several accessory enzymes and the reducing substrates
or mediators in the catalytic cycle.
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1 Introduction

1.1 Overview of Dye Removal

Dyes are used to provide color in different industries such as textile, cosmetic, and
food. These dyes are employed by their suitable properties. Practically, a dye can be
defined as a molecule with two chemical groups: the chromophore provides color
and the auxochrome is required to fix the dye molecule on the tissue [35]. The dye
is commonly a soluble substance that is easy to bond with the substrate to which is
applied.

In contrast, several industries commonly produce pollution to the environment by
the use of dyes.Usually, dyes present adverse effects.Dyes are toxic to aquatic species
andmay cause severe damage to different human organs such as kidney, reproductive
system, liver, brain, central nervous system [54], and skin inflammation. Besides,
dyes are knowing to cause mutagenesis, chromosomal fractures, carcinogenesis, and
respiratory toxicity [131]. Besides, dyes have a high molecular weight, complex
chemical structure, and low biodegradability level [40].

Lignin is an abundant biopolymer. It has potential properties that have attracted
attention in recent years. A recent research reports that the annual output of lignin
is around 50–70 million tons as a residual product [9]. Besides, lignin is usually
discarded instead of being used as a raw material for developing new technologies.
Some microorganisms produce lignocellulolytic enzymes. Therefore, researchers
have been introduced a cheap and eco-friendly biological treatment, involving
microorganisms or enzymes acquired from a biomolecule called lignin.

Therefore, for the purpose of using lignin, some investigations have been
conducted, and its effectiveness has been proven in various applications, such as
antimicrobial agents, prebiotics and antioxidants, fuel production, etc. The multiple
function groups make lignin being a potential polymer for its adsorption capacity.
This allows them to bond with certain dyes, thereby removing the dye. In addi-
tion, several investigations have reported the production of lignin-based materials to
remove dyes [77, 111]. Modified lignin products have useful applications in many
areas: concrete admixtures, oil exploration, dispersing of dyes, controlled-release
fertilizer, and synthetic wood [118].
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1.2 Environment Concerns

In recent years, the increment of human and industrial activities has caused an
increase in various types of pollutants on water systems. One type of these pollu-
tants is dye wastewaters that are mainly derived from textile, leather, paper, dyeing,
tannery, and paint industries. The textile industry uses approximately 10 000 tons of
dyes per year worldwide and represents 60% of dye consumption in the world [1,
59]. Dye wastewaters are poor degradable and toxic compounds that must be passing
through treatment before release into water systems due to their severe impact on the
environment [25, 80].

However, dyes degradation is important to decrease the amount of dyes as a result
of industrial processes. Dyes and their intermediates are biodegradable low-organic
compounds and are considered to be one of the main pollutants in aqueous envi-
ronment. These compounds are highly water soluble but complex to be removed
by ordinary techniques. Although many strategies have been developed to remove
dyes, some of these methods may cause secondary pollution, or are inefficient, time-
consuming, or even costly. The biodegradation is a low-cost technique that can
eliminate harmful components in polluted wastewater [70]. Biodegradation employs
usually natural enzymes produced from microorganisms because they can carry out
a reaction, which is difficult to achieve through organic synthesis to decompose dye
molecules. Adsorption is considered as an alternative mechanism to remove dyes in
wastewaters using novelty chemical and biological methods [93].

1.3 Lignin as Solution

Lignin shows a fundamental role in woody plant tissues. Besides, lignin exhibits
high adsorption capacities for heavy metal ions and can be a good adsorbent for
pollutants over wide concentration ranges [119, 125]. Lignin production can be a
potential platform for the bioproduction of renewable high-performance materials.

Lignin can be obtained as a byproduct of industrial and agricultural production.
A huge amount of lignin is produced every year as a waste in the production of fuel
or paper causing an environmental issue [66]. It is a biopolymer characterized by
its industrial availability, low cost, the capacity of adsorption of pollutants, strong
dye-binding capacity, biodegradability, and non-toxicity. These lignin characteristics
make this material considered a viable candidate to treat dye wastewaters and at the
same time solve two problems in an environmentally friendly manner. The adsorp-
tion of dyes using lignin and lignin-based materials is mainly mediated through π

interactions, hydrogen bonds, and electrostatic interactions that drive the adsorption
process [77, 108].
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1.4 Azo Dyes

Azo dyes contain –N= N− groups in their structure. They are representing the 60–
70% of commercially available dyes in the world. Azo dyes are employed in several
industries as food, pharmaceutical, cosmetic, textile, and leather. In the 1930s, some
azo derivatives such as 4-dimethyl and o-amino- azotoluene showed carcinogenic
effects to the liver and bladder after feeding. These adverse effects were developed in
workers during the manufacture of particular dyes. The dyes involved were fuchsine,
auramine, benzidine, and 2-naphthylamine 1 [16] as shown in Fig. 1.

Fig. 1 Examples of
chemical structure from
dyes. a Fuchsine,
b Auromine, c Benzidine,
and d 2-Naphthylamine
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As we mentioned previously, dyes present negative side effects such as carcino-
genic, DNA damage, etc. Azo dye toxicity is taken into account during the manu-
facture in several industries. For instance, genotoxicity is a significant problem for
human health. Therefore, azo dye consequences are highly studied [16]. Some of the
complex azo dyes are Direct Black 38 or Direct Blue 6 release the aromatic amine,
benzidine [85].

2 Lignin

Lignin is an important polymer with important properties and promising applica-
tions. It is the second most available polymer in nature, representing approximately
up to 10–25% of lignocellulosic biomass [124]. Lignin is a natural polymer with
a high molecular weight and a three-dimensional cross-linked structure consisting
of phenyl propane monomers. Regarding the solubility of lignin, it depends on the
treatment method used for its isolation. However, in most cases, lignin is insol-
uble in most solvents [13]. As shown in Fig. 2, lignin structure presents carbonyl,
carboxyl, and hydroxyl groups, which are functional groups of great interest for
several applications.

Lignin possesses interesting physical and chemical properties. Because of its
aromatic structure, availability, versatility, biocompatibility, and low cost, it is

Fig. 2 General structure of lignin
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Fig. 3 Schematic representation of the main components of plant fibers: lignin, hemicellulose, and
cellulose

considered a promising material [133]. New materials containing lignin polymer
and other biomolecules are mainly produced from plant fiber. These biomolecules
provide mechanical strength and stability in plants [53]. Biomass also contains small
percentages of compounds such as inorganic minerals, pectins, extractives, etc.

This complex polymer exists in plant cell wall, mainly within the secondary wall.
Lignin is connected to hemicellulose through covalent and non-covalent bonds [87],
forming a covering around the cellulose fibers, as shown in Fig. 3. In addition, lignin
acts as a “glue” connecting the cellulose and hemicellulose [56]. In plants, lignin has
a variety of functions, including increasing the rigidity of the cell walls, enhancing
the transport of minerals and water as well as protective barrier against by microbial
and fungal invasion. Besides, lignin is hydrophobic, which can effectively transport
water and increase the impermeability of cell walls.

2.1 Lignin Structure

Lignin has a branched structure of aliphatic and aromatic chains [34]. Its entire
structure is based on three types of phenylpropanoid units (called mono-lignols).
These monomers include coniferyl, sinapyl, and p-coumaryl alcohols, which vary
with the degree of methylation. The monomers undergo polymerization reactions
to produce structural units called guaiacyl (G), syringyl (S), and p-hydroxyphenyl
(H) residues. A scheme of the structures of mono-lignols building blocks is shown
in Fig. 4. The polymerization of monomers proceeds through the dehydrogenation
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Fig. 4 Structure of lignin monolignols and their corresponding building blocks

reaction of oxidative free radicals [13], thereby forming three-dimensional lignin
macromolecules involving carbon–carbon and ether bonds.

The ratio ofmonomer precursors varieswith different factors; such as plant species
[114], ecological conditions [112], and pretreatment methods used [116]. Therefore,
lignin can be obtained from softwood, hardwood, and grass, usually present diverse
compositions.

Besides, the lignin structure contains several functional groups, which are essen-
tial in determining the properties and characteristics of polymer [46]. The structure
of lignin contains several carbon–carbon (C–O) and carbon–oxygen (C–O) bonds.
However, the most predominant bond is the β-O-4 ether linkage as shown in Fig. 5,
which represents approximately 50% of the bonds in lignin [13].
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Fig. 5 Representation of the
β-O-4 ether bond from lignin

2.2 Properties of Lignin

Due to the variable composition and heterogeneity in the lignin structure, some
biological activities can be distinguished such as antimicrobial, antioxidant, UV
absorption, adsorbent, and other properties. It is known that lignin has strong prop-
erties against microbes and microorganisms. This property is derived from the high
content of phenolic and methoxy hydroxyl groups in the lignin structure, which
inhibits the activities of dangerous species [4]. Lignin-based materials have been
evaluated for several applications, including the antimicrobial activity. Some of these
applications include food packaging [4] and biomedical applications [27]. Moreover,
lignin is an important source of antioxidants. Due to its phenol hydroxyl content,
lignin acts by scavenging free radicals [11].

Lignin is used as natural antioxidant involves cosmetic, pharmaceuticals, and
polymers [41]. Another characteristic of lignin is its ultraviolet light absorption
capacity due to its aromatic structure, which contains chromophores that absorb that
light. These absorbing groups include conjugated carbonyl (e.g. α-carbonyl groups
and quinones), aromatic rings, and carbon–carbon double bonds [102]. Like the other
properties, ultraviolet light absorption will vary depending on composition (lignin
source). This property gives lignin the characteristic of natural sunscreen and has
even been tested to improve the ultraviolet protection of commercial products [127].

Additionally, one of the most remarkable properties is its adsorption ability by the
multiple functional groups. Researches have reported the importance of lignin for the
electrostatic and hydrophobic interaction between lignin and dyes for dye adsorption
[77].Due to this adsorptionproperty, lignin has shownapotential efficiency to remove
Methylene Blue (MB) dye from aqueous media. Figure 6 illustrates the chemical
structure of this dye.



Lignin-Based Membrane for Dye Removal 189

Fig. 6 Chemical structure of Methylene Blue Dye

2.3 Types of Lignin

Lignin is normally present in the epidermal and occasionally hypodermal cell wall
of plants [2]. This biopolymer can be classified into different types according to
its natural plant species and extraction methods. Today, there is no method that
can quantitatively separate lignin without the risk of structural modification. Paper
industry is the main source of lignin, where lignin is chemically, enzymatically, and
mechanically processed. A brief description of the classification and the different
types of lignin is given below.

2.3.1 Based on Plant Source

Lignin structures will depend on the type of plant fromwhich it originates. Generally,
lignin is divided into three categories: softwood, hardwood, and grass lignin.

Lignin from Softwood

Softwoods are gymnosperm, such as pines and spruces, with a total lignin content
of 25–35% [68]. Softwood lignin comprises mainly guaiacyl (G) units, which derive
from coniferyl monomer, and only a small amount of p-hydroxyphenyl (H) units
(Fig. 4). Therefore, the structure of softwood lignin does not change much among
different species.

Lignin from Hardwood

Hardwood plants are called also angiosperms and are trees characterized by broad
leaves. Examples of these species are eucalyptus and acacias. The content of lignin in
hardwood plants varies from 15 to 30% of the entire composition. Hardwood lignin
contains guaiacyl (G) and syringyl (S) units derived from coniferyl and sinapyl
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Table 1 Amounts of building blocks in softwood, hardwood, and grass lignin

Building blocks Softwood (%) Hardwood Grass lignin (%)

Guaiacyl (G) 90–95 25−50% 25−50

Syringyl (S) 0–1 50−75% 25−50

p-hydroxyphenyl (H) 0.5–3.5 Trace 10−25

alcohol, respectively (see Fig. 4). That is, hardwood is characterized by the S/G
ratio [88]. However, the ratio and proportion of both components vary widely among
different species, and consequently, the structure is also different.

Lignin from Grass

This category includes perennial and annual grass such as corn stalks, sugar cane
bagasse, and straws. Lignin structure in grasses comprises the similar amount of
guaiacyl (G) and syringyl (S) units (see Fig. 4). However, unlike hardwood and
softwood, grass lignin contains a higher proportion of p-hydroxyphenyl (H) units.
Table 1 shows the percentage ranges of each building block in different plant sources.

2.3.2 Based on Extraction Method

Lignin can be separated from different sources by two main extraction methods:
sulfur-containing lignin and sulfur-free lignin. The resulting lignin is also called
industrial lignin, and its structure, degree, and properties are different.

Sulfur-Containing Lignin Methods

These processes are commonly employed by the paper and pulp industry. It includes
kraft lignin and lignosulfonates.

Kraft Lignin:

Sulfate/kraft is the most commonly used ligning separation method in the world,
accounting for about 85% of total production [17]. The elemental and bounded
forms of kraft lignin (such as thiol) have sulfur content as low as 1–2wt%. In this
process, the lignin is broken down into smaller fragments of different sizes. Kraft
lignin increases the phenolic hydroxyl group content as a result of the cleavage of the
β-aryl ether bonds [117]. Then, a large amount of ash is present in lignin structure
by the high sodium and sulfur content [103]. Therefore, impurities must be removed
with subsequent processing.
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Lignosulfonates:

This type of modified lignin is obtained from sulfite pulp, where delignification is
achieved through HSO3

− and SO3
− ions [85]. Lignin is greatly degraded due to the

breaking of ether bonds in sulfite pulp. Unlike kraft lignin, lignosulfonates have a
higher degree of sulfur content (4–8 wt%) [104] and therefore a higher degree of
sulfonation, whichmeans that the hydroxyl groups are replaced by a sulfonate group.
These sulfonate groups make the lignin soluble, which is suitable for many industrial
applications [117].

Sulfur-Free Lignin Methods

These types of methods are used to produce bioethanol. The sulfur-free process
includes alkaline and organosolv lignin. Sulfur-free lignin is characterized by its high
purity and chemical composition close to native lignin, compared to other lignins
since it does not contain sulfur.

Soda lignin/Alkali lignin:

It is recovered from soda cooking or soda-anthraquinone pulping process. Most of
the soda lignin comes from non-wood sources such as annual plants and agricultural
residues. Due to hydrolytic cleavage, the sodium ligninis decomposed into smaller
fragments, which are soluble in alkaline cooking liquor. A special feature of lignin
obtained from non-woody materials is its high content of silicate and nitrogen [117].
Furthermore, the sodium lignin is very similar to natural lignin, that is, it does not
contain sulfur. Therefore, it is widely used in many applications [20].

Organosolv lignin (OL):

This technical lignin is usually produced for research purposes [43]. It is derived
from an organosolv pulping process, that is, through the use of organic solvents.
Some characteristics of OL are: low molecular weight, high purity, and high quality.
In addition, OL is highly soluble in organic solvents but hydrophobic in water. One
of the disadvantages of this type of lignin is the high cost and complicated process
required to obtain it [69]. Table 2 summarizes the classification, types, and different
sources of lignin.

Organosolv pulping uses organic solvents for lignin solubilization. Acetic acid,
formic acid, methanol, glycol, ethanol, etc. are solvents used in this technique. This
treatment includes the cleavage of the α-aryl-ether and lignin-carbohydrate linkages,
while the lower extent β-aryl-ether linkages are degraded [51]. Organosolv pulping
causes the fragments to dissolve in the solvent. Table 2 summarizes the types of
technical lignin based on extraction processes.
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Table 2 Types of technical lignin based on extraction processes

Extraction
process

Types Extraction methods Potential
applications

References

Sulfur-bearing
processes

Kraft lignin Sulfate cooking process Fertilizers,
pesticides,
carbon fibers,
binders, and
resins

[9]

Lignosulfonates Sulfite cooking process Colloidal
suspensions,
stabilizers,
dispersants,
and
plasticizers

Sulfur-free
processes

Soda/alkali lignin Soda/soda-anthraquinone
pulping process

Phenolic
resins,
polymers
synthesis,
dispersants,
and animal
nutrition

[33]

Organosolv lignin Organosolv pulping
process, i.e by using
organic solvents

Additives of
inks,
vanishes, and
paints

[10]

2.4 Extraction Methods of Lignin

Several lignin extraction and separation methods have been developed such as alka-
line, acidic, organosoly, hydrothermal, steamexplosion, super critical CO2, etc.Alka-
linity and acidicity are widely used methods to hydrolyze lignocellulosic biomass.
Alkali treatments are carried out using NaOH, KOH, Mg(OH)2 and Ca(OH)2, while
for acidic hydrolysis, some of the most commonly used reagents are HCl, H2SO4,
and HNO3 [42]. Alkaline method can break the ester bonds between lignin and other
components such as celluloses and hemicelluloses. The focus of the acid treatment
is the degradation of hemicellulose and cellulose parts, thereby producing lignin as
a residual product.

In addition, there are other conventional and advanced extraction methods for
lignocellulosic material such as ionic liquids, eutectic solvents, and supercritical
CO2. It is important to consider different criteria for choosing the most suitable
lignin extraction method. These criteria include efficiency, costs, possible biological
products, and environmental impact [63].
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3 Lignin-Based Materials

Lignin is abundant in the plant kingdom and is the only biopolymer with polyarene
content, which makes it unique for several applications. As a result of the paper-
making process, high economic value was wasted, leading people to focus on
sustainable economics. Lignin is a compound that lends itself to synthesize poly-
mers from biomass, because of its low-cost production, high biocompatibility, and
biodegradability, being a good substitute for petroleum-derived polymers.

3.1 Adsorption of Cationic Dyes

OLobtained from the delignification of rice strawhas demonstrated strong adsorption
of MB dye. The adsorption of OL is pH dependent at pH levels ranging from 5
and 9 [135]. A lignin-based activated carbon (LAC) obtained from black liquor of
paper mill has demonstrated MB dye removal using aqueous media [39]. Phenolated
sulfuric acid lignin (Ph-SAL) extracted from spent coffee grounds was assessed as a
dye removal for wastewater purification. The efficiency of removal of Ph-SAL could
reach 99.62% for MB dye at 100 mg/L of concentration [112]. Alkali-extracted
lignin (AEL) obtained from corn stalks and posteriorly immersed in alkali solution
demonstrates significant values of MB removal using pH 5 [38].

Activated carbon is known for its high adsorption capacity. Unfortunately, from
the perspective of dye removal, this material causes some problems such as high cost,
difficulty in separating the adsorbent and dye, and failure to regenerate the adsorbent.
The production of phosphoric acid-activated carbon prepared from natural lignin at
500 °C seems to be the solution to avoid these problems in dye wastewater treat-
ments. Themagnetic lignin spheres (MLS) are composedof organosolv lignin,maleic
anhydride, and tetrahydrofuran-Fe3O4 nanoparticles. MLS exhibits 31.23 mg/g and
17.62 mg/g of adsorption capacity for the removal of the dyes MB and Rhodamine
B, respectively [67].

3.1.1 Adsorption of Anionic Dyes

Softwood kraft lignin using glycidyl trimethylammonium chloride (GTMAC) is used
as a flocculant under alkaline aqueous conditions and is capable enhance the prop-
erty of dye-containing wastewater treatment for removing anionic dyes. At optimal
conditions of 70 °C, 1% lignin concentration, and GTMAC/lignin molar ratio 2/1,
the lignin cationic part produces hydrophobic interactions with dye segments. The
maximum percentage of dye removal of lignin-GTMAC is 87%, 95%, and 95% for
the dyes Remazol Brillant Violet, Reactive Black, and Direct Yellow, respectively,
in 100 mg/L of dye solution [62].



194 M. Bustamante-Torres et al.

A copolymer containing lignin, dimethylamine, acetone, and formaldehyde (L-
DAF) with a high cationicity of 2.55 mmol/g and molecular weight of 6143 g/mol
was capable to remove three anionic dyes: Acid Black 1, Reactive Red 2, and Direct
Red 23 with concentrations of 75, 50, and 35 mg/L from wastewater. These dyes
were removed with an efficacy close to 100% using this cationic flocculant at pH 6.5
[37]. L-DAF follows two mechanisms for dye removal: flocculation by bridging and
coagulation by charge neutralization, this last one is the predominant mechanism.

Lignin amination usingMannich reaction. This aminated lignin presents effective
anionic dye adsorption. The Direct Blue 1 dye demonstrating a maximum adsorption
capacity of 502.7 mg/g with a concentration of 50 mg/L [77].

Lignin polymerization immersed in acidic aqueous solution with [2-
(methacryloyloxy) ethyl] trimethylammonium chloride (METAC) showed high
molecular weight cationic lignin-METAC. The flocculation capacity for dye removal
was studied in this lignin-based polymer. As a result, lignin-METAC was able to
remove 98% and 94% (120 and 105 mg/L) of Reactive Black 5 (RB5) and Reactive
Orange 16 (RO16), respectively [120].

Carbon composite lignin-based adsorbent material synthesized from glucose,
calcium lignophosphate, and triethylene tetramide through a hydrothermal method
was able to adsorb the dyes Congo red and Eriochrome blue black R. The removal
capacity of this lignin-based adsorbent reaches 99% in 40 mg/L concentration of the
dyes’ solution [120].

Magnetic lignin-based adsorbent called Fe3O4/C-ACLS is an organic–inorganic
composite capable to adsorb and remove dyes with high efficacy. Fe3O4/C-ACLS
was able to remove 98% of Congo red, 92% of Titan yellow, and 99% of Eriochrome
blue black R. Additionally, the lignin-based adsorbent material can have a good
removal performance in a range of pH 5 to pH 9 and after five cycles of use, this
adsorbent has a regeneration efficiency over 80% [52].

A bifunctional biosorbent of chitin/lignin was produced to treat dye wastewaters
with the presence of Direct Blue 71 in aqueous solutions. This biosorbent presents
91% of removal efficiency and 40 mg/g of adsorption capacity at pH 8.4 [125].
Cationic and anionic dyes are also treated with lignin-based materials. Adsorption
method is themain technology used, as shown in Fig. 7. Besides, Table 3 summarizes
information about cationic and anionic dyes.

3.2 Lignin-Based Hydrogels

As a functionalizedmaterial, it can be used inwastewater decontamination processes,
in this case, the removal of stains through the lignin hydrogels. Currently, a great
amount of technique has been developed for lignin-based hydrogels. These hydro-
gels can be applied not only to the medical field but also for water bioremediation
processes of pollutants such as dyes [99].

Polymeric matrix known as hydrogel is prepared from the association of multiple
monomer bonds to form long chains of polymers that can to uptake large amounts
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Fig. 7 Lignin-based materials applied to wastewater

of water. These can be of two types, chemical and physical depending on their inter-
actions [44]. Chemical hydrogels build cross-linked networks from covalent bonds;
here, the hydrophobic monomers become hydrophilic polymers. On the contrary,
physical hydrogels resort to ionic and hydrophobic forces, hydrogen bonds, and Van
der Walls interactions to maintain their structure. Its application ranges from tissue
engineering, food packaging drug delivery systems to more specific applications in
watermanagement such aswater retention in sandy soils in areas affected by droughts
[90]. Hydrogels have been primarily synthesized frompetroleumderivatives. Besides
the high availability of lignin appears as an eco-friendly, low-cost option to produce
hydrogels.

Dyewastewater contamination from the textile industry and othermajor industries
into water tributaries represents a significant part of the environmental and energy
crisis. Most dyes have high chromaticity and organic content, but more importantly
azole groups and complex aromatic structures, the latter are difficult to degrade and
as a result, they generate a serious problem of environmental pollution. Its high
toxicity facilitates transfer to water, so the problem can worsen, affecting all living
creatures including humans [100, 106]. Approximately 2% of the chemicals used
in the industry are directly discharged into water sources [30, 129]. This situation
affects directly aquatic life and the food chain with toxic dyes whose effects become
carcinogenic and mutagenic even in small quantities [18, 75].

There are diverse techniques currently used for wastewater dye removal (Almasia
et al. 2015). Nowadays, the technique most used due to its low-cost effects on water
decolorization, with a simple design and operation, is adsorption. However, the
process of obtaining adsorbents is complex and can be very expensive in energy,
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Table 3 Lignin-based materials for adsorption of cationic and anionic dyes

Target dye to
remove

Lignin-base
adsorbent

Adsorption
capacity/removal
efficiency

pH References

Cationic dyes

Methylene blue Organosolv lignin 40.02 mg/g 5.0–9.0 [135]

Methylene blue Lignin-based
activated carbon
(LAC)

92.51 mg/g – [39]

Methylene blue Phenolated
sulfuric acid lignin
(Ph-SAL)

93.45 mg/g
99.62%

– [112]

Methylene blue Alkali extracted
lignin (AEL)

121.20 mg/g 5.0 [38]

Methylene blue Tunisian activated
lignin

147 mg/g 11 [64]

Methylene blue
Rhodamine

Magnetic lignin
spheres (MLS)

31.23 mg/g
17.62 mg/g

– [67]

Anionic dyes

Remazol brillant
violet 5R (V5)
Reactive black 5
(B5)
Direct yellow 50
(Y50)

Lignin-GTMAC 87%
95%
95%

– [62]

Acid black 1
Reactive red 2
Direct red 23

L-DAF 97.1%
98.3%
99.5%

6.5 [37]

Direct blue 1 Aminated CELF
lignin

502.7 mg/g – [77]

Reactive black 5
(RB5)
Reactive orange
16 (RO16)

cationic
lignin-METAC

98%
94%

pH-independent [121]

Congo red
Eriochrome blue
black R

Carbon composite
lignin-based
adsorbent

Reach 99% 7 [120]

Congo red
Titan yellow
Eriochrome blue
black R

Fe3O4/C-ACLS 98%
92%
99%

5.0–9.0 [52]

Methyl orange Lignin-based
magnetic carbon
nanoparticles

113 mg/g 5.0–9.0

(continued)
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Table 3 (continued)

Target dye to
remove

Lignin-base
adsorbent

Adsorption
capacity/removal
efficiency

pH References

Direct Blue 71 Chitin/lignin 40 mg/g
91%

8.4 [125]

Fig. 8 Process of wastewater treatment by dye removal through lignin/PVA membrane

their high production costs have inclined the search toward a cheaper, green, and
sustainable alternative. Lignin is a non-toxic biodegradable natural polymer option,
from which hydrogels can be obtained [122].

Hydrogels from natural sources are currently made taking advantage of their
biocompatibility and biodegradability [90]. The natural-based hydrogel now spreads
to different types of industries such as biomedical implants, pharmaceuticals, food,
and even the cosmetic industry. However, only lignin is an aromatic polymer capable
of playing an adequate role in functional hydrogels [65, 98, 130].

3.2.1 Lignin Functionalization for Hydrogel Structures

Lignin composition is important because its functional groups represent active sites
available to be chemically modified to improve the optimization of the lignin [21, 31,
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84]. Under process conditions called biorefining, the addition of atypical components
promotes the recovery and chemical conversion of lignin. One of the characteristics
ofmonomeric lignin in improving its extraction efficiency is its flexibility; improving
this characteristic through geneticmanipulation of biosynthesis pathways or for crops
has generated lignin feedstocks whose properties are favorable for hydrogels and
product development [95].

The Preparation Procedure of Lignin Hydrogels

Functionalization to improve the performance of lignin for practical applications
through chemical modification has been performed previously. Regardless of the
monomers selected to compose a hydrogel, the formation of this material is a poly-
merization reaction that begins due to an initiating agent. This initiator agent triggers
the polymerization. When at least two different monomers are used, the reaction is a
copolymerization. When it occurs in the block, an initiator and a cross-linking agent
are added to the monomers. On the other hand, by dissolution, adding solvents for
subsequent precipitation and cross-linking of monomers, cross-linking agents or a
solvated gel can also be used [60].

Polymerization Process and Interpenetrating Polymer Network (IPNs)

IPNs are a combination of two or more polymers in networks where a partial inter-
lacing on the molecular scale is present in the matrix [57]. Lignin is used in new
hydrogels to improve its functionality, being synthesized by interpenetration and
or semi-interpenetration [91]. The fundamental mechanism for its synthesis corre-
sponds to free radical polymerization. The initiator helps the formation of radicals
from the phenolic hydroxyl groups of lignin, which subsequently react with the
monomer chains and/or polymers chains that are part of the grafted structure [83].

Grafted Lignin Monomers

The synthesis of lignin-based hydrogels uses IPN and cross-linking techniques.
Some examples of recently synthesized structures are as follows: Hydrogels with an
IPN structure were synthesized from graft copolymerization technique, employing
monomers as starch, acrylamide, and lignin/peat, with H2O2 as initiator, in the pres-
ence of N, N’-methylene-bisacrylamide (MBAAm) as a cross-linker. This hydrogel
was used for simulated contaminated water with metal ions. Xanthan gum widely
used in the food industry has also been used in conjunction with lignin to form
xanthan/lignin hydrogels. This superabsorbent was made from a microbial polysac-
charide and varieties of lignin from epoxy-modified resin, aspen Wood, and annual
fiber crops using epichloridrine as a crossing agent [97].
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Other technologies at the nanocomposite level enhance the adsorption capacity of
lignin-based hydrogels in the function of their changing cation exchange capacity.
The cavitation process was used during their synthesis [3, 7]. The nano-clay Mont-
morillonite (MMT), with a layer of aluminum silicate, is one of the most used due to
its OH- reactive groups and exchangeable cations. Many studies suggested the incor-
poration of this clay into a matrix of hydrogels to verify the remarkable efficiency
of clay–polymer composites. Acrylamide and N-isopropyl acrylamide were synthe-
sized onto lignin to form a lignin-g-p (AM-co-NIPAM)/MMT hydrogel through free
radical polymerization for MB removal. Compared with the matrix without lignin,
this hydrogel has greater properties and a high degree of MB removal rate at neutral
pH [123].

Today, highly ecological processes are developed. Lignocellulose and N-methyl
morpholine-N-oxide (NMMO) have been cross-linked to form Si–O-C cross-links
over the fibrils of lignocellulose. This one reported antiultraviolet weathering and
biocompatibility and biodegradability advantages over previously reported adsor-
bents, some of the hydrogels [133]. Besides, the synthesis of cross-linked hydrogel
called poly (methyl vinyl ether-co-maleic acid) uses a thermal method through a
process without non-organic solvents, or potentially toxic reagents. Besides, they
report better absorption than other hydrogels and a greater MB retention capacity,
reason by which they can be applied as superabsorbent materials. Lignin will
undoubtedly enhance the hydrogel’s characteristics [28].

3.2.2 Properties of Lignin-Based Hydrogels

Mechanical Properties

Rheological properties: The Dynamic Storage Modulus (G’) represents the stiffness
and Loss Modulus (G”) the energy dissipation of the hydrogel. The lignin content
is proportional to storage modulus, and loss modulus as well [81, 113]. These two
parameterswill vary according to the structure of the lignin. The hydrogel rheological
properties are measured at room temperature. The cross-linking degree increases the
rigidness of the lignin structure. This characteristic leads to heat dissipation, which
gives way to the movement of a segment of the lignin chain. Consequently, G”
increases as the lignin content increases in the hydrogel [78]. Those copolymers that
have a thermal response have small G’ and G” values at low temperatures. When
G’ has a value much lower than G”, the copolymer is in a liquid state. When the
copolymer reaches a crossover temperature G’ is higher than G”, at this temperature
which is usually between 31.5 and 33 C°, the hydrogel is already formed [26].

Tensile strength: Hydrogels containing lignin possess the best tensile strength.
Lignin can be associated as a structure similar to nanoparticle, precipitating into a
rigid structure when it is part of a network of lignocellulose hydrogels. Similarly,
intermolecular hydrogen bonds are formed [81].
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Porosity and Morphology

When the hydrogels show a rough structure on the surface, a sheet-like structure;
the porosity increases to the maximum of the lignin content, and after that, the pores
of the hydrogel disappear completely. Therefore, the porosity will depend on lignin
concentration in hydrogel. Any gel at 5% (w/w) or higher exhibits compact, and
irregular pores. These pores will cause problems in the texture of the hydrogel [82,
110]. More uniform, smaller pores and, therefore, larger surface area can be seen
in hydrogels formed with lignin and cellulose compared with lignin-free hydrogels
[134].

Water Retention and Absorption

Both water absorption and retention depend on the structure, size, and morphology
of the surface. The swelling capacity varies depending on the hydroxyl, carboxyl
chemical groups, and the size of the pores. Therefore, the larger the pores, the higher
the swelling ratios. In cellulose and lignin/cellulose hydrogels, the less cellulose
the less the diffusion resistance [55, 134]. The primary structure of the lignin also
influences the hydrogel structure. The grafting lignosulphonate can encapsulatemore
drugs because it increases the active sites and the porosity of the three-dimensional
hydrogel structure [121].

Biodegradability

Lignin is an abundant organic compound nature that can be easily used to improve
soil quality. Different properties of the hydrogels were tested, by resulting that clay
and moisture content were reduced due to the loss of the hydrogel during burial
period. On the other hand, the phenolic substructures present in the hydrogels were
reduced due to the attack of ligninolytic fungi. Therefore, the use of hydrogel can
protect the plant from these fungi [71, 90, 132].

3.3 Lignin Membranes

Lignin membrane is a new concept of scientific development. It has previously been
demonstrated that lignin can interact with various polymers, including synthetics
and biopolymers, forming more stable polymer-based structures [23]. Due to the
availability of this compound, the use of lignin-based membrane to remove des has
many advantages.



Lignin-Based Membrane for Dye Removal 201

3.3.1 Poly Vinyl Alcohol (PVA) Membrane and Lignin

Polyvinyl alcohol is awater-soluble polymerwith great hydrophobicity and chemical
stability. It has been proven to have good film-forming ability. The problem is its
high solubility in water. Hybridization with lignin improves the conditions of both
compounds and promotes the formation of nanomaterials employed to remove dyes
in wastewaters [45, 115]. This time instead of focusing on increasing adsorption
capacities, the focus is on desorption and its recycling performance. Therefore, the
membrane can be used more than once after drying in a vacuum oven [133].

This lignin/PVA membrane prepared by electrospinning is cost-efficient and
has high adsorption performance in water bioremediation. PVA as a co-spinning
polymer can improve spinning stability and nanofiber quality. In the composition
of the nanofiber membrane, the structure was very strong. The adsorption capacity
is not significantly reduced in five cycles (80% of the capacity is remained), so the
membrane can be recycled, and has high performance for water purification [133]
as shows Fig. 8.

3.3.2 Lignin Sulfonate/Cellulose Functionalized Nanofiltration
Membrane

The researchers created an NF270 nanofiltration membrane with an area of 40 cm2

on a circular metal cell in the shape of an O-ring. The aqueous solution of lignin
sulfonate was spread over the surface of the nanomembrane, enough to cover the
surface of the membrane. Subsequently, it was placed in the oven at 90 °C for about
2 h. Then, the functionalized lignin film is extracted from the circular metal cell,
rinsed with deionized water to remove lignin residues. The presence of lignin in the
membrane is observable due to the appearance of a faint brown color on the surface
of the membrane. After the second rinse cycle, they showed 90% of the initial water
flow. Besides, this membrane showed potential antifouling surface applications [22].
Finally, there is still a lot of work to be done for the structure using green technology,
membranes, hydrogels, and eco-friendly, low-cost, biocompatible, andbiodegradable
solutions.

4 Dyes Degraded by Lignin Decomposing Enzymes

In recent years, due to the high redox potential and prospective industrial application
of lignin decomposing enzymes, microorganisms can degrade a mixture of several
heterogeneous organic compounds as dyes. Each dye can be removed based on the
microorganisms selected. One of the main concerns regarding dye removal may be
due to the inclusion of sulfonation, carboxylation, and -N = N- functional groups
with different chemical bonds [69]. The most commonly used microorganisms are
bacteria and fungi.
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Pseudomonas, Aeromonas, Bacillus bacteria have been commonly reported to
decolorize bacteria under anaerobic and aerobic conditions [89]. Enterococcus and
Enterobacteriaceae bacteria such as Citrobacter, Klebsiella, and Enterobacter are
used to remove reactive dyes [133]. However, even if bacteria can eliminate azo dyes,
they can produce harmful and carcinogenic aromatic aryl amine during anaerobic
phase [96]. Many studies have combined anaerobic-aerobic treatment, producing
mineralization and reduction of azo dyes. This is carried out in two steps: rapid
formation of anionic radicals and subsequently the production of the stable dianion
component. Nevertheless, if the aromatic amines formed in the anaerobic phase are
not rapidly metabolized during the aerobic phase, they will form colored recalcitrant
compounds [69, 89].

In the aerobic phase against organic compounds, oxygen is introduced into the
aromatic ring because of the catalytic action of enzymes [29]. The direct coupling
of oxygen is accomplished by reduced flavin, but the electron donor is NADH or
NADPH [74]. Therefore, the importance lies in the use of enzymes to cleave reactive
bonds, thereby interrupting the aromatic chain through the redox process of these
complex dyes. In addition, it is reported that bacteria (such asProteusmirabilis) under
static conditions have a higher decolorization rate than under shaking conditions [73],
which is due to the presence of excessive oxygen. The oxygen is preferred for the
electrons instead of the azo dyes.

On the other hand, fungi have been found to be the main microorganism that can
degrade and mineralize azo dyes. This type of microorganism has a high tolerance
to the toxicity of dyes as well as a strong ability to mineralize various persistent
organic pollutants in water and non-aqueous media and has the ability to produce
non-specific and non-stereoselective oxidases enzymes [96]. Fungi are divided into
three categories according to their morphology: white, brown, and mild degradation
fungi [61]. Fungi are knowing to degrade lignocellulosic substrates, effectuated by the
ligninolytic enzymes such as laccase, manganese peroxidase, and lignin peroxidase.

4.1 Lignin-Degrading Enzymes

White-rot fungi belong to basidiomycetes class, whichmineralize lignin as a result of
the oxidative enzymes produced [36]. White-rot fungi produce lignin-decomposing
enzymes in their secondary metabolism, because the required energy cannot be
obtained during lignin oxidation [126]. The expansion enhanced the substrate of
ligninolytic enzymes and process electron movement, white-rot fungi produce and
release redox mediators [96]. Redox mediators are compounds that have the ability
to accept and donate electrons.

Veratryl alcohol stimulates the oxidation of different substrates and is produced as
a secondary metabolite of white-rot fungi. Examples of relevant species of white-rot
fungi are Ganoderma lucidum, Phanerochaete chryrosporium, Pleurotus ostreatus,
and Irpex lacteus [96, 128]. As shown in Table 4, white-rot fungi are classified into
four categories: the composition and secretion of lignin decomposing enzymes [12].
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Table 4 Groups of enzymes from white-rot fungi

Group White rot fungi Ligninolytic enzyme References

A Pleurotus ostreatus and Pleurotus
eryngii, Trametes versicolor,
Ganoderma lucidum, and
Schyzophylum
commune

Lignin peroxidase
, manganese peroxidase, and
laccase

[5, 6, 48, 92]

B Pycnoporus cinnabarinus and
Phlebia radiata

Manganese peroxidase and
laccase

[5, 109]

C Phanerochaete chrysosporium Lignin peroxidase
and manganese peroxidase

[5, 24]

D Dichomitus squalens Lignin peroxidase
and laccase

[5, 39]

A key to increase white-rot fungi thrive is the production of enzymes. Basid-
iomycetes is one of these enzymes that can grow in lignocellulosic biomass such
as rice straw, banana waste, corn cobs, sugarcane bagasse, sawdust, and wheat
straw. Some characteristics, such as strain, substrate composition, ion concentra-
tion, and fungi culture conditions, are strongly related with lignin decomposing
enzyme production increase [32]. To enhance fungi thrive, there is a process known
as submerged fermentation. It is defined as fermentation in the presence of excess
water [107], which leads to adequate contact and supply of nutrients for white-rot
fungi.

Lignin-degrading enzymes have been classified into lignin peroxidase,manganese
peroxidase, and laccase [50]. As part of the phenol oxidase, laccase was found.
On other hand, heme peroxidase includes lignin peroxidase, manganese peroxidase
(MnP), versatile peroxidase, and dyP-type peroxidases. These enzymes are followed
by synergistic effect of several auxiliary enzymes that produce hydrogen peroxide
(H2O2) required by the peroxidases [36] to further enhance the process, including
veratryl alcohol oxidase, glucose 1-oxidase, cellobiose dehydrogenase, among others
[128].

4.1.1 Ligninase

Lignin peroxidase also referred as ligninase was discovered in 1983 from the white-
rot fungi, known as P. chrysosporium [86]. It possesses a pH 3–4.5, which is capable
to degrade a significant number of aromatic structures and high redox potential.
Ligninase usually employs a catalytic mechanism for which H2O2 is required [86].
Besides, high redox compounds can be oxidized using lignin peroxidase [94].

Lignin peroxidase can remain inactive during the oxidation reaction of phenolic
compounds, thereby reducing its enzyme activity quickly. On the other hand, the
oxidation process of veratryl as shown in Fig. 9 will act as a protector of lignin
peroxidase from the inactivation, potentially makes enzymes more active.
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Fig. 9 Decay of veratryl alcohol radical cation by deprotonation

Similarly, the free radical cations of veratryl alcohol can act as an oxidation medi-
ator for secondary substrates that are not normally oxidized using ligninase [128].
Veratryl alcohol radical cation intermediate lifetime is very important to consider it
as a redox mediator. Only free radical cation with a sufficient lifetime can diffuse
out of the enzyme to induce the oxidation of the lignin polymer [8]. The free radical
cations of veratryl alcohol are decomposed by deprotonation at Cα, which is consid-
ered to be the reaction of alkyl aromatic radical cations, to form veratraldehyde.
Lignin peroxidase activity can be measured at 310 nm during the process shown in
Fig. 9 [128].

In general, laccase removes azo dyes with a radical free mechanism that forms
phenolic compounds [15]. First, the phenolic group in the azo dye is oxidized, gener-
ating phenoxy radical, sequentially followed by oxidation to a carbonium ion [136].
Then, water makes a nucleophilic attack (NuA) on the phenolic ring carbon next to
the azo group, generating two compounds, one of which is phenyldiazene and the
other is quinone. The free radicals formed in the first step react with quinone instead
of being oxidized producing other compounds containing azo groups.

Lignin peroxidase is a mechanism for removing azo dyes similar to phenol
oxidase. The mechanism of peroxidase begins with two consecutive one-electron
oxidations of the phenolic ring by the H2O2-oxidized form of lignin peroxidase to
produce carbonium ions. The NuA of water occurs on the carbon with an azo bond
and forms the same type of compounds as the laccase mechanism. Many studies
have shown that the O2 and H2O2 forms of peroxidase can oxidize phenyldiazene
to produce the corresponding radical [19]. Phenyldiazenyl is unstable and expels the
diazonium bonds in the form of molecular nitrogen generating a phenyl radical. It
is proposed to use oxygen to scavenge phenyl radicals to obtain the corresponding
phenyl hydroperoxides. TheH2O2 in the degradationmechanismof lignin peroxidase
is crucial for the biodegradation with peroxidases enzymes. If the H2O2 concentra-
tion also increases, the degradation rate of the dye will increase until the optimal
H2O2 concentration is reached.

However, the lignin peroxidases and laccases despite are considered effective
catalysts formany compounds [14], one strategy to increase the dye degradation is the
cell immobilization.This techniqueoffers a highmaintenancebiomass concentration,
protection from the toxic effects, and can be reused multiple times [89], and it is
possible to perform reactions in some reactive dyes. Some studies reported that the
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growth of fungi can be inhibited despite the presence of a nutrient medium. The
presence of lignin into the medium slightly increased the growth rate [79]. Another
important factor for fungal growth is the pH. Low pH values of fungal biomass
produce a positive charge, where the anionic groups can be attached [105].

4.1.2 Manganese Peroxidase (MnP)

In 1984, Kuwahara was the first to found MnP in P. chrysosporium [94]. It is a
glycoprotein with a molecular mass between 38 and 62.5 kDa, composed of 330–370
amino acids, and contains a leader peptide of 21–29 amino acids [49]. MnP has five
disulfide bridges, of which one of those bridges is the bonding site ofmanganese. The
catalytic cycle is similar to lignin peroxidase and requires H2O2 [86]. The structure
of manganese peroxidase contains a single pair of domains with the heme group in
the middle such as lignin peroxidase. MnP has been studied in dye removal property
against R. Orange 16, M. Blue 13, M. Yellow 3, A. Blue 129, A. Green 27, A. Red
6 and others, was reported [58].

4.1.3 Versatile Peroxidase (VP)

VP has interesting characteristics due to the strong compatibility with Mn and
dyes [80]. At first, the Pleurotus versatile peroxidase isoenzymes were described
as manganese peroxidases isoenzymes but then were recognized as new peroxidase
type [101]. These enzymes have properties of lignin peroxidase and manganese
peroxidase, designated as “hybrid enzymes” [61]. Besides, VP enzymes have been
employed against several dyes. It showed a significant result against many azo dyes
such as Evans blue, Amido black 10B, and Guinea Green B [47].

4.1.4 Laccase

Laccase has been studied for long time [72]. The Rhus vernicifera tree was the first
raw material to extract laccases [94]. Laccases present in their active site, three types
as shown in Table 5.

In comparison to lignin peroxidase, laccase does not require H2O2 in its catalytic
cycle, this enzyme employs oxygen as an oxidizing agent. In general, laccase gener-
ates four 1e− oxidations of substrate followed by two 2e− reduction of oxygen to
H2O. Several investigations have determined that laccase can remove dyes such as
Reactive Black 5, Orange II, Tartrazine, Indigo Carmine, and Cresol Red [12].
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Table 5 Copper atoms in the Laccase structure

Type Copper (Cu) atoms per molecule Spectroscopic and/or magnetic
properties

References

I 1 Paramagnetic blue Cu with A =
600-610 nm in the oxidized form

[76, 94]

II 1 Paramagnetic normal copper with
absorbance in the visible region

III 2 Diamagnetic spin-coupled Cu–Cu pair
with A = 330 nm in the oxidized form

5 Conclusions

As a solution for dye wastewater treatment, novel technologies have been devel-
oped. Lignin-based materials have adsorption and desorption capabilities, recycla-
bility, biodegradability, and non-toxic properties, so they can be used in a variety of
ways. These materials represent an environmentally friendly method to remove dyes
using aqueous solutions, monolayers, membranes, and hydrogels. The variability of
the lignin structure is a priority for the industry due to the economic cost and the
high capacity to produce new effective dye removal technologies. Besides, chemical
groups from lignin structure make it, an ideal candidate to form bonds with another
compound, enhancing its performance. The lignin/PVAmembrane is a clear example
of synergy, which shows great results, reducing the wastewater due to its adsorption
capacity and high recyclable property. In addition, lignin-degrading enzymes are a
kind of fungi, which has a lot of attention in order tominimize environmental damage
caused by dyes. However, due to environmental factors, the difficulty of this biolog-
ical treatment lies in the discovery of industrial-scale production of enzymes, and
environmental factors are considered to be critical to microorganisms.
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Abstract Recently,membrane technology is a promising strategy to remove organic
dyes from industrial (textile, paint, leather, and dyeing) wastewater. Dyes are impor-
tant organic pollutants that have been increasing continuously in wastewater and
recognized for their hazardous effects on the ecosystem.Wastewater before discharge
into main streams must be treated carefully to minimize the harmful effects of dyes
on aquatic life and humans. Development in technology and science has directed
to advance techniques for dye removal from industrial effluents. Current studies
have reviewed the potential dye removal application of metal–organic frameworks
boosted membranes (MOFs boosted membranes). MOF-based membranes have
been applied extensively in nanofiltration (NF), Forward Osmosis (FO), ultrafil-
tration (UF), and reverse osmosis (RO) techniques. This chapter discusses various
methods for dye removal, MOF adsorbents, and MOF-based membranes. MOF-
based membranes design strategies and key features of MOF-based membranes are
also described briefly. In addition, MOF boosted membranes solution, challenges
and future prospects are summarized.
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Abbreviations

RO Reverse osmosis
MF Microfiltration
UF Ultrafiltration
NF Nanofiltration
MOFs Metal organic frameworks
MMMs Mixed matrix membranes
COD Chemical oxygen demand
TFN Thin film nanocomposite
TMC Trimesoyl chloride
PSS Polystyrene sulfonate
PSF Polysulfone
PA Polymeric amide
MPD Methyl-2,4-pentanediol

1 Introduction

Clean water is the global concern of time. It is assumed that the availability of water
would be insufficient for the people living in the desert. A higher amount of wastew-
ater is being discharged into freshwater resources [9]. Unplanned urbanization and
an uncontrolled increase in the human population have significantly increased the
demand for freshwater all over the world. There is a dire need for sustainable tech-
nologies to eliminate this worldwide burden. Accumulation of dyes into freshwater
has rapidly increased due to its high use in the printing, textile, food, and leather
industry [8]. Dyes are not only non-biodegradable elements with higher stability to
light and oxidants but also extremely toxic and carcinogenic to humans and all other
living bodies [72]. The presence of complex aromatic molecules in synthetic dyes
makes them more stable and complex compounds that reduce their degradation. The
chemical structure of dyes tends to enhance the resistance against water, light, and
other chemicals. Several types of dyes including diazo, azo, basic, disperse, acidic,
anthraquinone, and complex metal dyes exist [5]. A temperature of 200 °C is needed
to degrade the synthetic dyes [3]. Table 1Give a list of themain industries that release
dyes [26].

A rapid increase in the utilization of dyes has degraded the quality of water and
thus the removal of these pollutants is very important. Various wastewater treat-
ment techniques with frequent improvements are underuse. Recently, coagulation
[62], flocculation, sedimentation, and adsorption [70, 74] are the primary techniques
used in the removal of organic and inorganic pollutants. Primary treatments have the
potential to remove 65% of oil and grease and 50% of organic matter from munic-
ipal sewage. This general waste removal trend is not feasible for contaminated water
coming from the textile industry. Chemical or biological oxidation for the removal of
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Table 1 % dye release from
different industries

Industry % release dye

Textile 54

Dyeing 21

Paper and pulp 10

Paint and leather 8

Dye manufacturing 7

biodegradable, colloidal, and dissolved organic matter is obtained in the secondary
treatment of water. Chlorine forms carcinogenic chloride and chlorinated intermedi-
ates when it is used as a chemical oxidizing agent [69]. Hydrogen peroxide, ozone,
Fenton reagent, and photo-assisted oxidation are some of the advanced oxidation
processes [38], effective for dye removal. Many electrochemical methods have been
stated, i.e., electro-oxidation, electro flotation, photo-assisted which are suitable for
the removal of organic impurities. The economic feasibility of advanced oxidation
processes is yet to be determined at an industrial scale. Textile effluents with a high
concentration of contaminants can be removed with biological oxidants. Currently,
tertiary wastewater treatment involves an adsorption column made up of biological
treatment. Membrane filtration is regarded as the most feasible technique with no
chemical additives. Commonly, four types of membranes including microfiltration
(MF) (Jianxin [43], nanofiltration (NF) [40], ultrafiltration (UF) [50] and reverse
osmosis (RO) [41] are used. Membrane fouling is the main constraint need to be
considered for economic viability [37]. Biodegradable products and large particles
are removed byMF andUF [11]. RO has a significant role in the removal of inorganic
and organic contaminants present in water [6]. Nano pores present in the nanofil-
tration membrane isolate salt solution from the dye. High-temperature membrane
distillation is also practiced for dye removal, part of the zero liquid discharge strategy
[22].

Easy fabrication and low economic cost of polymeric membranes have gained
more popularity at an industrial scale. Polymeric membranes are very sensitive to
a high temperature which is a major constraint in their applicability [85]. Whereas
inorganic ceramic membranes are more stable at high temperatures and they have
been frequently used at a larger scalewith some progress on chemical andmechanical
levels [27]. Ceramic membranes are generally expensive than polymeric membranes
but their long life span and high stability make them the best option to opt for. The
separation ability of membrane filtration is mainly based upon two factors, i.e., selec-
tivity and permeability [27]. In a porous membrane, the separation process generally
depends upon the size-exclusion mechanism [66]. Consequently, in membrane filtra-
tion uniform pores and high porosity will increase the permeability and decrease
selectivity simultaneously. Some amendments such as adsorption, charge repel,
adsorption, and hydrophilic interaction in the separation mechanism enhance the
permeability and selectivity of the membrane. For wastewater treatment, membrane
fouling is a major issue for membrane filtration [95].
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To increase separation ability various types of materials can be integrated into
conventional membranes. In recent times, MOFs have gained popularity because
of their exceptional porous structures. The metal center is coordinated with organic
ligands in MOFs. In wastewater purification [33], MOFs can be used as absorbents
[2], membranes, and catalysts [10] due to their large surface area, high porosity,
and changeable pore size. At present, various types of water-stable MOFs [33]
have been reported, i.e., UiO-66 series zirconium/pyrazole-based MOFs [52] and
MIL family [68]. The aforementioned water-stable MOFs have high steric hindrance
which can protect their coordinate metal–ligand bonds in the presence of moisture
[47]. MOFs-based material incorporated with membrane enhances the separation
ability compared to conventional membrane filtration processes.Multiple active sites
present at the microporous MOFs increase the extent and the separation efficiency of
traditional membranes. Porous MOFs transport water molecules effectively which
ultimately expands water permeability. Surface properties and porous structures of
MOFs can be used to tune the antifouling attributes, selectivity, and permeability
of the filtration membrane [84]. The highly stable structures of MOFs effectively
increase accessible surface area and inhibit aggregation. For the adsorptive removal
of different pollutants, Mon et al. have identified recent methodologies of MOFs
[64]. MOF is an interdisciplinary technology linked with chemical engineering and
environmental engineering [33].

This chapter focuses on the applications of MOFs as membranes and adsorbents
for the removal of dye effluents. It presents approaches for the design of MOFs
boostedmembranes. In addition, it also explains key properties, challenges and future
prospects of MOFs boosted membranes.

2 Methods for Dye Removal

In the 90s, there were no tunable dye removal methods [77]. Effective dye removal
methods were introduced after the permissible release of dye effluent (i.e., acti-
vated sludge processes and dye degrading filter beds) [1, 75]. Currently, various dye
removal techniques coagulations, microbial degradation, membrane separation, and
electrochemical degradation are used. These existing methods can be categorized
into chemical, biological, and physical treatments. Few methods are implemented
these days in industries due to the limitations possessed by the majority of methods.
The general method for the treatment of dye effluents is given in Fig. 1 [26, 71, 80].

2.1 Biological Methods for Dye Removal

The biological method is one of the most widely used dye removal processes in
most countries for the treatment of wastewater. Generally, this method is very cheap
and conventional in which aerobic or anaerobic degradation of microbes takes place
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Fig. 1 General method for the treatment of dye effluent

before the dye molecules are released in the environment [4, 75]. Although this
conventional method is not much effective to make the water toxic dye-free because
it does not treat the hazardous particles present in textile water, it only treats the
(COD) in water. Biological methods are integrated by some living organisms such as
algae degradation, microbial biomass adsorption, fungal and microbial cultures, and
enzyme degradation. Nowadays enzyme degradation is becoming famous however
this method also has some limitations such as system instability because it depends
on the living things’ growth rate [65, 78]. Table 2 Give a brief description of some
commonly used biological methods [34].

2.2 Chemical Methods for Dye Removal

This method involves chemistry and its theories to treat wastewater. Convention-
ally, it consists of electrochemical destruction, oxidation process, ozonation, Fenton
reaction, and ultraviolet irradiation [63]. This method is cost-effective compared to
physical and biological dye removal methods as it requires electrical energy and
specific instruments or reactors for dye removal. Another limitation of this method
is that the chemicals and reagents consume at a large scale, also generate secondary
pollution particles which pollute the environment. Table 3 Give a brief description
of various chemically used methods [34].
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Table 2 Brief description of various biologically used dye removal methods

Methods Configuration Advantages Drawbacks

Microbial biomass
adsorption

Organic living
organism mixture
used to adsorb dye
molecules

Excellent affinity
showed by dyes for
microbial biomass

Not efficient for all
dyes

Fungal cultures Fungus use dye
molecules for
self-growth

Flexible method for
the elimination of
various dyes

Extensive growth
phase and unstable
system

Algal degradation Algae use dyes
molecule for the
development

Cheap easily
computable and
environment friendly

Unsteady system

Enzymatic
degradation

Specific enzymes
used for the
degradation of dyes

Non-toxic, cheap and
highly efficient

Enzyme production
unreliable

Table 3 A brief description of various chemically used dye removal methods

Methods Configuration Advantages Drawbacks

Electrochemical
destruction

Electro-coagulation
used to digest dye
particles

The fairly suitable
method, chemicals not
get consumed

High cost, less
efficient method

Fenton reactions Fenton’s reagent used
for wastewater
treatment

‘Fairly suitable, also
remove toxic materials

Long time reaction,
not suitable for vat and
disperse dyes

Ozonation Ozone gas used to
remove dye particles

Quick reaction,
effective method, can
also be used in the
gaseous state

Expensive, short
half-life, unstable
method

Oxidation Oxidizing agents used
for dye removal

Degrade dyes,
short-time reaction

Costly involves
catalyst for dye
treatment, difficult to
activate

UV irradiation Use of UV rays to
degrade dye particles

absorb bad odors, no
sludge production

Costly, energy
lessening process

Advanced oxidation
method

Oxidation processes
used to remove dyes

A good method for dye
and toxic material
removal

Expensive, Production
of side products, not
flexible

Photochemical Fenton reaction
integrated with UV
light to remove dyes

Efficient method, Expensive
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Table 4 Brief description of various physically used dye removal methods

Methods Configuration Advantages Drawbacks

Ion exchange Reversible chemical
ion-exchange method

Good method,
produce
high-quality water

Not suitable for all
types of dyes

Adsorption Adsorbents used to
remove dye molecules

Excellent method,
regenerate
adsorbents

Expensive

Membrane filtration Separation membranes
used for dye removal

Effective method High cost, less
suitable for dye
removal

RO Pressure driven method,
the water passed from a
thin membrane leaving
behind the impurities

Effective for
decoloring

Expensive requires
high pressure

NF/UF Dye wastewater passed
through thin porous
membranes

Suitable for all
types of dyes

Short life span,
high cost, consume
high energy

Flocculation/Coagulation Flocculation/Coagulation
agents used for dye
removal

Cheap, suitable for
dispersing, vat
dyes

Not suitable for
acidic, basic, azo
dyes

2.3 Physical Methods for Dye Removal

These methods are integrated by mass transfer mechanism and conventionally
include coagulation, ion exchange, ultrafiltration, adsorption, membrane filtration,
and reverse osmosis. Generally, these methods are simple and easy to use as compare
to other methods of dye removal and also require fewer amounts of chemicals Table 4
Give a brief description of various physically used dye removal methods [35].

2.4 Adsorption Process as a Dye Removal Method

Adsorption is a physical method and more feasible for the treatment of drinkable
water or industrial wastewater. It is one of the ideal techniques to remove the synthetic
dyes from wastewater that cannot be removed by using other conventional methods
(biological and chemical methods) [30, 60]. Generally, it’s an equilibrium separation
and mass transfer process in which elements are gathered on the interface of similar
or different phases (i.e., gas–liquid, liquid–liquid, and gas–solid). In this process,
a solid surface is condensed with the substance the surface is known as the adsor-
bent while the substance that gets adsorbed is known as the adsorbate. Generally,
two types of adsorbents are used, i.e., natural adsorbents and synthetic adsorbents.
Natural adsorbents are gained from animals and plants while the synthetics adsor-
bents aremadewith zeolites,MOFs, and activated carbon through chemical reactions
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Table 5 Various categories of hydrophilic/hydrophobic MOFs-based material

Ligands Metal
center

MOF Hydrophobic/
hydrophilic nature

Window
size
(A˚)

Application
in liquid
separation

(O2C)–C6H4–(CO2) Al MIL-53(Al) Hydrophobic 8.5 Pervaporation
organic
solvent
nanofiltration
water
treatment

(O2C)–C6H4–(CO2) Cr MIL-101(Cr) Hydrophilic 16, 12 Organic
solvent
nanofiltration
Water
treatment

(O2C)–C6H4–(CO2) Cr MIL-53(Cr) Hydrophobic 8.5 Organic
solvent
nanofiltration

1,3,5-Benzenetricarboxylate Cu HKUST-1 Hydrophilic 6.9, 4.1 Pervaporation
Organic
solvent
nanofiltration
water
treatment

2-Carboxaldehyde
imidazolate

Zn ZIF-90 Slightly
hydrophobic

3.5 Pervaporation

4,5-Dichloroimidazole Zn ZIF-71 Superhydrophobic 4.2 Water
treatment
Pervaporation

2-Methylimidazolate Zn ZIF-8 Hydrophobic 3.4 Water
treatment
Pervaporation
organic
solvent
nanofiltration

Benzimidazole Zn ZIF-7 Hydrophobic 3.0 Pervaporation

2-Ethylimidazolate Zn MAF-6 Highly
hydrophobic

18.4 Pervaporation

(O2C)–C6H4–(CO2) Zr UiO-66 Hydrophilic 6 Water
treatment;
Pervaporation

[12–14]. This technique is becoming popular in recent years due to its efficiency and
economic feasibility. Theprocess of adsorption is accomplished in two types ofmech-
anisms, e.g., chemisorption (when the interaction between adsorbent and adsorbate
is strong) and physisorption (when there is a weak interface between the adsorbate
and adsorbent) [2, 7].
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2.4.1 MOFs as Adsorbent

MOFs are the permeable crystalline materials that are made with the integration of
metal ions and organic linkers [82]. These porous materials show a lot of applica-
tions in chemical separation, catalysis, gas storage, and drug delivery due to their
changeable pore size, adjustable internal properties, and ultra-high surface areas [15].
Removal of dye effluents is very essential because they influenced the water quality
and are very stable, i.e., too light and oxidation processes. For this purpose, MOFs
are the best choice because the adsorption properties of MOFs are much higher than
any other chemical adsorbent [20]. Mostly for adsorption MOFs are used in powder
form for gas separation or membranes for liquid separation. Encouragingly, various
water-stable MOFs are reported in recent year, e.g., Zirconium and pyrazole-based
MOFs were used for the treatment of water. The covalent bond between these MOFs
is very strong that stops the degradation of metal–ligand bond in the presence of
water [2, 29].

3 MOF Boosted Membrane Technology

MOF-based membrane boosted technology is the collaboration of metal–organic
framework material and separation membrane [2]. Firstly the separation efficiency
is enhanced by the use of crystalline MOFs. Secondly, the MOF-based membranes
facilitate the filtration process and water permeability. Thirdly the modification of
filtration membranes and antifouling properties was done by operating the surface
properties of MOFs. MOF boosted membranes technology is applied in various
fields, e.g., chemical engineering, environmental engineering, and material sciences.
Conventionally, various configurations of membranes have been used such as sheets,
hollow fibers, tubes, and fibrous membranes [57, 64]. Plate membranes are widely
used, hollow fiber membranes containing large surface area and low footprint while
fibrous membranes also possess large surface area, high porosity, low cost, and
high adsorption properties. Figure 2 Shows the arrangement of various MOF-based
membranes. Generally, by considering the configuration of membranes, MOF-based
membrane technology has been divided into four categories, i.e., [56]

• (MOF-plus) membrane technology.
• (MOF-as) membrane technology.
• (MOF-in) membrane technology.
• (MOF-on) membrane technology.

3.1 (MOF-Plus) Membranes

Various filtration membranes reverse osmosis (RO), ultrafiltration (UF), and nanofil-
tration (NF), are used for the treatment of water. (NF) and (RO) membranes are
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Fig. 2 Arrangement of various MOF boosted membranes

Fig. 3 Designing methods of MOF-based membranes

used for small-sized molecules while UF/MF membranes are used for the macro
and bacterial species [93]. The absorbent properties of MOF membranes make them
good adsorbent to remove dyes and heavy metal ions, i.e., Pb(II), Cu(II), Hg(II),
Cd(II), and Cr(VI). Good adsorptive MOFs integrated with UF membrane which is
known as MOF adsorption membrane that is widely used for wastewater treatment.
Yin et al. reported the combination method of MOF and filtration membrane for the
removal of Pd(II). The adsorption efficiency can be enhanced by the combination
of filtration membrane and MOF adsorbent, by this method MOF-plus membrane
permeability is significantly improved up to (1400 l m−2 h−1). That is higher than
the free MOF membranes [53, 89].
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3.2 (MOF-As) Membranes

(MOF-as) membranes are referred to asMOF layers which exhibit uniform pore size.
They are categorized into two forms free-standing and supporting MOFmembranes.
Encouragingly, various strategies are used to fabricate the free-standing membranes,
i.e., solution casting, interfacial synthesis, and template method. These membranes
show excellent selectivity and adsorption properties [31]. However, free-standing
membranes have poormechanical strengthwhichmakes themunfeasible for practical
use. Their mechanical strength can be improved by using a macroporous substrate
to form a supported MOF membrane. The supported membranes can be designed by
using in situ growth and post-assembly method. In the post-assembly method, MOF
materials are prepared and set down on the polymeric support. The post assembly
process is more facile and also enhances the interfacial adhesion. In the solvothermal
growth, the substrate is absorbed with the metal salt ion and organic linker solution.
After that MOFs will be produced by the heating process [42, 55].

3.3 (MOF-On) Membranes

(MOF-as) membranes are poles apart from the (MOF-as) membranes,MOF particles
are alternatively settled on the surface to improve the membrane efficiency. Their
process of fabrication is similar to the (MOF-as) membranes process however in
this arrangement MOF particles act as functional additives [31]. By this addition,
the antibacterial, adsorption properties, and selectivity of (MOF-on) membranes
will be upgraded. The combination of Ag-MOFs and TFC membrane increases the
antibacterial activity of the membrane by 100%. Despite these, the fabrication of
membranes with MOFs also decreases the pure water fluidity by blocking the effect.
These MOF boosted membranes to enhance the adhesion power, so there is a need
to pay special attention to the geometry of substrate [21, 51, 67].

3.4 (MOF-In) Membranes

Currently, three kinds of methods can be useful for the fabrication of MOFs with
membranes, e.g., in situ growth, blending, and binder-assisted binding. In these
processes, Mechanical blending is the more facile way to fabricate the MOFs in
membranes. However, the resulted membrane is suffered from aggregation and low
mass loading due to the absence of nucleation sites. Although the binder-assisted
method increases the mass loading it becomes the reason for pore-clogging. Encour-
agingly, in situ growth method gives an efficient mode to increase the MOFs loading
and also enhance their activity. MOFs are also widely combined with polymeric
membranes to form (TFN) and (MMMs) [28]. Generally, most of the MOFs are
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obtained in powder form, firstly the MOFs powder is immersed with polymer solu-
tion then it is cast into the membrane. While the TFN membranes can be designed
by the interfacial polymerization method in which the polymerization between the
MPD solution and TMC solution takes place. In the in situ growth process, the
MOF particles are strongly attached to the polymer so it’s a reliable process to fabri-
cate the membranes as compared to other processes. When TFN nanocomposite
membranes are made by using MOFs the properties and structure is related to the
MOFs used. Zhao et al. reported the combination of different water-stable MOFs
with TFN membranes, i.e., “MIL-53”, “ZIF-8” and “NH2-UiO-66”. They investi-
gated that the MOFs increase the thickness, selectivity, surface negative charges, and
surface roughness [46, 81].

4 Key Features for MOF Boosted Membranes

The separation process of MOF boosted membranes is greatly influenced by the
structural and physical characteristics of MOFs. There are some important prop-
erties of an ideal MOF-based membrane such as long-term operation capability;
acceptable component stability and efficient separation ability. Similarly, its fabri-
cation process should be economical and sustainable and environmentally friendly.
In various liquid separation methods, standard MOFs should exploit their config-
urational ascendency for effective membranes. Additionally, their hydrophilicity/
hydrophobicity, dispersibility, and stability should be considered deliberately.

4.1 Dispersibility

In a polymer, dispersion of MOFs influences the performance of matrix mixed
membrane (MMM) and interfacial defects. The dispersion of higher concentration
ofMOF during solvent evaporation, phase separation, and interfacial polymerization
may be made aggregates that embedded in the polymer layer. In a long-term process,
MOF aggregates may cause the decline performance of membranes due to swelling
and flux rejection (disposal of non-selective matter from the liquid environment) or
a decrease in flux enhancement. While an unwanted interfacial defect formation can
reduce by choosing compatibleMOF and polymer. Thus, a key factor to designMOF
boosted membranes with an excellent separation performance is maximum loading
and uniform MOF dispersion in a polymer.

Several approaches were described to accomplish a uniform MOFs dispersion in
a hybrid system:

• Pre-dispersion: It is very difficult to form a homogeneous membrane and uniform
MOF by dispersing MOFs direct in a solution of polymer (e.g., the polymer in N,
N-dimethylformamide (DMF) or N-methyl pyrrolidone (NMP)) [94]. Hence, first
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of all, MOFs are dispersed in isooctane solvent and then added polymer solution
into it.

• Novel fabrication techniques: Self-assembly is a new in-situ approach to develop
MOF-based membranes for liquid separation [76]. In this strategy coordination
of organic ligands and metal ions takes place at the support interfacial surface
as a result newly formed MOFs are dispersed homogeneously. By inspiring
this method, two more strategies, layer-by-layer self-assembly [83] and spray
self-assembly [24], were established to confine MOFs aggregation in MMMs
effectively.

• Surface modification of MOFs: Flexible and diverse structural framework of
MOFs assists uniform dispersion of MOFs in a hybrid membrane approach.

MIL-101 MOF family, for instance, having amine groups was used for
MOF/chitosan nanofiltration membranes synthesis that removes multivalent cations
efficiently [58]. NH2-MIL-101 maintains the vital structural properties of MIL-101,
whereas, amine group addition intensifies the positive charge andmakes its dispersion
easy in the chitosan polymeric matrix containing –NH2 groups. Above all discussion
declare that the polymer should not penetrate into the porous structure of MOFs
because penetration would block filler porosity partially and result in a decrease in
flux.

4.2 Hydrophobicity/Hydrophilicity

Primarily, MOFs hydrophilicity/hydrophobicity is dependent upon the porosity of
metal and types of ligands as their rational choice influences the nature of target
MOF boosted membranes in the separation of an aqueous solution. For the removal
of organic pollutants from water hydrophobic MOFs are commonly used through
pervaporation and display considerable adsorption selectivity. ZIF-71 shows intrinsic
hydrophobic properties with 0.42 nm apertures variably have an RHO topology.
As ZIF-71 crystals could be adsorbed selectively ethanol and methanol from a
mixture of alcohol-water particularly under low pressures. Dong et al. formed
a ZIF-71 membrane for the first time for the separation of dimethyl carbonate-
methanol mixture and alcohol-water mixture by pervaporation [23]. It has been
stated that ZIF-71nanocrystals are promising membrane materials for the separation
of aqueous-organic and organic-organic mixtures. The hydrophobic MOFs behavior
uses to made advanced MOF-based membranes to improve the organic pollutants
removal from aqueous solution by the pervaporation. Nevertheless, hydrophobic
MOF-based membranes are not applicable for water treatment. Particularly, most of
the hydrophobicMOFs adversely influence thewhole action (e.g., water permeability
and membrane antifouling) of such MOF membranes hybrid strategy.

For instance, effective dye rejection, the intensive hydrophilic surfaces, and the
ordered porous structure are necessary [73]. Additionally, hydrophobicMOFs for the
assembly of interfacial polymerization with MOF boosted membranes may result in
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their nonappearance from an aqueous oil interface, however, into the polyamide
layer weak entrapments may occur that will lead a large MOFs loss. According to
this approach in wastewater purification, the performance of MOF membranes is
enhanced by improving hydrophilicity with the help of selective hydrophilic MOFs.
An innovative idea of thin-filmnanocompositemembranes (TFN)was reported on the
hydrophilicMOFsmodification [97]. Thehydrophilicity ofZIF-8 nanocrystals canbe
increased using water-soluble Poly(sodium 4-styrenesulfonate) (PSS) polymer as a
modifier.WhenmodifiedMOFs combinewith polyamide layer as a resultmembranes
with higher hydrophilicity would obtain. This process was revealed through reduced
contact angle.As compared toothermZIFcontent, the 0.10%w/v suspensionofmZIF
gives the highest water permeable (14.9 L m−2 h−1 bar−1) TFN membranes. Table 5
Explain various categories of hydrophilic/hydrophobic MOFs-based materials.

The nanoporous mZIF integration induced a relatively loose PA layer and high
surface hydrophilicity that is responsible for the highest permeability. Further-
more, MOFs hydrophilicity can also be used for the organic solvents dehydra-
tion through pervaporation. Liu et al. used a controlled method of solvothermal
synthesis to form UiO-66 polycrystalline hydrophilic membranes for wastewater
treatment. The structural framework of UiO-66 hydrophilic membranes contains a
large number of hydroxyl groups as a result hydrophilic adsorption sites are found
[54]. These hydrophilic adsorption sites purify typical biochemical, biofuels, and
organic compounds with great efficacy.

4.3 Stability

Most of the early stated MOFs are water-sensitive owing to the weak metal–ligand
bonds. However, the water instability of these MOFs has significantly limited their
commercialization and advanced applications as moisture/water content is present
in liquid separation. Structural characteristics of water-stable MOFS normally have
substantial steric hindrance and stronger coordination bonds that forbid weak metal–
ligand bond impairment and unfavorable hydrolysis reaction [16].

Mainly,MOFswith goodwater stability have been classified into three categories:

(1) Common metal carboxylates family contains generally high valent metal ions.
According to the soft/hard acid–base concept, a high valence metal ion forms
a stronger coordination bond with organic ligand while the entire coordina-
tion environment remains constant. This trend was observed by MOF mate-
rial scientists. Similarly, metal units with higher charge density form a firm
structure that makes the metal sites water stable.

(2) Many metal-azolate MOFs have N-donor organic linkers. Many molecules
of ligands, i.e., tetrazolates imidazolates, pyrazolate, and triazolates are also
water-stable complexes. These organic ligands are soft and give stronger MOF
structures when they coordinate with soft divalent metal ions. For example,
the most common metal-azolate MOFs are ZIFs which are prepared by the
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reaction of Zn2+/Co2+ with imidazolate to generate zeolite topology analogous
variety of stable crystals.

(3) MOFs connected with blocked metal ions or hydrophobic pore surfaces that
exactly functionalized the steric hindrance to retain bond strength in an aqueous
solution. Thus, water molecules cannot be approached the lattice and attacking
the structures ofMOFs.With this process, post-synthesismethods such asmetal
or ligand exchange reactions and ligand modification can be used to enhance
the water stability of MOFs.

5 Important Factors for MOFs in Membrane-Based
Aqueous Solution Separations

Some factors can be considered for the effective designing of membranes.

• Solute rejection and high flux
• Membrane materials choice
• Configuration of module
• Thermal/ mechanical/chemical stability
• Design of system at industrial scale with processability
• Cost-effectiveness for operating conditions

The application of MOFs in a real liquid separation membrane is mainly based
on both the separation properties of MOFs and the abovementioned factors. In the
meantime, the screening for characteristic-oriented applications also emphasizes the
rational selection of MOFs for separation. Furthermore, another measure involves
the types of MOF-based membrane filtration in the screening of MOFs. In liquid
filtration, a positive pressure is applied to the feed for separations. According to
this mechanism, the larger species than pore diameter are rejected while the smaller
species aremembrane-permeable. The selective permeability result in truemolecular
sieving as the MOFs nature is crystalline. Regardless of the above-described char-
acteristics of MOFs, i.e., stability, dispersibility, and hydrophilicity/hydrophobicity
some other important following features of MOFs should be considered for liquid
separation membranes.

Synthesis conditions: As compared to other porous materials, most of the MOFs
are synthesized at lower activation energy. For example, different room temperature
preparation techniques havebeen reported for the synthesis ofMOFs such asHKUST-
1 and ZIF-71 [86, 98]. More often, both of these techniques are used to formMOFs-
based liquid separationmembranes. There are many advantages of this methodology,
i.e., economical and easy equipment, low energy cost, and a short reaction time that
offer energy-saving procedures to fabricate MOF-based membranes.

Particle size: Particle size also exhibits an imperative role in MOF membrane
synthesis. Reduction in particle size is directly related to enhancing intrinsic charac-
teristicsmanifestation.MOF particles, with improved accessibility toward internal as
well as external specific surface area, have shown a substantial amendment in aqueous
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solution separation. For instance, the sub-micrometer-sized ZIF-71 nanocrystals of
the range of 140, 290, or 430 nmhave been recognized as ideal fillers tomake smooth,
thin, and uniform membranes. Moreover, MMmembranes have an outstanding filler
dispersion character for the refinement of the bioethanol with the help of pervapora-
tion at high loading up to 40 w.t %. The remarkable influence of ZIF-71 nanocrystals
for considerable separation factor and increase of flux is due to the advanced MOF
adsorption process.

6 MOF-Based Membranes Design Strategies

The rational design of the fabrication membrane is the key to fulfill the demand
for fast and precise liquid separation. The principle of fabrication for membranes is
“design-for-purpose” for high efficiency. The fabrication processes of MOF-based
membranes are attaining more improvements from the past decades and are environ-
ment friendly. Twomain fabrication procedures are usable for the designing of liquid
separation membranes that are continuous growth of MOF-based membranes and
mixed matrix MOF-based membranes. By considering the rational designs several
strategies are used to assemble the MOF-based membranes, i.e., (i) in situ prepara-
tion path, (ii) blending, and (iii) interfacial polymerization method. Figure 3 shows
the designing methods of MOF-based membranes [61, 90].

6.1 Continuous Method

In this method of continuous growth pure MOF layer is fabricated on the substrate.
The microcrystalline powder of MOFs is added to a solution to make a polymer
dope which is molded into a membrane. The resulted in pure MOF exhibits chemical
properties that only depend on the MOFs themselves. There are many strategies
for the continuous growth of MOF-based membranes, e.g., in situ growth, seeded
growth, or liquid-phase synthesis. Figure 4 shows the various methods of MOF-
based membranes designing [25, 32, 88]. In the in situ growth method, a substrate is
immersed with the growth solution. A polycrystalline structure is formed by heating
metal salt and organic ligand solution followed by the addition of a substrate. The
intergrowth and nucleation growth of crystals takes place in the fabrication step. The
limitations of the method are cracks and film defects in the growth of polycrystalline
structures. Firstly, aZIF-8 immersedwith the (PSf) ultrafiltrationmembrane followed
by the in situ development of ZIF. After that, a (PA) was layered on (ZIF-8) by
interfacial polymerization. The (ZIF-8) crystals work as seeds for the surface of the
membrane, the absolute (ZIF-8-PSf) sheath gives a constant (ZIF-8) layer [18, 96].

Secondary growth is the method in which already prepared seed crystals are used
for membrane growth, it is also a continuousMOFs membranes strategy followed by
in situ preparation route. However, secondary growth is rather a complex method as
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Fig. 4 Various methods of MOF-based membrane designing

compared to in situ growth method. Secondary growth is moderately good to regu-
late the final alignment and for obtaining thick, crack-free continuous membranes.
In 2012, by using the secondary growth ZIF-8 was designed on (¢-Al2O3) micro-
filtration membranes. Similarly, a reactive seeding process was established for the
preparation of MIL-based MOFs membranes, in which the porous surface is the
inorganic while an organic linker grows a seeding layer [45, 59]. A ZnO substrate
was used for the fabrication of a (ZIF-71) membrane that was usable to separate the,
i.e., dimethyl carbonate–methanol and alcohol-water mixtures [91, 92].

The liquid stage epitaxy synthesis method is used to design continuous MOFs-
basedmembranes. In thismethod, the substrate is recycledwith intermediatewashing
steps, immersedwith (onlymetal and ligand solutions), and followed by the synthesis
of continuousMOF layers. Typically this procedure is appropriate to synthesizeMOF
thin layers and research scale MOFs-based membranes with low limitations. These
films are good due to affordable use and having fewer defects while other processes
are time taking, non-trivial and difficult to scale up [39, 87].

In the interfacial diffusion method, the opposite surfaces of the substrate are
protected by metal and ligand-only solution, these two components combine to form
aMOFsmembrane. The major advantage of this method is self-repairing as compare
to layer by layer process. This method is greatly promoted to MOFs membrane
fabrication [44].
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6.2 Composite System

MOF-based (MMMs) types of membrane are prepared by the combination of MOFs
(micro- or nanoparticles) and a polymer matrix. In this method, a pure MOFs layer
is fabricated on the substrate. The microcrystalline powder of MOFs is added to a
solution that results in a polymer dope then it is cast into membranes. MOF-based
MMMs exhibit high porosity and feasible processability of polymers. The mixed
matrix membrane synthesis needs a supporting substrate, which gives free-standing
membranes rather thanMOF synthetic conditions. Although for enhancing the prop-
erties of polymeric membranes small MOFs loading in (MMMs) plays a supportive
role. However, the increased amount of MOFs in (MMMs) than the polymer can
control the MMMs properties, in this situation polymer works as a binder. Despite
theseMOFs-basedMMMs also possess some limitations, e.g., the non-porous nature
of various polymers reduces the permeability as compared to pure MOFs. To over-
come this limitation high loading of MOFs was used which converts the MMMs
toward MOF dominant [17, 52].

To design MOF-based MMMs blending is another significant method it may
be substrate-based blending or substrate-free blending. Substrate-based blending is
used to prepare the thin MOF-based membranes for pervaporation [99]. For this
purpose, various porous polymeric membranes are used to improve the stability and
strength of MMMs. This process involved three major steps (i) mixing of polymer
and MOFs (ii) casting of the solution on the membrane (iii) Drying off the solvent.
Furthermore in a novel blending strategy through electrostatic attraction, a polymeric
membrane is used to support aMOFprecursor.After thosemetal–organic frameworks
are produced, throughout this process production of metal–organic frameworks and
fabrication of membranes are assimilated in one system that provides benefits of low
cost and high separation potential. The substrate-free blending method is effective
and flexible; there is no need for polymeric support for liquid separation. Thismethod
faces MOF particle agglomeration problem which is resolved by the post-synthetic
polymerization of organic oligomer [49, 79].

Interfacial polymerization is a classic method for the designing of the membrane.
MOFs are also widely combined with polymeric membranes to form (TFN) and
(MMMs).Generally,most of theMOFs are obtained in powder form, firstly theMOFs
powder is immersed with polymeric solution then it is cast into the membrane.While
the TFN membranes can be designed by the interfacial polymerization method in
which the polymerization between the MPD solution and TMC solution takes place
[48, 61].
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7 MOF Boosted Membranes Solution, Challenges,
and Future Prospects

In a short time, due to large surface area, structural variety, tunability, and high
porosity,MOFboostedmembranes havebeendrawn increasing consideration in envi-
ronmental and water applications. A suitable combination of filtration membranes is
used to enhance the worthwhile application of MOFs.

Instead of direct use of MOF powder/monolith, MOFs combined with filtra-
tion membranes can be used. There have been substantial advancements in perme-
ability, antifouling, and selectivity in membrane filtration. MOF boosted membranes
such as adsorptive, antifouling, high permeable, and catalytic membranes are also
observed for a similar trend. Specifically, the action ofMOF-modifiedRO/NF/FO/UF
membranes have importantly built by qualifying the following properties of the
membrane:

1. MOF-based membranes have various properties including; variable porosity,
excessive channels, and approachable great surface areas, which enhance the
transport of water across the membranes; and

2. These MOFs are hydrophilic and have great susceptibility to harvester-specific
functionalities/species quite easily without ever-changing the MO-framework
topology.

This preferential intensifies selectivity of membrane and membrane antifouling
owing to electrostatic repulsion of charges and steric omission. Furthermore, the
modification of industrial application on a large scalewith the use of selectedMOFs in
NF/RO/FO/UF membranes thus amended the stability and crudeness of membranes
significantly. Nevertheless, the practical applications of MOF modified membrane
were limited to small-scale short endeavors and selected solutes (including heavy
metals, NaCl & organic dyes), under limited water and operative parameters. Conse-
quently, an extensive evaluation of different MOF-boosted membranes for various
materials under specific operational conditions and for different concentrations of
water is crucial mainly: to evaluate the effect of various MOFs on film produc-
tion and their properties based on their porosity, hydrophilicity, and surface texture.
It is quite stimulating to determine the uniform dispersion of MOFs in numerous
solvents, the combination of MOFs and model compounds or the use of streamlined
integrated techniques, and post-treatment techniques to lessen the insufficiency of
PMs. A “trade-off” in terms of removal of salts, as well as water permeability for
RO, UF, NF, FO, and MOF-based film, is also studied to determine the MMMs
transport performances in the presence of natural organic pollutants and various
ions concentrations and to reproduce natural waters [19]. For practical liquid separa-
tion application, principally hydrolytic and chemically stable MOFs combined with
membrane are considered. In particular, during membrane filtration, the specific pH
of the solution might cause simple MOF structure degradation. It may change or
damage the distinctive phase as a result of a loss of filtration capacity.
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For water sustainability, great struggles were devoted to them and stimulate
worldwide interest from prototype development, academic research, and prac-
tical applications at large scale are some of the promising results that have been
demonstrated.

There are still many challenges to be addressed. The biggest challenge is poor
water stability. Most of the MOFs are unstable in moisture environments apart from
a few MOFs, i.e., UiO-66, MIL, and ZIF series and cause a difficult recovery and
second pollution. Hydrophobic modification is a well-adaptedmethod to enhance the
hydrolytic stability of MOFs while they are not applicable in wastewater treatment.

Continuous efforts for water-stable MOFs should be devoted to exploring the new
approacheswithout scarifying the hydrophilicity. To preparewater-stableMOFs, new
methods are rapidly needed. The increased adhesion between substrates andMOFs is
also required. For example, for the advanced self-clean and antifouling membranes
in wastewater treatment, add photocatalytic MOFs into filtration membranes. To
improve efficiency and engineering strategy in traditional photocatalysts can be
adopted.ModifiedMOFswith organic ligands andmetal-oxoclusters can be prepared
to achieve higher stability, a larger surface area, boasted photocatalytic action, and
a stronger light response at a large scale. The best MOFs would be able to degrade
contaminants into sustainable substances. The compounds after the photocatalytic
process such as non-aqueous gas can remove from the liquid system automatically.
Water sustainability as photo-thermal are and water captures some new applica-
tions of simple MOFs. Scientists must target to advance widespread applications of
MOFs such as easy eco-friendly recycling or regeneration practices, environmentally
friendly disposal options for the waste materials, and cost-minimization of the final
product [36, 57]. To make MOFs widely acceptable membranes in water purifica-
tion, there is a need for the systematic evolution of MOFs toward better stability and
efficiency.

8 Conclusion

Water safety is becoming a challenging situation globally. Many hazardous mate-
rials, e.g., pharmaceutical products, organic pollutants (organic dyes) heavy metals,
and polyaromatic compounds are discharged in the water without any treatment. In
environmental water bodies, the presence of dye effluents is one of the big problems
to produce pollution. To overcome this problem various methods, e.g., biological,
physical, chemical, MOFs, and MOFs-based membranes used for the processing
of wastewater. Conventionally, used dye removal methods possess some limitations
such as the production of secondary pollutants, less efficiency, and high cost. Among
all the dye removalmethods the use ofMOFs andMOFs-basedmembranes is reliable
becauseMOFs are crystallinematerials showing high porosity and large surface area.
The integration of MOFs with filtration membranes (NF, RO, FO, and UF) is also
a great deal. Numerous studies significantly showed the improvement in water flux,
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selectivity, and antifouling by using the combination of MOFs with various MOFs-
basedmembranes. The performance ofMOFs-basedmembranes can be enhanced by
increasing the different properties, i.e., MOFs-based MMMs have great porosities,
large surface area and the hydrophilic MOFs prevent the membranes from fouling.
The incorporation of MOFs with filtration membranes increases the durability of
membranes, their roughness and also makes them feasible for large-scale applica-
tions.However, studies are limited to a fewMOFs so there is a need for comprehensive
evaluations on MOFs-based membranes to determine the effect of different MOFs
on membrane fabrication. Despite these new fabrication methods are needed which
focusing on practical applications, increase durability and are inexpensive.
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from Water
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Abstract Water contamination by industrial dye effluents is a critical issue faced
on a global level over the past few decades and the problem only seems to rise
day by day. Dye-polluted water on its consumption, adversely affects human lives
and aquatic lives thus creating an imbalance in the ecosystem. Diverse methods are
available to treat dye-contaminated water and membrane technology is established
as an emerging one among them. Membrane separation has garnered more attention
owing to the salient features such as ease of implementation, low cost, and reduction
of waste generation. Polyethersulfone (PES)membranes are extensively used for this
purpose as they possess high thermal and mechanical stability over other polymeric
membrane materials. The key objective of this book chapter is to consolidate the
recent advances made in the usage of PES-based membranes for the removal of
dye contaminants. Native PES membranes are highly prone to undergo fouling. The
hydrophobic nature associated with PES also reduces the separation efficiency. To
overcome these drawbacks and also to render higher dye separation efficiency, several
organic and inorganic modifications have been carried out to get custom-modified
PES membranes. The modifications and the resultant improvements made in PES
membranes have been elaborately reviewed in this book chapter.
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1 Membrane Filtration Technology in Dye Wastewater
Treatment

Remedial methods suggested for treating dye-contaminated wastewater are plenty in
number and adsorption, reverse osmosis, ion exchange, and membrane filtration are
few to be named among them [38]. Even though there is no single ideal treatment
methodology available for wastewater treatment, membrane filtration technology is
demonstrated to be a promising treatment process due to ease of implementation,
simple operation, low cost, high separation efficiency, long-term use, low energy
consumption, and low environmental impact [41]. In the membrane filtration tech-
nique, thin layers of semi-permeable materials specifically known as membranes are
put to use, for the permeation of selected components from a feed stream through the
membrane [17]. A membrane filtration process can exercise microfiltration, ultra-
filtration, nanofiltration, or reverse osmosis membranes, depending on the size of
the materials to be removed. The pore sizes of the membranes decrease in the order:
microfiltration > ultrafiltration > nanofiltration > reverse osmosis membranes [9]. All
these membrane filtration techniques rely on pressure-driven membrane separation,
in which the pressure gradient developed across the membrane acts as a driving force
for the selective filtration.

Appertaining to the sources of the materials used, membranes can be polymeric,
inorganic, or biological in nature. Also, thesemembranes can be either natural or arti-
ficial. For wastewater treatment processes, the use of artificial (synthetic) membranes
is in common practice, since natural membranes are limited in number. Despite the
availability of diverse types of artificial membrane materials, polymers are found
to be irreplaceable membrane materials. Membranes used in labs and industries are
mostly synthetic polymer-based membranes owing to the ease with which the barrier
structures and properties can be tuned in accordancewith the design of polymer. Low-
cost, superior mechanical, chemical, and thermal stabilities provided by synthetic
polymers also make them ideal materials for membrane fabrication.

With the global industrialization surging in the recent few decades, environmental
pollution of all kinds has substantially escalated including water pollution by dyes.
The negative effects of these dyes on the ecosystem necessitate for their eradica-
tion from water before its consumption. Water purification processes become intri-
cate when a contaminated water sample contains various polluters like colorants,
toxic cations, anions, pesticides, microbes, and radioactive wastes [50]. Based on the
target pollutants present in the contaminatedwater, membranematerials are carefully
chosen, developed, and used. Furthermore, optimizing parameters such as pore size,
permeation flux, water flux, and separation factor of the membrane are crucial in a
membrane filtration technique.

Polymers used in the membrane fabrication are desired to have features such
as low affinity toward the separated molecules, low cost and competence to resist
harsh conditions during operation and cleaning. Thus far, a majority of polymeric
materials have been reported for dye removal from contaminated water. Few exam-
ples are polyacrylonitrile [18], polyvinylidene fluoride [6], cellulose acetate [14],
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polyethersulfone [19], polypropylene [49], and polyvinyl chloride [4]. They vary
from each other in their strength, pH tolerance, surface charge, flexibility, and affinity
to water. Among them, polyethersulfone-based membranes are prevailingly used in
wastewater treatment processes, particularly in dye removal.

In this chapter, an overview of the latest scientific papers reporting on the applica-
tions of PES-based membranes in dye removal from water is presented. The chapter
has been divided based on the types ofmaterials employed tomodify PESmembranes
and literature works dedicated toward achieving improved PES membrane perfor-
mance and dye separation efficiency have been collected and included in an orga-
nized manner. The chapter highlights preparative methods, advantages, improve-
mentsmade, and demerits in all of the reported PES-basedmembranes in dye removal
with suitable figures and tables.

1.1 Polyethersulfone as Membrane Material for Dye Removal

Polyethersulfone is an amorphous high-performance thermoplastic polymer that
belongs to polysulfone family. The chemical structure of polyethersulfone is
presented in Fig. 1. Apart from its application in water treatment plants, PES is
also used in numerous other fields such as electrical industry, automotive industry,
and medicine.

1.1.1 Advantages of PES-Based Membranes

In spite of a variety of polymeric membranes recommended for wastewater treat-
ment, PES is the most preferred choice as a commercial membrane material. Excel-
lent thermal and oxidative stability, wide pH tolerance, and good biological stability
are the reasons behind the predominant use of PES as a membrane material. PES
undergoes glass transition at a temperature as high as 225 ˚C [43]. On top of that,
PES suffers a mass loss of only 1% at an elevated temperature of 400 ˚C in air [34].
The observation highlights the enhanced temperature resistance possessed by PES
in comparison to its counterpart polymers. PES is even preferred over polyvinyli-
dene fluoride, the other common polymer used in membrane preparation since PES
is more hydrophilic and highly stable toward alkaline solutions including sodium

Fig. 1 Chemical structure of PES
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Fig. 2 Pictorial representation for the fabrication of PES via the classical phase inversion method
(Adapted and redrawn from [16])

hypochlorite [7, 34]. PES is also characterized by exceptional mechanical strength
and high rigidity [5]. PES membranes are majorly fabricated via the classical phase
inversion method, which is the most convenient and standard technique exercised
for membrane preparation.

In a typical phase inversion membrane preparation, a stable polymer solution is
converted into a solid in a controlled manner followed by liquid–liquid demixing.
The phase with a higher polymer concentration results in gelation/crystallization,
whereas the lower polymer concentration phase leads to pore formation on the solid
membranematrix. Liquid–liquid demixing canbe carried out by immersionprecipita-
tion, controlled evaporation, thermal precipitation, and precipitation from the vapor
phase. In literature, most of the studies have adopted the immersion precipitation
method for preparing PES membranes, using N-methyl-2-pyrrolidone as a solvent
andwater as a non-solvent. Structuralmorphology can be satisfactorily tuned by opti-
mizing the parameters like solution concentration, time of exposure before adding
in the coagulation bath, temperature of the bath, and harshness of the precipitation
bath [2, 11].

A pictorial illustration of a typical phase inversion procedure for preparing PES
membranes is provided in Fig. 2.

1.1.2 Limitations in the Usage of PES Membranes

Though there are numerous positive aspects listed for the utilization of PES in
membrane separation, PES is not free of few shortcomings. The major setback
in employing pure PES membranes is derived from its hydrophobic nature. The
hydrophobicity of PESmembranemay create concentration polarization inwhich the
non-permeating dye molecules are carried toward the membrane through convective
flux and remains there, thus reducing the performance of the membrane. However,
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it is a reversible phenomenon and can be controlled by adjusting the flow of the
filtrant. Another major challenge faced while using PES membranes is that PES
has a tendency to readily undergo fouling. Membrane fouling is the deposition of
contaminating substances on the membrane surface or the blockage of the membrane
pores. The common factors causing the fouling of PES membranes are microbial
growth, deposition of macroparticles, slime formation, and colloidal deposition. All
these factors in turn minimize the permeation flux of the membrane and membrane
separation efficiency.

1.1.3 Need for Modification in PES Membranes

While employing pure PES membranes in dye removal from aqueous solutions, the
users must deal with the issues caused by the hydrophobicity and fouling. Literature
reports therefore suggest the usage of modified PES membranes for dye removal so
as to reach improved membrane performance. Researchers have proposed various
approaches to upgrade the hydrophilic properties and the antifouling tendency of PES
membranes such as coating the PES surface with hydrophilic polymer [13], grafting
hydrophilic brushes on the PES surface by surface-initiated atom transfer radical
polymerization [55], blending PES with hydrophilic materials [21], and enzyme-
catalyzed modification [37]. Detailed review papers exploring various modification
methods adopted on PES membranes are available [5, 56]. Other than the specified
protocols, bulk modification of PES membranes also can be performed by means of
introducing hydrophilic functional groups such as hydroxyl, carboxylic acid, amino,
and sulfonic acid groups to the PES main chain [5]. PES modification via additive
blending is found to bemore prevalent in literature studies. Ameticulous compilation
of all the additives used for PES modification has been done by Otitoju et al. [39].
PES membranes find applications in a number of fields as evident from numerous
research reports. However, in this book chapter, PES membranes and modified PES
membranes fabricated for the purpose of removing dyes alone have been discussed.
Based on the nature of the modifiers used on PES membranes, this section has been
divided into four subsections as follows:

(1) Modification of PES membranes by organic/polymeric molecules.
(2) Modification of PES membranes by inorganic molecules.
(3) Modification of PES membranes by polymeric and inorganic molecules.
(4) Modification of PES membranes by carbonaceous nanomaterials.
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2 Modification of PES Membranes

2.1 Modification of PES Membranes by Organic/Polymeric
Molecules

Versatile organic molecules have been employed as modifiers of PES toward dye
removal. Native polyethersulfone can be subjected to organic functionalization with
either polymer or small molecules in line with the target properties desired in the
final product.

An initial work done with such theme was reported by Min et al., in which
the PES/polyethyleneimine nanofiltration membrane had been developed for the
removal of a variety of anionic dyes [33]. The micro-nanostructured nanofibrous
affinity membrane containing PES blended with polyethyleneimine was prepared via
electrospinning process followed by crosslinking reaction with glutaraldehyde. The
averagediameter of the electrospunfiberswas 350nmwhereas the polyethyleneimine
spherules had an average size of 200 nm. Given the fact that amine groups could be
used to remove both anionic and cationic species from water based on the working
pH conditions, the PEI-modified PESmembrane not only helped in removing anionic
dyes such as sunset yellow FCF, fast green FCF, and amaranth, but also in the removal
of cations like Cu(II), Pb(II), and Cd(II) making it more noteworthy for treatingwater
withmultiple pollutants. The interactions between anionic dyes and functional groups
on the modified membranes have been depicted in Fig. 3.

In a later work, PES hollow fiber nanofiltration membranes were fabricated by
a single-step spinning process for the removal of dyes [53]. With the intention to

Fig. 3 Possible adsorption mechanism of anionic dyes on PES/PEI nanofibrous membranes
(redrawn from [33])
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achieve improved hydrophilicity and negatively charged membrane surface, a small
amount of sulfonated polysulfone was added as a dopant to PES before subjecting to
electrospinning. Hollow fiber membranes thus created by using lithium bromide as
a pore former had improved water flux. Besides, the developed membranes owned
an outer selective layer as opposed to an inner selective layer to gain more surface
area. The separation efficiency of the fabricated membrane had been tested for the
removal of reactive black 5, brilliant blue R, remazol brilliant blue R, and indigo
carmine dyes, among which the removal efficiency was the maximum for indigo
carmine dye.

Polyethylene glycol is another important polymeric additive used to improve
the PES membranes [24]. Following these studies, Hassan et al. had reported the
usage of PES nanofiltration membranes with polyethylene glycol in the removal of
methylene blue, methyl violet, and acid orange [22]. The membrane displayed better
pore formation and 99.8% dye rejection was achieved for methylene blue dye.

In another work, ultrafiltration membranes made up of polyphenylsulfone–PES
polymer blends were analyzed for the removal of acid black 210 fromwastewater [3].
Unlike the other reports mentioned here, in this work, the base membrane material
considered was polyphenylsulfone, to which PES was added as a blend material.
From the experiments, itwas observed that the addition of PES led to an increase in the
porosity of the polyphenylsulfone membrane and in turn the dye removal efficiency.
In a considerably similar work, polyphenylsulfone/PES ultrafiltration membranes
were prepared with different PES compositions in comparison to the previous work.
The fabricatedmembranes alsowere employed for the removal of acid black 210 [19].

In a recent research paper, the dye removal potency of tetrathioterephthalate-
coated aniline oligomers functionalized PESmembranes had been explored by using
direct red 16 and methylene blue as dyes [35]. The surface functionalization thus
done benefitted to improve the hydrophilicity and the fouling resistance of the PES
membranes. Likewise, relative to the pristine PESmembranes, the purewater flux and
the flux recovery ratio of the functionalized membranes were ascertained to rise by
about 500.30% and 175.06%, respectively. Additionally, the fabricated membranes
were evidenced to exhibit high rejection for Cu(II) and Pb(II) ions.

Suhaimi et al. had carried out the plasma polymerization by using hepty-
lamine as a precursor to affect the surface modification of PES membranes, with
varying deposition period [52]. The purpose of the modification was to improve the
hydrophilicity and antifouling nature of the PESmembranes. Plasma polymerization
is an ecofriendly method which does not generate any secondary wastes. Modified
PESmembranes with 5 min of deposition time possessed 58% increase in pure water
flux with 63% reduction in fouling than pristine PESmembranes. Thus, in turn, there
was an increase in the Congo red rejection by 10% by the modified membranes in
comparison to pure PES membranes.

Aside from utilizing various synthetic polymers listed above, natural polymers
also have been used applied in themodification of PESmembranes. Natural polymers
hold a number of benefits such as non-toxicity, easy availability, biocompatibility, and
presence of functional groups. Cellulose derivatives are major polymeric materials
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Table 1 Dye removal efficiencies of various organically modified PESmembranes—a comparison

S. No Membrane materials used Dyes studied Dye removal
efficiency (%)

Reference

1 Poly(ethersulfone)/poly
(ethyleneimine)

Sunset yellow
FCF, fast green
FCF, and
Amaranth

– [33]

2 PES/sulfonatedpolysulfone Indigo Carmine 94.9 [53]

3 PES/polyethylene glycol Methyl blue,
Methyl violet
Acid orange

99.8
81
95.7

[22]

4 Polyphenylsulfone/PES Acid black 210 99.65 [3]

5 Polyphenylsulfone/PES Drupel black NT 96.62 [19]

6 Tetrathioterephthalate-coated
aniline oligomers
functionalized PES

Direct red 16
and
Methylene blue

99.52
98.89

[35]

7 Plasma polymerized
heptylamine/PES

Congo red 95 [52]

8 PES/cellulose nanocrystal Direct red 80 95.8 [10]

applied tomodifyPESmembranes and fewcases have beendiscussed in the following
paragraphs.

Novel nanocomposite membranes of multiple compositions were produced from
PES and cellulose nanocrystals, via classical phase inversion technique to be further
applied for the removal of direct red 80 from water [10]. The introduction of
cellulose nanocrystals resulted in a substantial increase in the solvent permeation,
hydrophilicity, and antifouling characteristics in comparison to that in untreated PES
membranes. Especially onmixing 0.5% additive, thewater fluxwasmounted by 75%
than pristine PES membranes. Using the nanocomposite membranes with 0.5% and
1% of cellulose nanocrystals, respectively, 95.8% and 93.6% rejection power was
reached. Nonetheless, as the authors stated, its application in a major scale might be
difficult due to the use of cost-intensive cellulose nanocrystals (Table 1).

2.2 Modification of PES Membranes by Inorganic Molecules

A wide variety of inorganic materials have been suggested for the effective modi-
fication of PES membranes to be used toward dye removal. Studies involving only
inorganic materials for modifying PES membranes have been described here.

Hematite nanoparticles-incorporated PESmembranes were prepared by the phase
inversionmethod for their utility in removing reactive black 5 fromwater [40]. These
membranes showed higher water flux and good dye rejection tendency. Nevertheless,
a flux reduction was noticed beyond a certain dose of iron oxide nanoparticles due to



Polyethersulfone and Its Derivatives as Membrane Materials … 249

their agglomeration. It could be noted that in this work, the iron oxide nanoparticles
were synthesized without any external stabilizers.

Another iron-based nanofiller used in the preparation of PES mixed matrix
membrane was nano-goethite [42]. Like in other studies, the surface hydroxyl groups
present inα-FeO(OH) aided to improve the antifouling property and hydrophilicity of
the PESmembranes.With direct red 16 as a model dye, the goethite/PESmembranes
exhibited an increased dye rejection tendency by 10% compared to the unmodified
PESmembranes. It was also inferred that the high dye rejection obtained was a result
of the adsorption of dye molecules by the modified membranes used.

Iron-doped titania nanotubes and silver-doped titania nanotubes had been
employed as modifiers to get PES mixed matrix membranes by Lukku Thuyavan
et al. [30]. Upon modifying the PES membranes, superior hydrophilicity and surface
free energy were attained. Between the two dopants, the separation performance
was relatively better for iron-doped titanium oxide modified membranes than silver-
doped titanium oxide modified membranes. The adsorptive hollow membranes
thus developed exhibited 97% rejection efficiency for rhodamine B at acidic pH
conditions.

PES photocatalytic membranes have a unique feature that they are capable of
degrading organic dyes besides their removal, contrary to regular PES membranes.
Pure PES membranes are made photocatalytically active by means of adding a well-
known photocatalyst like nanotitania. For example, photocatalytic PES membranes
were fabricated by incorporating titania and silver oxide of various dosages to PES
membranes via phase inversion technique [44]. The degradation trials carried out
validated the photocatalytic degradation of methylene blue in the presence of ultra-
violet light and the developed membranes, with the acquirement of a maximum of
85% degradation by one of the prepared sample membranes. In a relatively newer
study, hyperbranched polyethyleneimine/titanium oxide nanocomposite-embedded
PES membranes were prepared as photocatalytically active membranes [32]. The
addition of titania assisted in the photocatalytic degradation of methyl orange while
the presence of amine groups from hyperbranched polyethyleneimine conferred
enhanced hydrophilicity to the PES membranes. Dye degradation analyses showed
that these membranes could degrade methyl orange under the influence of UV light
at all pH conditions.

Hitherto, a number of diverse inorganic nanofillers modified PES membranes and
their usage in dye wastewater treatment has been discussed. Not only nanofillers,
but inorganic compounds that are not nano-sized also have been used to modify
PES membranes. The usage of barium chloride as an additive to PES ultrafiltration
membranes had been independently reported in two research studies, where the
modified membranes were corroborated for removing synthetic dyes from water [8,
46]. In both the studies, the hydrophilicity and the water flux of PES membranes
were demonstrated to increase significantly, after the addition of barium chloride.
The influence of the composition of barium chloride byweight%on thewater contact
angle and porosity of the membranes is graphically shown in Fig. 4 [8].

In Table 2, the compilation of the PES membranes modified with inorganic fillers
with its dye rejection efficiency values is presented.
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Fig. 4 Water contact angle and porosity of various barium chloride modified membranes
(PES—20% in all the cases; M1—0%; M2—1%; M3—2%; M4—3%, and M5—4% barium
chloride)(redrawn from [8])

Table 2 Dye removal efficiencies of various inorganically modified PES membranes

S. No. Membrane
process

Membrane material Dyes studied Dye
removal
efficiency
(%)

References

1 Nanofiltration PES/iron oxide
(Fe2O3)

Reactive
black 5

98 [40]

2 Nanofiltration Goethite/PES Direct red 16 99 [42]

3 Ultrafiltration Fe-doped TiO2
nanotubes/PES

Rhodamine
B

97 [30]

4 Photocatalytic
membrane

TiO2-Ag2O/PES Methylene
blue

85 [44]

5 Ultrafiltration PES/BaCl2 Congo red
Orange II

<90
<70

[46]

6 Ultrafiltration PES/BaCl2 Orange G
Methylene
blue

85
91

[8]

2.3 Modification of PES Membranes by Polymeric
and Inorganic Molecules

In addition to using organic/polymeric molecules and inorganic molecules, there
are also literature reports available emphasizing the use of a combination of these
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two classes of compounds. Inorganic molecules and polymeric/organic molecules
have been used altogether to get enhanced properties and the following paragraphs
highlight few examples.

Zinadini et al. reported the use of O-carboxymethyl chitosan-coated magnetite
core–shell nanoparticles as nanofillers and polyvinylpyrrolidone as a pore former
to PES nanofiltration membranes [58]. The compositions of the nanoparticles in
the casting solutions were altered and the membrane properties of all the samples
prepared were studied, including direct red 16 rejection efficiency. The inclusion of
the nanofillers boosted the hydrophilic character and the antifouling stability of the
PES membranes. The induced negative charge on the membrane surface contributed
by the additive also facilitated improved dye rejection. Dye retention performance
exhibited by the modified membranes has been presented in Fig. 5.

PES hybrid nanofiltration membranes blended with sulfonated and highly cross-
linked halloysite nanotubes were developed and their separation performance was
evaluated for reactive black 5 and reactive red 49 [54]. Through distillation–
precipitation polymerization procedure, styrene grafted halloysite nanotubes were
preparedwhichwere further sulfonated to formhighly cross-linked nanofillers. These
nanofillers were blended with PES membranes. The introduction of the nanofillers
caused a remarkable rise in the water flux and the dye rejection tendency. Addi-
tionally, the hybrid membranes could be used for the desalting process since a low
retention of salt solutions was witnessed during the tests.

PES ultrafiltration membranes blended with polyethylene glycol and iron oxide
nanoparticles had been developed with enhanced hydrophilicity, porosity, and
thermal stability, which were subsequently utilized for the removal of orange II

Fig. 5 Dye retention performance of the modified membranes (PES—20% in all the cases; M0—
0%; M1—0.1%; M2—0.5%, and M3—1% carboxymethyl coated iron oxide nanoparticles) [58]
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and Congo red [29]. Experimental results revealed a fourfold increment in the pure
water flux for the modified membranes as against the pristine PES membranes.
Despite this observation, both unfilled and modified membranes exhibited almost
the same dye separation efficiency. In a recent study, (3-aminopropyl)triethoxysilane
and melamine-based dendrimer amine groups functionalized iron oxide nanoparti-
cles of different dosages had been embedded into PESmembranematrices to provide
more hydrophilicity and permeation [27]. There was a notable improvement in the
pure water flux permeability and antifouling property of the membrane after the
modification, as expected. Also, there were greater dye rejections by these modi-
fied membranes compared to that by pure PES membranes, while using reactive
green 19 as a representative dye. In a similar fashion as in the previous case, (3-
aminopropyl)trimethoxysilane-coated iron oxide nanoparticles of various concentra-
tions were used as nanofillers to fabricate modified PES membranes to be eventually
tested for the removal of methyl red [26]. The membranes were also successful in
removing Cd(II) ions in addition to methyl red.

Another bulk inorganic additive utilized for themodification of PESmembranes is
calcium chloride. Poly(vinylpyrrolidone) blended PESmembranes and polyethylene
glycol blended PES membranes to remove various synthetic dyes were synthesized
using calcium chloride as an additive [45, 47]. Detailed studies carried out implied
that the membrane properties such as porosity, permeability, antifouling behavior,
and dye removal capability of thesemodifiedmembraneswere superior to the unfilled
PES membranes.

Various PES membranes modified with polymer containing inorganic fillers have
been given in Table 3 with their dye rejection rates.

2.4 Modification of PES Membranes by Carbonaceous
Nanomaterials

In the last decade, graphene is undoubtedly the most popularly used nanomaterial in
multiple fields of science and technology. The utility of graphene-basedmaterials has
been extended to membrane filtration as well to treat dye wastewater. For modifying
PES membranes, graphene oxide (GO), which is an oxidized form of graphene has
been frequently employed. Functional groups possessed by graphene oxide such
as hydroxyl (–OH), carboxyl (–COOH), and epoxy (C–O–C) groups enable GO
to readily bind with the organic pollutants present in water [15, 51]. Furthermore,
the presence of these functional groups improves the PES membrane properties
especially hydrophilicity. In consequence, themodified PESmembranes are regarded
to display efficient dye rejection. In the following paragraphs, example studies with
the use of GO-modified PES membranes for dye removal have been elaborated.

Mixed matrix PES nanofiltration membranes embedded with GO nanoplates of
various loading were prepared to enhance the antifouling property of the pristine
PES membranes [59]. GO nanoplates were synthesized from natural graphite via
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Table 3 Dye removal efficiencies of PES membranes modified with polymer containing inorganic
fillers

S. No Membrane
process

Membrane material Dyes
studied

Dye
removal
efficiency
(%)

References

1 Nanofiltration O-carboxymethyl
chitosan/Fe3O4 nanoparticles
blended PES

Direct
red 16

99 [58]

2 Nanofiltration Sulfonatedhalloysite
nanotubes/PES

Reactive
black 5
Reactive
red 49

<90
80–90

[54]

3 Ultrafiltration Polyethylene glycol and iron
oxide nanoparticles blended
PES

Congo
red

92 [29]

4 Nanofiltration Melamine-based dendrimer
amine functionalized Fe3O4
blended PES

Reactive
green 19

<96 [27]

5 Nanofiltration Fe3O4@SiO2-NH2 embedded
PES

Methyl
red

97 [26]

6 Photocatalytic
membrane

PES/hyper branched
polyethyleneimine/TiO2

Methyl
orange

70 [32]

7 Ultrafiltration Poly (vinylpyrrolidone)
blended PES/CaCl2

Congo
red

85 [47]

8 Nanofiltration Polyethylene glycol blended
PES/nanoporous CaCl2

Congo
red

<90 [45]

Hummer’s method. The prepared membranes had higher water flux than the pure
PES membranes due to the increased hydrophilic character of the membranes post-
modification. For evaluating the nanofiltration performance, direct red 16was chosen
as a dye. Studies revealed that a dye rejection of 99% had been obtained for the
GO/PES nanofiltration membranes in contrast to a 90% rejection rate shown by
unfilled PES membranes.

Zhou et al. demonstrated the usage of GO-PES composite nanoparticles with
three different PES shells for the uptake of a cationic dye [57]. The three different
PES shells suggested were unmodified PES (PES@GO), PES modified with poly-
acrylic acid (PES/PAA@GO), and PES blended with GO (PES/GO@GO). GO
served as the core in all the cases. From the experiments, it was concluded that the
hydrophilicity of the core–shell particles with modified PES shells was improved.
The maximum methylene blue adsorption capacity values calculated for GO-based
core–shell particles ranged from 328.95 and 425.53 mg/g. It was also illustrated that
the dye adsorption rates could be improved by adding hydrophilic fillers to PES
shells.
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The utilization of PES microfiltration membranes modified with GO for the
removal of methylene blue was examined in another research work [23]. The GO
nanosheets were prepared by adopting the modified Hummer’s method. The surface
modification of the PES membranes was carried out by treating them with sulfuric
acid first followed by the permeation of GO nanosheets, to get PES/H2SO4 + GO
microfiltration membranes. The dye rejection rates of the modified and commer-
cial PES membranes were determined to be 92.1% and 50.1%, respectively. Shaa-
bani et al. made use of sodium dodecyl sulfate as an anionic surfactant for the
uniform incorporation ofGO,whilemodifying the PESmembranes [48]. Embedding
graphene oxide and sodium dodecyl sulfate to PES membranes resulted in improved
hydrophilicity, pure water flux, and fouling resistance. The results showed a near
100% dye removal from algal wastewater, upon using the modified membranes.

Magnetic graphene-based PES composite membrane was developed by using
metformin/graphene oxide/magnetite hybrid as nanofiller. Metformin/graphene
oxide/magnetite hybrid was synthesized in the first step and in the second step,
different doses were incorporated into PES nanofiltration membranes [1]. The
mixing of GO-based hybrid filler accounted for the improved pure water flux and
hydrophilicity of the modified membranes. The dye rejection of the filled PES
membranes was about 99%, whereas the dye rejection of bare PES membranes
was only 91%, using direct red 16. The repulsive interactions between the negative
charges present on the membrane surface and negative charges of the dye molecules
were the cause for the high value obtained for dye rejection. Hydrogen bond or π-π
interactions formed between the functional groups present in the membranes and the
dye molecules also led to an effective adsorption, thereby stopping the permeation
of dye molecules through the membranes. A pictorial representation of the possible
interactions between the dyemolecules and the GO-modifiedmembrane is presented
in Fig. 6. The modified membrane was also effective in the removal of copper(II)
ions.

Fig. 6 Possible interactions between dye and GO-modified membrane (redrawn from [1])
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Efficacy toward removing methyl orange and methylene blue from aqueous
solutions was examined for GO nanoparticles-incorporated PES nanocomposite
membranes, which had been prepared via phase inversion procedure [31]. The GO-
filled membranes showed considerable improvement in water flux, water absorp-
tion, hydrophilicity, and antifouling properties. Studies conducted revealed that a
higher rejection was noticed for methyl orange than methylene blue dye irrespec-
tive of the loading percentage of GO. The membrane separation performance in
removing copper(II) ions from water also was ascertained by using the modified
PES membrane.

The application of novel photocatalytic mixed matrix PES membranes in dye
removal was proposed by making use of GO and zinc oxide nanoparticles as
modifiers [12]. Sulfonated GO, zinc oxide nanoparticles, and sulfonated GO/ zinc
oxide-incorporated PES membranes were prepared with upgraded antifouling and
hydrophilic properties and the rejection efficiency of crystal violet was studied.
Among the samplemembranes, mixedmatrixmembranes containing both SGO/ZnO
were found to serve as better photocatalysts for the degradation of crystal violet in the
presence of UV irradiation. The addition of GO to a prominent photocatalyst (zinc
oxide nanoparticle) was done with the aim of improving its photocatalytic activity,
as GO could act as an electron acceptor during the photocatalytic reaction. In a latest
study, GO nanoparticles-modified ultrafiltration PES membranes were exploited for
the removal of acid black and rose Bengal, where the rejection rates were measured
to be greater than 99% for both the dyes [25].

Another notable carbon nanomaterial used in modifying PES membranes for
the dye removal is carbon nanotube. Multi-walled carbon nanotubes (MWCNTs)
and poly(sodium 4-styrenesulfonate)-wrapped CNTs were utilized to fabricate PES
mixed matrix membranes and their dye separation efficiency was compared with
that of pure PES membranes [20]. PES membranes modified by poly(sodium
4-styrenesulfonate)-wrapped MWCNTs had improved permeation flux and acid
orange 7 removal efficiency. A mathematical model (D model) was constructed
for conducting statistical analysis of permeate flux and dye removal efficiency. The
observed removal for the considered parameters like pH, dye solution concentration,
and membranes was close to the predicted removal thereby validating the suggested
model. The results from the analytical model indicated that the addition of nanofillers
to PES increased dye removal ability of the membrane.

Mousavi et al. proposed the fabrication of ultraporous PESmembrane coated with
a thin layer of polyether block amide/chitosan-wrapped MWCNT [36]. Initially,
MWCNTs had been functionalized with chitosan and different loadings of the
chitosan functionalizedMWCNTswere embedded into the polyether block amide. In
the following step, CNT-modified PES membranes were developed via phase inver-
sion method. Polyether block amide is a hydrophilic polymer with micro-biphasic
structures where soft polyether and hard amide segments constitute the polymer
main chain. When PES membranes are coated with polyether block amide, they are
expected to exhibit less fouling and higher water flux. The results obtained were in
consistencywith the aim of themodification since antifouling property andwater flux
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Fig. 7 Nanofiltration setup
designed for the effective dye
removal (redrawn from [36])

were improved after the modification. All the membranes were capable of showing
greater than 95% rejection of malachite green. A simple illustration describing the
nanofiltration setup used in the study is depicted in Fig. 7.

A latest addition to the list of carbon-based nanomaterials is carbondots andKouli-
vand et al. prepared carbon dots-modified PES nanofiltration membranes by non-
solvent-induced phase inversion technique [28]. Carbon dots were synthesized using
citrate precursor. The developed membrane was tested for the membrane perme-
ability, antifouling property, dye, and salt rejection. A twofold rise in the pure water
flux and a significant improvement in the antifouling property were noticed. The
carbon dots-modified PES membrane exhibited a dye rejection of about 99% for
reactive red 198.Additionally, themodifiedmembranes exhibited high salt rejections.

In Table 4, the dye removal efficiency values exhibited by different PES
membranes modified using carbon-based nanomaterials are listed.

3 Conclusion and Future Perspectives

Membrane separation is considered as a convenient way to treat dye-contaminated
water. Polyethersulfonemembranes are the prominent membranes used in the area of
wastewater treatment. PESmembranes not only possess somany benefits but also few
serious limitations. Hydrophobicity and fouling are the issues raisedwhile using pure
PES membranes and hence several modification procedures have been prescribed
by scientists. Different approaches adopted in improving the PES membrane perfor-
mance in removing dyes from aqueous solutions have been compiled and discussed in
this book chapter. The prime aim of all these studies has been improving hydrophilic
property, fouling resistance, pure water flux, and dye rejection efficiency. Toward
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Table 4 Carbonaceous nanomaterials-modified PES membranes and their dye removal tendency

S. No. Membrane
process

Membrane material Dyes
studied

Dye
removal
efficiency
(%)

Reference

1 Nanofiltration PES/GO nanoplates Direct red
16

99 [59]

2 – PES/GO@GO core–shell Methylene
blue

– [57]

3 Microfiltration PES/H2SO4 + GO Methylene
blue

92.1 [23]

4 Nanofiltration GO and sodium dodecyl
sulfate-embedded PES

Algal
waste dye

100 [48]

5 Nanofiltration Metformin/graphene
oxide/magnetite
hybrid-incorporated PES

Direct red
16

99 [1]

6 Nanocomposite PES/GO Methyl
orange
Methylene
blue

<80
~70

[31]

7 Nanocomposite Sulfonated
GO/ZnO-incorporated PES

Crystal
violet

92.3 [12]

8 Ultrafiltration PES/GO Acid black
Rose
Bengal

99
99

[25]

9 Nanofiltration Poly(sodium
4-styrenesulfonate)-wrapped
CNTs/PES

Acid
orange 7

– [20]

10 Ultrafiltration Polyether block
amide/chitosan-wrapped
MWCNT embedded PES

Malachite
green

<95 [36]

11 Nanofiltration Carbon dots-modified PES Reactive
red 198

99 [28]

attaining these objectives, many more research studies are still being done and in the
future, and there is a broad scope for further development in the modification of PES
membranes to yield better separation efficiency and stability.
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Abstract Contamination of water is a problem that severely affects the equilibrium
of ecosystems and human health. Through the years, various techniques have been
implemented for the elimination of colorants from the water discarded by the textile
industry; nevertheless, some of the wastes obtained are hard to treat and toxic. Poly-
mers can be used as an adsorbent membrane, a coagulant, or a flocculant, and the
inclusion of them has been a promising strategy used for the versatility, effectivity,
and low toxicity of somepolymers.Organic polymers have demonstrated good ability
for the elimination of colorants by the adsorption mechanism, and they have been
useful for the preparation of membranes for nanofiltration. Synthetic and natural
polymers mixed with other materials have improved the performance of membranes
without altering the permeation and flux. The cross-linking has allowed the forma-
tion of polymeric networks with pores, which aid to the dye retention assisted by the
functional groups in the polymer chains; additionally, this cross-linking is useful for
the incorporation of other compounds such as nanomaterials of magnetic nanoparti-
cles to improve the cleaning of wastewater. The control of the charge density in the
polymer, the physical properties of the dispersed medium, the chemical structure of
the dye, and cross-linked polymers for adsorption and coagulation are some of the
aspects to review in this chapter.
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1 Introduction

Contamination of water is a problem that generates several conflicts in human life.
The excess of dyes and heavy metals in water from textile industries has attracted the
attention of scientists in previous years, mainly for the cities with high production
of textiles. Several of these dyes are highly toxic to animals and humans, and they
render the residual water useless. The removal of dyes from wastewater is important
to ensure human health; however, the elimination of them is hindered due to some
limitations, e.g., the concentration of the dye, the chemical auxiliaries, and other
aspects [1, 2].

For dye removal, several factors affect the colored wastewater, first, factors that
only depend on the rest of pollutants from the dye industry and the physicochemical
properties of the water, and second, the factors that depend on the dye. Generally,
for any removal process, some of these factors are pH, ionic strength, temperature,
among others. This is due to the destabilization process involved in the elimination
of the dye, which is closely related to a complexation reaction or to other chemical
interactions [3, 4]. Additionally, as it was mentioned, the chemical structure of the
dye plays an important role in the process because the functionalities allow the
interaction between the coagulant, flocculant, or adsorbent membrane. It is important
to mention additionally that colorants present two main parts on their structures,
the chromophore, and the auxochrome; which are responsible for the absorption–
emission of light, and directly, the color.

On the one hand, the chromophore in a molecule is the conjugated double bond
moiety (π bonds), which present adsorption in the visible region on the electromag-
netic spectrum, that is the reason why almost all colorants present aromatic rings in
their structure, connected to an auxochrome. On the other hand, an auxochrome is
a functional group attached to the chromophore, which modifies the ability of the
chromophore to absorb light. For this portion, acidic and basic groups are commonly
used, the protonation or deprotonation of a group can extend the conjugation of a
molecule and change the wavelength or intensity of the absorption. In this way, dyes
are classified as cationic, anionic, or non-ionic, and this charge density is important
for eliminate them from water.

One of the most employed strategies for wastewater treatment is the coagula-
tion/flocculation (C/F) method. C/F is a two-stage technique that consists of the
destabilization of dispersed solid particles in water. For the effect of the coagulants,
the charged particles get to gather and for bigger particles. Coagulation is the first
step in the process and is always accompanied by rapid mixing of the coagulant and
the water to be treated. In this step, the coagulant is added, and the mixing favors
the accumulation of molecules and the formation of flocs. In the flocculation stage,
the speed of mixing is decreased, and the flocs aggregate to form bigger flocs. The
use of metals and polymers is common for the destabilization of dye molecules to
subsequently eliminate them by precipitation or filtration [5].

The use of inorganic coagulants is a strategy usually used; however, the waste is
toxic to human health and the environment [6, 7] such as the residues of aluminum
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salts. Another disadvantage of usingmetal salts for water treatment is that the precip-
itate and the sludge produced are difficult to treat after the dye removal. For that
reason, other alternatives have been employed, including, organic materials (e.g.,
polymers). An advantage of these materials is that they can be mixed with metals or
other compounds to get a dual coagulant/flocculant or adsorbents, obtaining greener,
cleaner, and more effective materials [8, 9].

Water-soluble polymers are the most used for C/F method; some natural and
synthetic polymers have been explored [9–11]. As it was mentioned above, the
chemical structure of the dye affects the way it is removed, the destabilization of
the colloids dispersed in the medium influences the polymer used and the technique
desired. In the case of C/F, the dyes are trapped by the effect of the charged groups
in their structure-forming bigger structures, or by the anchoring of other functional
groups similar to a host–guest chemistry.

Natural polymers have attracted attention in recent years because they are easy to
get from plants or animals, and they are non-toxic to humans or animals. Biopoly-
mers such as gums, chitosan, or cellulose are vastly used as adsorbents or coagulants;
nevertheless, the disadvantage is that themolecular weights of these polymers cannot
be controlled. Although synthetic polymers can be more toxic than natural polymers,
the process of synthesis offers control in the chemical structure of chains, the func-
tional groups, charge density, molecular weight, and microstructure. Moreover, ionic
groups can be added to the polymer, i.e., polyelectrolytes, and this is important for
the type of dye to remove from water. Hence cationic, anionic, and non-ionic poly-
mers are used for dye removal. Amine- and carboxylic-functionalized polymers are
extensively used. Additionally, acrylates, imines, acrylamide, polyguanidines, and
other acid or basic groups are added to polymer chains.

Polymeric materials have been explored as alternatives to conventional inorganic
alum or toxic metal coagulants. Depending on the chemical structure of the dye
and polymer, polymers can act as both coagulant and flocculant, they trigger the
destabilization of the dye molecules dispersed in the medium, which forms aggre-
gates and flocs, with subsequent precipitation or sedimentation. To reach the forma-
tion of the flocs or micelle-type structures, the dosage, charge, and the size of the
polymer are important factors to control; as well as agitation of the system since it can
break the formed aggregates, very fast agitation is important to reduce the repulsive
forces between the colloids before charge neutralization, and thus the formation of
aggregates is favored [12, 13].

The pre-treatment of wastewater with coagulant/flocculant process followed by
nanofiltration has allowed the water reusability, and the polymeric materials are
easier to treat after the first stage. Otherwise, some studies have shown that the
use of metallic coagulants, e.g., aluminum salts, as coagulant induces the formation
of foulants hard to treat and that are highly toxic, such as aluminum hydroxide or
aluminum derivatives [14, 15]. In contrast, iron and polymeric coagulants are easier
to remove by other cleaning techniques, they are biodegradable or can be reused for
various cycles of filtration.
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Themechanism of dye removal involving polymers can be divided into four types:
(1) electrical double-layer compression; (2) charge neutralization; (3) sweeping; and
(4) adsorption [11, 16]. Table 1 summarizes these four mechanisms.

Furthermore, another way to remove dyes is by the retention in the polymeric
matrix, the binding and attachment of dyes to the polymer depend on the chem-
ical interactions between them. All the processes depend on electrostatic and non-
covalent interactions such as hydrophobic interaction, hydrogen bonding, or the
formation of complexes. For this reason, synthetic polyelectrolytes and natural
polysaccharides are suitably used for water treatment, since they possess hydroxyl
groups and can be manipulated to get charged groups [17, 18]. The selected polymer
is dependent on the dye and they can either be cationic (e.g., quaternary amines),
anionic (e.g., anionic polyacrylamide), or non-ionic (e.g., cellulose).

Adsorption has also been used as a wastewater cleaning method, nanomaterials
made of organic ligands or dye receptors (based on the chemical structure of the
desired dye) [19]. The adsorption mechanism is common for polymers as coagulants

Table 1 Mechanisms of dye removal from wastewater

Mechanism Description

Coagulation/Flocculation Electrical double-layer
compression

For this mechanism, highly charged
ionic coagulants are used. They
disturb the stability of colloids by
changing the ionic strength in the
media, thus the double layer around
the particle collapses, which conduct
to the formation of aggregates by
electrostatic interactions

Charge neutralization In the case of neutralization,
coagulants with different charges are
added to de dispersion. The surface
of colloids binds to the coagulant by
the opposite electrostatic force and it
drives to the neutralization of charges

Sweeping The sweeping is when the dispersed
particles are captured into the matrix
of the insoluble metal hydroxide
(e.g., aluminum or ferric hydroxides)
formed from the hydrolysis of the
metal coagulant. These hydroxides
are formed when alum or ferric
coagulants are added to water

Filtration Adsorption This mechanism is the most common
for polymeric coagulants. The
polymer captures the dye assisted by
the functional groups and forms a
bridge between the molecules. In
consequence, bigger aggregates and
settleable flocs are obtained
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and flocculants; polyaniline and other cationic polymers are useful for the elimination
of colorants from water [20]. The adsorption process is used for the development of
membranes for micro- and nanofiltration, for that, the polymer can be disposed of in
bulk or packed in a column to carry out the absorption process. The physicochemical
properties of the medium such as pH, ionic strength, and the nature of dye are
important to select the method.

Several natural and synthetic polymers are used as adsorbents for the removal of
different dyes; natural carbohydrate-based polymers such as cellulose, chitosan, and
starchworkwith thismechanism. For example,membranes based on polysaccharides
such as chitosan or cellulose have been prepared. The chemical structure of these
biopolymers allows the retention of dyes in a large scale of pH since they have acid or
basic groups [21–24]. The chitosan has been used for the adsorption and coagulation
of several dyes, even sulfonic dyes [25], and it has been grafted with other polymers
to obtain good adsorbents [26, 27].

Conveniently, some lowmolecular weight polypeptides from animals, plants, and
seeds have demonstrated good ability to remove colorants by adsorption, due to their
amphiphilic behavior. Moreover, this type of biomaterials is non-toxic, easy to treat
after the cleaning process, and eco-friendly adsorbents. There are several reviews
and summaries about the use of biopolymers for wastewater treatment [18, 28]. For
example, the aqueous extract of the seed of Moringa oleifera has been tested as
coagulant and adsorbent for the removal of dyes [29] such as azo-dyes [30, 31],
indigoid dyes [32], and anthraquinonic dyes [33]. Even, this extract has shown better
results for dye removal than metallic coagulants, e.g., polyaluminum chloride [34].
Other polymers are obtained from Cassia angustifolia seed, Cassia javahikai seed
gum, mesquite bean, Cactus latifaria, chestnut, and acorn [29, 35–37].

It is worthy of note of not only the chemical interactions the dye keeps anchored
to the matrix but also this retention in the polymeric matrix can also be enhanced
by a porous system, working similar to size exclusion chromatography. Polymeric
membranes in a 3D arrangement are achieved by the addition of cross-linking agents,
to form a network with a reduced free volume between the polymer chains and pores.
Those pores avoid the release of big molecules, thus they are trapped in the sludge
or the waste from polymer, this approach is used for nanofiltration.

The cross-linking of polymers for this purpose has allowed the incorporation of
other useful species to the polymer network, and it can be by supramolecular or
covalent cross-linking. This approach, like the grafting technique, has been used to
combine or add properties of two different polymers to a final material; for example,
natural polymers have been mixed with synthetic ones, ionic liquids with polymers,
organic–inorganic polymers [20], and magnetic nanoparticles with polymers [38,
39]. These types of 3D polymers, hydrogels, and membranes are vastly used for
filtration and nanofiltration as well as for fractionation of salts and dyes.

Nanofiltration (NF) is defined as a pressure-driven method that allows the separa-
tion of solutes from liquid matrixes by size exclusion and charges repulsion (Donnan
exclusion) throughout a semipermeable membrane. The term NF arises from the
scale of separations (0.5–2 nm) that depends on the membrane pore dimensions.



268 M. A. Velazco-Medel et al.

Commonly, there have been two approaches for NF design, those based on poly-
meric matrixes (e.g., cross-linked polymers or polymeric hollow fiber membranes)
and those based on ceramic membranes. For our purposes, we are going to deal with
the former one, those based on cross-linked polymers, their design, and performance
concerning the removal of dyes from wastewater processing.

Technologies based on polymeric nanofiltration membranes were developed at
the end of the 1980´s decade with a broad spectrum of applications, e.g., water
processing [40], plasma pool clarification virus, biomolecules removal [41], or petro-
chemical industries. Recently, it has been documented a growing number of publica-
tions concerning water processing using NF, almost 18% of nanofiltrations concerns
with wastewater processing, replacing reverse osmosis, which has the advantage
of operating at lower pressures [40]. NF employs membranes with a smaller pore
dimension than micro- or ultrafiltration but bigger than in reverse osmosis (RO) with
pore dimension about 0.1 nm. Additionally, NF requires higher pressures (4–10 bar)
than RO and it is effective for solutes with molecular weights of about 100–5000 Da.

Among more important factors to get low-operating costs are the pre-treating
processes to prevent membrane fouling as well as the need of housing them into
appropriate modules that provide porous support for large-scale applications [42].
Membrane performance is characterized by quantifying the key aspects of their
separation mechanisms such as solute rejection, pore dimensions, and permeate flux,
which is related to applied pressure. These factors interplay a compromise between
selectivity and efficiency.

It is worthy of note that in the literature, solute rejection is also taken by the
rejection of total dissolved solids (TDS) or salt rejection, dependingon the application
or solute that is being removed. NF is useful for the removal of divalent or polyvalent
ions (e.g., CaSO4) while monovalent ions such as Na+ and Cl− commonly pass
through.

Concerning wastewater from the textile industry, removal of azoic and basic dyes
is an important application in the research to get membranes with high dye rejection
that enables recycling thewastewater effluents. In aqueousmedia, azoic dyes (coming
mainly from textile industries where they are applied to fibers) are generally anionic
because of the strong acidity of the sulfonic group (pKa values <0), so they are
completely ionized and belong to the acid-dyes class. On the other hand, basic dyes
(coming from cosmetic, food, and paper industries) are cationic species in aqueous
media, e.g., methyl blue, crystal violet, safranin, etc. The differential chemistry of the
solutes pointed out the importance of selectivity properties in NF membrane design.

Although it is possible to calculate performance parameters theoretically like
dye rejection and permeate flux (the flux that passes through the membrane as a
measure of the rate of the process) with a known membrane morphology, it is still
more common to test membrane performance at the lab scale using relative ease
accessible membranes based on cross-linked polymers.

Polyetherimide (PEI) is a thermoplastic with strong absorption properties has
been the base of several cross-linked membranes for NF in water media. Their
cross-linked structure withm-phenylenediamine (MPD) has been obtained for which
the studied parameters were doped solution composition and cross-linking time as
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well as dye concentration upon membrane performance, resulting in increased dye
rejection when the acetone concentration in dope solution was maximized. The best
performancewas reachedwith cross-linkedmembrane composition PEI: 15, acetone:
20 wt%, and 10 min of cross-linking time. This membrane showed 98% of dye
rejection of Reactive Red 120 at 1500 ppm with an operating pressure of 4 bar. The
increasing membrane performance with acetone content in the dope solution was
related to a tighter membrane [43]. Figure 1 shows a typical procedure for testing
membrane dye removal by NF.

Interestingly, PEI also has been used to make composite membranes by interfa-
cial cross-linking with nylon for selective removal of anionic dyes. As an example,
an inspired membrane inspired on thin-film composite (TFC) for RO and NF has
been reported by amidation of PEI with trimesoyl chloride over nylon support.
This composite membrane works selectively at pH = 3 by electrostatic interac-
tions between positively charged PEI chains and anionic dye Sunset Yellow. The
membrane can be regenerated at alkaline pH values and works at very low pressures
compared with NF (only 0.01 bar) affording to permeate flux of about 10 L/m2 h bar
[44].

Fig. 1 Schematic setup for
nanofiltration of dye aqueous
solution
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As shown above, the mechanism for dye rejection can be driven not only by size
exclusion but also by electrostatic partitioning also known as Donnan exclusion.
Thus, the design of positively charged membranes has played emergent attention
given cationic charged solutes. In this regard, composite NF membranes have been
obtained using PEI for cross-linking polyimide (PI). The resulting NF membranes
have ortho-diamide groups with free amine groups available for protonation even at
neutral pHvalues [45, 46]. However, cross-linking conditions are difficult to optimize
in view that mechanical properties of the membranes can be damaged, which has
driven to the cross-linking only at the surfaces of flat-sheet membranes efforts.

In this concern, substituting PI with Torlon® polyamide-imide (PAI) has shown
advantages due to its superior mechanical properties as well as its pH stability. This
NF membrane showed good dye rejection performance (>95%) toward basic dyes
(Methylene Blue, Janus green B, methyl green, Alcian Blue 8GX) with a molecular
weight ranging from 319 to 1300 Da [47]. Regarding synthetic details, it was found
that stirring speed (500 rpm) at 70 °C for 80 min in cross-linker solution played a key
role in successful surface functionalization. The cross-linked membrane showed a
marked decrease in molecular weight cut-off (MWCO, defined as the lowest molec-
ular weight retained at 90% by the membrane) from 17,520 Da in the parent non-
cross-linked PAI to 458 Da in the cross-linked membrane, as well as a change from
anionic to the cationic character.

More recently, ethylenediamine (ED) has been used as a cross-linking agent in
PEI-based membranes. The resulting cross-linked membrane was obtained as a flat-
sheet membrane by phase immersion method from dope solutions with 20% of
acetone. Afterward, the membranes were submerged in ED 2.5% (v/v) methanolic
solution by 30 min. The best performance was obtained when using PEI at 16% in
dope solution (if raised to 17% the water permeation results too low to be practical).
At 2.8 bar pressure and using themodel azoic dye Reactive Red 120 (RR120), 98%of
rejection was achieved compared with 84% for the pristinemembrane. This work has
underlined the sensitivity of the performance to polymer content in dope solutions,
being significant variations even at 1% [48].

Li et al. prepared another loose nanofiltrationmembrane by coating onto a conven-
tional ultrafiltrationmembranemade of polyethersulfone (PES); themixture solution
for coating was obtained by aqueous cross-linking between tannic acid (TA) and PEI.
The resulting modified membrane (PEI-TA/PES) demonstrated good efficiency for
the fractionation of inorganic salts and Congo Red. Moreover, it showed high perme-
ability (40.6 LMH·bar−1 for 0.1 g/L Congo Red), high rejection to dye (99.8%) as
well as low rejection towardNaCl andNa2SO4 (below10%). The salts passed through
the membrane and it allowed the good separation of those inorganic salts and the dye
[49].

Another approach to get composite membranes has been developed by grafting
cross-linked polymers on porous supports of polysulfones (PSf). In this approach,
interfacial polymerization using piperazine (PIP) and trimesoyl chloride (TMC) has
been the monomers to get the polyamides (PA). Interestingly, PSf supports have a
MWCO of about 30,000 Da, this was reduced to 500 Da after coating it with cross-
linked PA, which produces good NF performance in dye rejection toward Direct Red
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81, Direct Yellow 8, and Direct Yellow 27. However, this method based on coating
of porous PSf showed a disadvantage of membrane fouling, thus, pre-treatment with
coagulant agents like ferric chloride of the dye solutions is necessary [50].

Regarding NF, polyvinyl chloride (PVC)-based membranes have received less
attention compared with PEI, PI, or PAI-based membranes due to their flexible
chains and their putative low resistance to high pressures used in NF. However,
it has been reported the synthesis of the copolymer with of PVC and poly(N,N-
dimethylaminoethyl methacrylate (PDMA, 31.1 wt%), resulting in a PVC-graft-
PDMA in which ulterior cross-linking with XDC/n-heptane (2 wt%) yielded a posi-
tively charged membrane with a quaternization degree of 27.8%. Despite the lack of
tests of dye rejection tests in this study, thismembrane showed excellent salt rejection
of MgCl2 by Donnan exclusion mechanisms, which make cross-linked PVC-based
membranes promissory for NF [51].

2 Cross-Linked Polymers Based on Natural and Synthetic
Polysaccharides: Starch, Chitosan, Cellulose,
and Cyclodextrins

The utilization of synthetic polymers and other systems such as composites including
carbon nanomaterials and solid-statematerials for the absorption of dyes is often very
effective and represents many advantages in favor of other purification methods for
the elimination of dye and related pollutants from the pigment and printing industries.
Nevertheless, these systems have a series of disadvantages, which include a high
cost of production and implementation, synthetic procedures that are also polluting,
and the difficulty of disposal of the purification systems once they have been used
(since they may not degrade easily and cause secondary contamination). For the
aforementioned, systems for dye substrates removal based on natural resources have
been developed which can be effective dye removal substrates, but also come from
natural sources. One of the most popular choices for such substrates is the system
based on polysaccharides [52–55].

Starch, chitosan, and cellulose are the three most abundant polysaccharides
derived fromnatural sources, their abundance due to their presence inmanybiological
systems such as plants and animals. The structures of these three natural polysac-
charides are shown in Table 2. As a reference to the reader, the key characteristics
and differences in the structures of these polysaccharides are presented in this table
[52, 53, 56].

Even when these polymers are very abundant, the derivatization of these systems
is not a trivial task, mainly due to synthetic limitations such as solubility. These
polysaccharides are not readily soluble in most solvents used in polymer synthesis
because of their rigid structures with high crystallinities (due to hydrogen bonds);
therefore modification and cross-linking reactions often need to be carried out on
unconventional solvents or solvent mixtures that may interact with these hydrogen
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Table 2 Characteristics of the three most common natural polysaccharides used as cross-linked
dye removal systems

Polysaccharide Cellulose Starch Chitosan

Chemical
composition

Composed of two repeating
units of β-D-glucose bonded
between carbons 1 and 4
through an alpha glycosidic
bond

Composed of
two different
polymeric
substructures:
-Amylose:
repeating units
of α-D-glucose
bonded
between
carbons 1 and 4
through an
alpha
glycosidic bond
-Amylopectin:
repeating units
of α-D-glucose
bonded
between
carbons 1 and 4
with branched
with
α-D-glucose
units between
carbons 1 and 6
through alpha
glycosidic
bonds

Composed of randomly
organized repeating units of
β-D-glucosamine and
N-acetyl-D-glucosamine.
Chitosan comes from the partial
deacetylation of chitin, another
natural polysaccharide that is
composed of repeating units of
β-D-glucosamine bonded
between carbons 1 and 4 through
a beta glycosidic bond

Repeating unit

Natural source Present on the cell wall of
all green plants and some
algae. Cellulose is the most
abundant natural polymer
on earth. Cellulose may also
be used on derivatized
forms such as
carboxymethylcellulose
(CMC) or hydroxypropyl
methylcellulose (HPMC)

Present as an
energy storage
source for
plants and
algae. Starch is
therefore
extensively
present on food
products

Chitosan comes from the partial
deacetylation of chitin. Chitin is
the main component of cell walls
on fungi, and it is also present in
the shells of many crustaceans
and insects
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bonds such as NaOH/urea and ionic liquids [56, 57]. As such, many of the synthetic
procedures for cellulose, starch, or chitosan have strong similarities between them.
Mainly, the cross-linking and modification of these polysaccharides are performed
by one of the following methods:

• Physical cross-linking through weak interactions (supramolecular forces)
• Chemical cross-linking through chemical reactions with cross-linkers
• Chemical cross-linking and grafting of functional molecules
• Formation of interpenetrated polymeric networks (IPNs) or semi-interpenetrated

networks (semi-IPNs).

Despite the great similarity of these polymeric systems these polymeric systems,
from the fact that the three are composed of glucose-derived building blocks, to
the fact they might be modified with similar synthetic procedures; the key differ-
ences between these systems are very crucial in the development of systems for
dye absorption. Therefore, in the following subsections, examples of cross-linked
systems derived from, consisting of, or containing these polysaccharides will be
presented highlighting their key advantages and characteristics.

On the other hand, polymeric cross-linked systems based on cyclodextrins (CDs)
also will be discussed. CDs are synthetic cyclic glucose oligomers obtained from
starch degradation by hydrolases [58]. They have been used in membrane science as
well as in chromatography due to their enzyme-like properties, chirality recognition,
their capability to form inclusion complexes as well as the possibility to get modified
and cross-linked CDs for membrane design [59].

2.1 Cross-Linked Systems Based on Cellulose

Cellulose is arguably the most important natural polymer for the production of
systems for dye removal, probably because cellulose and its derivatives are the
most abundant polymers in nature. Research on cross-linked cellulose systems for
dye removal started in 1970 where the uptake of dyes cross-linked celluloses was
studied as a means of improving the staining of these cross-linked cellulosic mate-
rials [60, 61]. However, the utilization of cross-linked cellulose materials for the
removal of dyes started being an important topic around 2009, where research on
hydrogels of carboxymethyl cellulose (CMC) and hydroxypropyl cellulose (HPC)
was performed. One of these examples is presented as a testament to the remark-
able advances in this field. In 2009, CMC was cross-linked and functionalized with
poly(vinyl alcohol) using ionizing radiation, obtaining a material that was tailored
for the absorption of anionic dyes such as Acid Green B, Ismative Violet 2R, and
Direct Pink 3B with absorption capacities of around 30 mg/g [60]. After these devel-
opments, rapid advances on dye uptake by cross-linked cellulosic materials were
performed; therefore, in this subsection, some of these developments are presented.

As a first example in which a cellulose-modified substrate was evaluated against
cationic MB is the research performed by Zhou and collaborators in 2011 in which
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they investigated the possibility of modifying cellulose with grafts of polyacrylic
acid (PAAc) using phosphoric acid as a solvent for cellulose. PAAc was used as
a modifier for cellulose as a way of obtaining a superabsorbent hydrogel system
based on cellulose. The synthetic procedure involved the dissolution of cellulose
on phosphoric acid followed by cross-linking polymerization reaction with N,N’-
methylenebisacrylamide, andAPS as initiator, followed by a grafting polymerization
reaction of acrylic acid (AAc). These hydrogels demonstrated the ability. This study
demonstrated that the dye-absorption capability of the materials is dependent on the
amount of poly(acrylic acid) graft present on the samples, which is probably related
to the amount free of carboxylic acid groups on the sample. This was corroborated
with adsorption testing in different pH conditions, having poor absorption at low pH
as expected (carboxylic acid groups are on their protonated below their pKa value
of approximately 4) [62].

Another recent example that is worthy of mentioning is the production of
nanocrystalline nanogels formed of cross-linked cellulose for the removal of cationic
dyes byLiang and collaborators. In thiswork, the research groupdeveloped amethod-
ology for producing chemically cross-linked aerogels composed of poly(methyl vinyl
ether-co-maleic acid), poly(ethylene glycol), and nanocrystals of cellulose through
freeze-drying with liquid nitrogen and curing at 90 °C. In this series of studies, the
authors evaluated the ability of this system in retaining Methylene Blue (MB) dye
determining that these systems can adsorb up to 116.2 mg/g of MB. Additionally,
the authors determined that these systems may be reusable up to five cycles of dye
removal without losing efficiency [63, 64].

Another example, a system that also profits from the properties of nanocrystalline
cellulose while also combining it with the benefits of chitosan (refer to the chitosan
subsection) was produced in 2016. To modify nanocrystalline cellulose (NCC), an
oxidation reaction with periodate and chlorite ions was performed to yield NCCwith
carboxylic acid and aldehyde moieties. A representation of this system is shown in
Fig. 2. This procedure was followed by a cross-linking reaction via imine formation
with carboxymethylated chitosan. In this study, the materials were characterized
with a great variety of techniques such as conductimetric titrations, solid-state 13C-
NMR, AFM, SEM, porosity measurements, and adsorption isotherms. This system
demonstrated excellent capabilities for dye adsorption (785 mg/g of MB) while also
maintaining good behavior after several cycles of use [65].

A final recent example was the modification of CMC with a similar methodology
in which the cellulosic material was oxidated to form dialdehyde moieties, which
could later be cross-linked with gelatin for the removal of dyes such as Rhodamine B
and Methyl violet. This system was crafted as an alternative dye-removal substrate,
which was only composed of biopolymers and could also be mechanically stable and
biodegradable [66].
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Fig. 2 Cross-linking via Schiff base formation of nanocrystalline cellulose using carboxymethy-
lated cellulose [65]

3 Cross-Linked Systems Based on Starch

Similarly, to cellulose, starch is a natural polymer derived from glucose, which is
mostly present in plants. However, the difference between cellulose and starch is
that the latter is a combination of a linear polysaccharide (amylose) and a branched
polysaccharide (amylopectin) while the former is a linear polysaccharide; therefore,
the characteristics and behaviors of both polymers in the macroscale differ consid-
erably. Due to the branched structure of starch, its capabilities of adsorbing and
retaining chemical compounds are higher than that of cellulose: therefore, the use
of cross-linked starches for the removal of dyes predates the use of cellulose [53,
67]. One of the first examples of starch systems for dye removal was developed in
2002, where Delval and collaborators produced a cross-linked starch substrate using
epichlorohydrin (Fig. 3) in the presence of ammonium hydroxide as a cross-linker. In
this early study, the absorption capabilities of the produced systems were evaluated,
and it was verified that dye adsorption is dependent on the number of ammonium
groups present on the polymer [68]. It is important to mention that epichlorohydrin is
a very important cross-linker for the production of starch and even chitosan systems,

Fig. 3 Chemical structure of epichlorohydrin, a very important cross-linker for starch and chitosan-
based systems
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and as such, the original protocol described by Simkovic et al. is presented here as
a reference to the reader [69].

A more recent example of starch-based materials for the removal of dyes, a 2006
study reported the behavior of a specially crafted cross-linked starch-containing both
carboxylate groups and quaternary ammonium ions in its structure for the adsorption
of both cationic and anionic dyes (Acid Red G, acid Light Yellow 2G, methyl green,
and methyl violet). In this study, the effect of pH, times, concentration of dyes were
evaluated allowing to obtain adsorption isotherms and kinetic parameters [70].

In 2019, Zhang Hao and collaborators developed a cross-linked starch system that
was cross-linked using epichlorohydrin and containing γ-cyclodextrin by immobi-
lization by esterification. This system was evaluated as an alternative for adsorption
of MB, methyl purple (MP), and congo red (CR) as model anionic and cationic dyes
in complicated matrices intended to emulate real conditions of adsorption (referred
by the authors by dyestuff). The materials showed improved absorption of these
three dyes compared with both cross-linked starch, and other absorbents such as
diatomite and zeolite. Additionally, cyclodextrin containing starch showed improved
stability to biodegradation; therefore, improving the durability of the material while
not compromising its biodegradability [71].

A final example in which starch was modified to improve its capabilities of
removing dyes was the research by Janaki and collaborators. In this work, maize
starch was modified with polyaniline produced in situ by the oxidative polymer-
ization of aniline with ammonium peroxydisulfate forming a cross-linked material
due to hydrogen bonds (Fig. 4). In this study, the removal of dyes such as Reactive
Black 5 and Reactive Violet 4 was studied in different conditions, in particular, it
was interesting that the uptake of these dyes was possible at low pH, this is because
amine groups of aniline are charged at low pH in contrast to carboxylic acid-based

Fig. 4 Starch cross-linked with polyaniline via hydrogen–bond interactions
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adsorption, which occurs at higher pH values with high effectiveness. Additional to
this, the authors of this study verified that the adsorption of the dyes was due to ionic
interactions [72].

It is important to mention that although these selected examples present an
overview of the chemistry of cross-linked starch, there are many examples of func-
tionalization and cross-linking of starch to obtainmaterials capable of dye absorption
and other applications, as a reference to the reader, some of these works as well as
some extensive reviews are presented as a conclusion to this subsection [53, 73–78].

4 Cross-Linked Systems Based on Chitosan

As it may be notable, chitosan is the only of these three polymeric systems (and
cyclodextrins for that matter) that is not composed of repeating units of glucose; in
contrast, the remarkable functional group present in chitosan is the amine group of
glucosamine. The presence of this functional group in particular because, due to its
acid–base properties, it has a positive charge at neutral pH (the amine group becomes
an ammonium group below its pKa of around 9); therefore, in most conditions,
chitosan is a positively charged polymer. With this in mind, chitosan systems are
particularly effective with the adsorption of negatively charged species like anionic
dyes [56, 79–82].

The first interesting example is a 2003 paper byM. S. Chiou and H. Y. Li in which
they first produced chitosan beads that were then cross-linked using epichlorohydrin
and NaOH or glutaraldehyde in aqueous conditions. The adsorption capabilities of
this substrate were evaluated by batch adsorption assays against reactive red 189 and
by evaluating the effect of pH and temperature on the absorption of this dye [83].

In another important example of chitosanmodification, an interpenetrated network
composedof chitosan chains andpolymerized acrylamide.Thismaterial is interesting
because it profits from the adsorption capabilities and abundance of chitosan as a
polysaccharide, while also providing rigidity to the matrix by forming the interpen-
etrated network with poly(acrylamide). This interpenetrated network was formed by
cross-linking acrylamide with N,N’-methylenebisacrylamide, and glutaraldehyde as
cross-linkers (Fig. 5). This material arranged in cylinders was demonstrated to be an
effective substrate for the absorption of EY-4GL Yellow and S-Blue in complicated
matrixes [84].

In a recent example a combination system in which chitosan was integrated onto
activated carbon and cross-linked with epichlorohydrin. This composite system was
synthesized by dissolving chitosan into acetic acid and mixed with activated carbon
and then cross-linkingwith epichlorohydrin andNaOH. In this work, the surface area
of the materials was characterized by N2 adsorption and desorption, the crystallinity
was evaluated using X-ray diffraction. Additionally, SEM was used to visualize
the materials before and after adsorption, FTIR to verify the presence of certain
functional groups. As in other studies, the adsorption capabilities of this polymer
against thionine were evaluated concerning pH, temperature, and contact time [85].
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Fig. 5 Chitosan-polyacrylamide interpenetrated network

A final example of chitosan as a cross-linked matrix is a 2017 paper by Martina
Salzano de Luna and collaborators. In this work, the authors wanted to investigate
if the inherent absorption capabilities of chitosan could be enhanced by producing
porous hyper cross-linked polymer particles that could entrap cationic and anionic
dye molecules onto its pores. These substrates were produced by the hyper cross-
linking reaction inwhich poly(VBC-DVB) is synthesized as a cross-linking precursor
with the capability of cross-linking several times through Friedel Crafts reactions to
form a hyper cross-linked resin, which was then mixed with chitosan to form a
hydrogel. These materials were shown to be effective in dye adsorbing with different
chemical structures such as Indigo Carmine, Rhodamine 6G, and Sunset Yellow
even after several adsorption–desorption cycles while having improved mechanical
performance when compared with chitosan and good and thermal stability [86].

5 Cross-Linked Systems Based on Cyclodextrins (CDs)

CDs have been known for more than 100 years but until the 1980s when the first
applications in the food and pharmaceutical industry scale-up CDs research and
production at industry levels. This led to the synthesis of pure native CDs, which are
cyclic oligomers of glucose bonded by α-1,4 glycosidic bonds. They are called α-
CD, β-CD, and γ-CD depending on the number of bonded glucose units (Fig. 6) and
have characteristic toroidal shapes with hydrophobic central nanocavities capable to
host small molecules due to their cage-type shape. CDs’ surface shows hydrophilic
properties surface due to the pointing outside OH groups.
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Fig. 6 Native CDs form starch degradation, α-CD (six glucose units), β-CD (seven glucose units),
and γ-CD (nine glucose units)

Concerning materials with dye removal applications, cross-linked CDs have been
implemented in membranes and adsorbents materials. The formers have the advan-
tage of high dye removal properties when implemented in nanofiltration, as well as
high regeneration capacities, but they are not always suitable from the cost operation
point of view. On the other hand, adsorbent materials have arisen as an alterna-
tive due to their low cost of production and operation. However, typically adsor-
bent materials show either lower regeneration capabilities or lower dye removal
capacity than membranes for nanofiltration (NF) [87]. Both will be discussed here
with representative examples.

Among the most used methods to get flat sheet and hollow fiber membranes
base on cross-linked CDs is phase inversion followed by cross-linking process and
interfacial cross-linking [88]. For example, composite porous membrane based on
β-CD and supported on a microfiltration nylon membrane (average pore size =
0.45 μm) has been reported to take advantage of mass transport in porous support
without the need for high pressures. Nylon porous membrane was submerged in
alkaline aqueous solution containing β-CD (0–0.14%) to get dip-coated membrane.
After drying by evaporation, the cross-linking process was achieved by the addition
of trimesoyl chloride (TMC, 0–2%) in hexane at 60 °C. The composite membrane
showed rejection of bisphenol (BPA, a waste reagent in dye and plastic industry) with
a feed solution of 10 mg L−1 and permeation flux of 80 L m−2 h −1. The N element
content on the pristine composite membrane was 11.3%, while a marked drop to
0.9% in N composition was confirmed by XPS surface analysis after cross-linking
process [89].

The use of ceramic membranes (Al2O3) to support polymeric systems has also
been reported concerning water purification from monocyclic aromatic hydrocar-
bons by sorption. For example, sylation of β-CD (60–70%) and subsequent sol–gel
reaction yielded cross-linked triethoxysilylated cyclodextrins on the ceramic Al2O3

surface. Subsequent hydrolysis to silanols and thermic treatment yielded a siloxane
network on the surface of the organic–inorganic filter. This membrane showed a
higher affinity toward lipophilic pollutants than ceramic materials and high rejection
of organic pollutants of low molecular weight, like those proceeding from textile
finishing industries, i.e., dye color fixation process. [90].
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Cyclodextrin solute complexation often improves the absorbency properties of
the membranes. Poly(vinyl alcohol)/glutaraldehyde membranes have been modified
by embedded β-CD to obtain membranes with high sorption of methyl orange, and
MethyleneBlue (MB)dyes. Theβ-CD is not covalently bonded toPVAbutmixed into
matrix polymer. With 8% β-CD, a maximum of adsorption capacity was obtained.
Also, the swelling ratio increased from 58 in PVA/GA to 100% in PVA/GA/ β-CD,
which indicates the more hydrophilic character of the modified membrane and their
capability to promote interaction of non-polar MB with the nanocavity of β-CD.
Additionally, the pH value controls the adsorption process since the surface charge
of the polymer resulted in a pH function. In this case, the MB adsorption process
is favored in an acid medium in which the PVA/GA/ β-CD membrane is stable and
also shows regeneration capacities after one cycle of use [91].

Interestingly, the use of CDs in cross-linked polymers has also been applied
to obtain insoluble nanofibrous membranes. β-CD functionalized with polyvinyl
pyrrolidone (PVP) has been cross-linked using glutaraldehyde, an excellent cross-
linking agent for CDs, by electrospinning preparation. The sorption experiments
showed methyl orange adsorption (39.82 mg per gram of membrane) providing an
alternative to traditional filtration technologies for dye removal fromwastewater [92].

Recently, a gelatin/β-CD composite fiber has been reported. Gelatin is a type
of protein produced by the hydrolysis of collagen, and its composites typically
show excellent mechanical strength. The gelatin/β-CD composite was cross-linked
with glutaraldehyde showed high removal capacity of MB, Basic Fuchsin, Brilliant
Blue R, and Malachite Green dyes. After nine cycles of use, the fibers showed high
adsorption efficiency. Figure 7 shows a schematic representation of the Gelatin/β-CD
composite fiber in which is clear that the cross-linking agent can bind CDs units and
gelatine polymer as well as gelatine chains [93].

Concerning the design and synthesis of polymers for sorption of anionic azo
dyes, CDs and starch have been cross-linked with hexamethylene diisocyanate
(HMDI), yielding insoluble resins. Host–guest interaction involving inclusion
complex between β-CD and the azo dyes plays a key role in the mechanism of

Fig. 7 Gelatin/β-CD composite fiber
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dye removal from wastewater. These resins showed a high capacity for the removal
of azo dyes, e.g., Direct Violet 51, Tropaeolin 000 (Orange II), and methyl orange
[94].

More recently, a porous β-CD polymer containing carboxylic acid groups was
obtained and tested as a sorbent of cationicMB,obtaining adye removal of 672mgper
g of material. The results were interpreted in terms of triple effects in the mechanism
of sorption; inclusion complex with β-CD, the porous network of the cross-linked
polymers, and the electrostatic attraction between the cationic dye and the negative
carboxylate groups of the polymer [95].

6 Polymeric Composites and Synthetic Polymers

On the other side, some blends, composites, and mixes are used as an alternative
for the preparation of adsorbent membranes. Some of the most common are the
polymer–metal coagulants, which have been demonstrated to be efficient as adsor-
bents in the cleaning water process, with a remotion of almost 90% of dyes in a
solution [13]. Additionally, the combination or modification of these components
allows the decreasing of the dosage of the metal coagulant reducing toxicity. Other
hybrid materials and composites have been prepared for dye removal [39, 96], the
combination of carbon nanomaterials, inorganic polymers [49], magnetic particles
[39], and natural compounds has been tested. Carbon nanotubes and graphene oxide
(GO) have demonstrated good performance for dye removal [97], and magnetic
nanoparticles aid in the elimination of heavy metals and anionic dyes by coagulation
[98].

In the case of carbon nanomaterials, GO has been mixed with natural or synthetic
polymers to obtain adsorbents for dyes. Abdi et al. modified conventional PES
membranes with magnetic graphene oxide sheets. They prepared a hybrid material
based onmagnetite (Fe3O4), metformin, and GO (metformin/GO/Fe3O4), and then it
was introduced into the PES. The resulting material was able to remove copper ions
by the interaction of Cu2+ with the primary and secondary amines in the metformin;
and the azo dye, Direct Red 16, was retained by supramolecular interactions, π–π
stacking with GO phenolic groups, and hydrogen bonding between carbonyl and
amine groups. The membrane performance was not been affected, it maintains the
water flux and the removal capacity with the addition of only 0.5 wt% of the hybrid
material (metformin/GO/Fe3O4) [99].

Besides, polysaccharides have been mixed with GO for the removal of dyes;
for example, Song et al. prepared a composite made of phosphorylated chitosan
(PCS) PCS-GO by grafting deposited onto polyacrylonitrile (PAN) membranes
(PSC-GO/PAN). By covalent immobilization of the chitosan derivative onto the
GO surface, the separation performance for anionic dyes including Direct Black
38, Ponceau S, Xylenol Orange, NaCl, and Na2SO4, was successful. Additionally,
the PSC-GO/PAN NF membrane showed a good technique for the treatment of salty
anionic dye solutions with antifouling performance [100].
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For crystal violet removal (cationic dye), a composite made of GO and polysac-
charide hydrogels were tested for [101]. The GOwas functionalized with amacroini-
tiator to obtain free vinyl groups on the surface of GO, subsequently, the hydrogel
was cross-linked using the modified GO as a cross-linking agent. The final cross-
linked hydrogel was synthesized by mixing (Acrylic Acid)-co-(2-acrylamido-2-
methylpropane sulfonic acid) poly(AAc-co-AMPSA) and xanthan gum (anionic
polysaccharide) with the previously modified GO. The cross-linked hydrogel was
disposed of as a column for filtration with a successful separation of CV, by hydrogen
bonding and π–π stacking with the hydrogel and the GO sheets. Additionally, the
material demonstrated good performance by eliminating almost 99% of the dye at
neutral pH, and good reusability (useful for 20 adsorption–desorption cycles) [101].

The grafting approach has allowed the incorporation of virtually any material
onto a surface, the last examples used this technique to enhance the versatility and
performance of membranes for filtration and separation of salts and dyes. AAc has
been employed to remove cationic dyes by complexationwith the carboxylate groups.
Gamma radiation has been used to achieve cross-linked polymeric matrixes, and
to modify surfaces; hence, it allowed the fabrication of hydrogels and membranes
for dye removal. Dafader et al. made the modification of cotton (cellulose) with
AAc (AAc-g-cotton) in aqueous media by grafting technique, the final material was
tested for the adsorption of a cationic dye, MB. The authors suggested that the
retention of the dye is due to electrostatic (ionic) interaction between the cationic
group of MB and the anionic group (COO−) of AAc-g-cotton. It is also found that
dye adsorption increases with increased concentration of dye in aqueous solution, the
material showed an adsorption capacity of 16.89 mg/g at room temperature [102].

Additionally, hydrogels have shown good adsorbent behavior through colorants
and pollutants from textile water. PAAc has demonstrated ability to remove cationic
dyes, since the carboxylate groups. Another hydrogel prepared by gamma radiation
showed high adsorption of MB when the contact time with the colored water and the
adsorbent dosage is increased. The poly(vinyl alcohol)/acrylic acid/poly-4-styrene
sulphonic acid hydrogel (PVA/AAc/PSSa) exhibited a removal efficiency at neutral
pH condition and it showed a reusability of four cycles [103].

As well as other polysaccharides, pectin has been combined with AAc to synthe-
size hydrogels for MB removal. Abdullah et al. used gamma and microwave (MW)
radiation to obtain pectin-based hydrogels. The pectin was extracted from the dragon
fruit peel waste (Hylocereus polyrhizus), and two different hydrogels were obtained,
the first using MW polymerization and the second by gamma rays. Both hydrogels
exhibited excellent performance in absorbing aqueous solution (tested by swelling)
and MB in alkaline medium, although, the hydrogels prepared using gamma radi-
ation showed better performance with about 45% of absorbency with 20 mg of the
sample [104].

Also, azo dyes can be removed using hydrogels, it totally depends on de-chemical
structure of the polymer and dye. Methacrylates, similar to acrylates, have been
used to prepare adsorbent hydrogels. Hydrogels from 2-hydroxyethylmethacrylate
(HEMA), methacrylate derivatives, and PVAwere synthesized by Gupta and Sadegh
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group in 2015 as an adsorbent for the removal of Malachite green and Congo Red at
pH 9 [105].

As a final example of synthetic polymers being used for this mean, a 2018 paper
by Hernandez–Martinez and collaborators dealt with the synthesis of a cross-linked
systemusingN,N-dimethylacrylamide and2-hydroxyethylmethacrylate usingAIBN
as a polymerization initiator in an inert atmosphere. This workmeasured the swelling
capabilities of these materials obtaining outstanding swelling in a couple of hours
and uptakes of MB up to 30–40 mg/g at high concentration of dye on the initial
solution [106].

7 Conclusion

The extensive use of dyes in a variety of industries and their incorrect disposal pose
a serious threat to both the environment and human health due to concerns about the
safety of the dyes once they entered water sources. The solution for this effect has,
in recent years, developed from a handful of techniques, which, although effective,
were costly, not as effective, or even generating secondary pollution. Nowadays,
there exist the possibility of designing functional polymeric systems for removing
dyes and related pollutants from water sources through cleaner and more effective
methods profiting from the chemical composition of novel polymer systems, which
are both derived from classical chemical synthesis and the derivatization of existing
natural polymers. In the future, the utilization ofmore advanced systems that combine
mechanisms like size exclusion, supramolecular interaction, and electrostatic forces
will probably arise as means of effective wastewater purification for both dyes and
many other pollutants.
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Ceramic Nanocomposite Membranes
for Dye Removal
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Abstract Due to their complex aromatic molecular structure, dyes persist in the
aquatic environment and pose severe environmental and human health risks. To
reduce the risks, it is important to treat dye-contaminated wastewater before it is
discharged into waterways. A number of treatment methods have been used for
dye removal from wastewater. Most of these processes produce large quantities
of toxic sludge and are expensive. In this regard, membrane separation processes
represent an alternative process for the treatment of dye-contaminated wastewater.
Because of their low energy demand and low environmental footprint, membrane
separation has been widely used in wastewater treatment. Membrane processes
such as microfiltration, nanofiltration, reverse osmosis and ultrafiltration are effi-
cient in wastewater treatment. Although polymeric membranes are more widely
used, ceramic membranes can extend the scope of application to address chal-
lenges such as chemical andmechanical stabilities, fouling and lifespan. Specifically,
ceramicmembranes possess good chemical stability, exceptional mechanical proper-
ties, thermal stability and a long lifespan. Themajor disadvantage ofmembrane sepa-
ration technologies is fouling, which results in variations in selectivity and a decrease
in permeate flux. Consequently, the efficiency of the separation process declines. To
mitigate membrane fouling, several mechanical and/or chemical cleaning strategies
are frequently used. These cleaning procedures are, however, likely to damage the
membrane structure, particularly in polymericmembranes. For this andother reasons,
the interest on the application of inorganic and, specifically, ceramic membranes has
increased. This chapter summarizes: (1) the synthesis and fabrication of ceramic
membranes, (2) their structure and properties and (3) their subsequent application in
dye removal.
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1 Introduction

Aquatic systems are polluted by a range of geogenic and anthropogenic chemical
compounds that include toxic metals, a variety of organic compounds, pathogens
and dyes. Dyes are particularly problematic due to their capacity to cause aesthetic
pollution even at low concentrations. In addition, they reduce the penetration of
sunlight into water, resulting in reduced photosynthetic activity by aquatic plants.
This in turn reduces the oxygen concentration of water, and can result in stress and
ultimately death of biota. The human health and environmental hazards associated
with organic dyes inwastewater such as allergies, carcinogenic andmutagenic effects
and phototoxicity have beenwidely studied [1].Onemajor source of dyes into aquatic
systems is the textile industry. Textile dyeing processes pose an environmental risk
due to the large volumes of water used and the subsequent discharge of dye- and
chemical-laden effluent [2]. In addition, the composition of textile effluents varies
widely owing to the changing characteristics of the textile products and the various
processes involved, making its treatment challenging (Alventosa-deLara et al. 2014).
Due to increasingly strict regulations on the pollutant concentrations in industrial
wastewater, it is essential to remove the pollutants from wastewater before emitting
it into the environment [3].

Several remediation strategies for dyes such as conventional water treatment,
adsorption, biological treatment, and other methods such as advanced oxidation
processes or electrocoagulation have been reported, but most are limited by high
costs, poor decolourization efficiencies at large-scale operation and the generation
of toxic sludge [2, 4]. Besides these disadvantages, the use of chemicals potentially
generates carcinogens and toxicants. Moreover, conventional water treatment tech-
niques cannot efficiently remove dyes, while advanced treatment technologies are
complex. In view of this, there is a need formore cost-effective, efficient and effective
water treatment methods that use simple and inexpensive technologies.

The discharge of dyes into waterways can be reduced through cleaner produc-
tion strategies such as membrane separation, which can be used to recycle dye
wastewater as a useful resource [4]. Membrane technologies, such as nanofiltration
(NF), reverse osmosis (RO) and ultrafiltration (UF), have been successfully used
to decolourize dye effluents, and are cost-effective while reducing water demand
through water recovery [2]. Furthermore, because they possess high separation effi-
ciency, membranes have been widely applied in food industry, gas separation, petro-
chemical industry, pharmaceutical industry and wastewater treatment [5]. However,
mostmembranes lack the necessary durability or performance upon exposure to solu-
tions of organic compounds. The development ofmembranes designed for use in such
severe environments has been stimulated by interest from industry and research [6].

Membrane installation requires process stability, reduced pretreatment and
minimal maintenance [3]. Compared to polymeric membranes, ceramic membranes
can meet this demand owing to their superior chemical, mechanical and thermal
properties, making them suitable for harsh operating environments. In this regard,
interests in ceramicmembranes for the treatment of dye effluents are rapidly growing
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[1]. Ceramic membranes are mechanically, thermally and chemically robust, and can
be applied in various configurations as stand-aloneunits, or integratedwith other tech-
niques to enhance removal. Moreover, these membranes produce a permeate of high
quality, can use steam sterilization and back flushing, high abrasion resistance, high
flux, bacterial resistance, can potentially be regenerated and stored under dry condi-
tions following cleaning and has a smaller environmental footprint [3]. However,
stand-alone membrane processes may not adequately remove organic pollutants.
Further, the occurrence of membrane fouling reduces the flux and lifespan of the
membrane, and strategies for its reduction deserve further research [1].

The major precursors for the fabrication of ceramic membranes are clay or related
metal oxides and pore-forming sacrificial fugitive materials. A range of processes
have been used to fabricate ceramic membranes and high-performance membranes,
which provide for submicron filtration of polluted water in delicate aquatic systems.
Other studies have reported the use of nanocomposite ceramic membranes, and
photocatalytic ceramic membranes with varying dye removal efficiencies. This
chapter summarizes: (1) the synthesis and fabrication of ceramic membranes and
(2) their subsequent application in dye removal.

2 Membrane Technologies

Membrane processes are environmental friendly and efficient as the separation is
primarily based on size exclusion, the phenomenon that makes membrane sepa-
ration suited to treating a wide range of industrial effluents. Further, membrane
separation is relatively cost-effective, mainly due to a low requirement of chemicals
and a low energy demand Mouiya et al. [7]; [8]. Pressure-driven membrane sepa-
ration processes such as microfiltration (MF), nanofiltration (NF), reverse osmosis
(RO) and ultrafiltration (UF) are extensively applied in textile wastewater treatment
[1, 9–11]. Owing to high separation efficiency, low operating cost and simplicity,
UF membranes are widely used for removing dyes from wastewater [1, 3, 9].
Other notable membrane separation processes include electrodialysis, membrane
bioreactor and vacuum membrane distillation [8].

Despite polymeric membranes being more common, ceramic membranes have
also been used [11]. Ceramicmembranes have advantages of high chemical, mechan-
ical and thermal stabilities, well-defined porosity and a high flux [12–14]. Such
properties make them particularly suitable for the treatment of dye-contaminated
wastewater, which is usually alkaline and is at a high temperature [12]. Ceramic
membranes are usually used in MF and UF processes, and occasionally in RO and
NF configurations [11].

The major disadvantage of membrane separation technologies is fouling, which
results in variations in selectivity and a decrease in permeate flux. Consequently, the
efficiency of the separation process declines [2, 15]. To mitigate membrane fouling,
several strategies of aggressive mechanical and/or chemical cleaning are usually
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used. These cleaning procedures are, however, likely to damage the membrane struc-
ture, particularly in polymeric membranes. For this and other reasons, the interest
on the application of inorganic and, specifically, ceramic membranes has increased
[16]. Membrane fouling can be reduced to enhance performance through membrane
modification, pretreatment and cleaning. The emerging nanotechnology has opened
new avenues for functionalization of UF membranes with nanomaterials to produce
membranes with antifouling properties, improved permeate flux, and synergistic
pollutant degradation and self-cleaning [15].

3 Ceramic Membranes

3.1 Structure and Properties of Ceramic Membranes

Typically, the microstructure of ceramic membranes is multi-layered, and the layers
are IUPAC categorized asmicroporous (<2 nm), mesoporous (2–50 nm) andmacrop-
orous (>50 nm) according to the pore sizes [6, 7]. In general, a macroporous substrate
layer provides structural strength to a denser and thinner, selective, meso- or microp-
orous layer [11]. The active layer is crucial in the separation process, and the support
provides mechanical strength to themembrane. Occasionally, intermediate layers are
incorporated to modify the porous structure, and mechanical strength [11]. In addi-
tion to the chemical nature, the topology and fabrication process of the membrane
determine the durability and resistance to severe conditions like alkaline and acidic
environments [17].

Ceramic membranes provide resistance to chemical attack, antioxidation and
thermal stability. Moreover, metal and metal oxide catalysts can be attached onto a
ceramic membrane through calcination, providing conductivity because of metal and
metal oxides anchored on the surface of the membrane [4]. As dye is removed from
wastewater, dye molecules adsorbed on the surface of the membrane are degraded by
catalysts. This decreasesmembrane fouling and enhances performance. For example,
because of its chemical structure and stability, SnO2 can function as a catalyst in
wastewater treatment [4].

3.2 Fabrication of Ceramic Membranes

Feedstock materials used in preparing membranes determine membrane properties
and performance [11]. The choice of the feedstock ceramic materials is guided by
properties such as chemical, mechanical and thermal stabilities, hydrophobicity and
microstructure. Moreover, the cost-effectiveness should be taken into consideration.
The frequently used ceramic materials for membrane fabrication include alumina,
silica, titania, zeolites and zirconia [11].
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Commercial ceramic membranes are fabricated from metal oxides such as silica,
alumina, titania or a combination of these [18]. These materials are expensive
and require higher firing temperatures. To address the challenge of high cost, two
main strategies have been proposed: (1) use of low-cost feedstock and (2) reducing
energy consumption during the firing process [9, 19, 20]; Mouiya et al. [7]. Ceramic
membranes derived from cheap natural materials together with othermaterials gener-
ally considered as waste have been widely studied. These materials have the benefit
of low cost relative to commonly used materials. Natural clays are widely available,
require lower sintering temperatures and are more durable relative to metal oxides
Buoazizi et al. [21]; [17]; Mouiya et al. [7]. Recently, there has been a growing
interest in fabricating ceramic MF membranes from cheaper natural feedstock such
as geomaterials. In this regard, locally available clays have been widely used to
fabricate ceramic membranes with both flat and tubular geometries [5]. For instance,
bentonite clay was used to fabricate an UF membrane from colloidal solution via
spin coating [8]. Another study used kaolin clay and aluminium through extrusion,
sintering and slip coating [17]. Relative to flat-sheet membranes, tubular membranes
have a higher surface-to-volume ratio, and have therefore attracted interest [11]. Both
configurations could be applied in dye removal from wastewater.

Ceramic membranes can be fabricated through compaction, extrusion, spin
coating, hydrothermal methods and sol–gel techniques. Of these, compaction,
however, is the commonly used method, and depends on the integration of a pore-
forming sacrificial phase (porogen) [19]. These ceramic supports afford adequate
strength and high porosity, thus permitting high fluxes of effluent to filter through
[7]. The fabrication of more selective membranes such as UF and NF membranes
using natural clays is still limited by the presence of concomitants like amorphous
silicate, calcite, dolomite, organic matter and quartz [18]. Although the existence
of carbonate and organic matter in the feedstock enhances membrane porosity and
permeability, excessive amounts generate large pores and defects, particularly in the
fabrication of thin membrane layers that are more sensitive to high temperatures.
Further, amorphous silicates suffer from vitrification at low temperatures before
membrane sintering, resulting in pore closure and a reduction in porosity [22]. Conse-
quently, the membrane permeability declines remarkably. To avoid this, it is essential
to purify natural clay prior to membrane fabrication. This can potentially result in
the improvement of pore size and selectivity of the resulting membrane.

Usually the substrates for the ceramic membranes are prepared from silicon
carbides or aluminium oxides [3]. These materials possess high mechanical and
thermal stabilities. The substrates can bemade for a single channel ormulti-channels,
and a few microns thickness of the membrane layer is deposited on the inner side of
the channel [3]. Membrane layers are commonly formed through dip coating, slip
casting, spin coating and spray coating [11, 23, 7]. Normally, mono- or multi-layers
are coated onto ceramic substrates to provide asymmetric structures comprising of a
pore size gradient. Nevertheless, it is desirable to fabricate asymmetric membranes,
where the same material is used to prepare the homogeneous membrane thin layer
and the substrate [7]. The fabrication process influences the cost of the ceramic
membrane. For instance, thewet pathway uses chemical additives such as binders and



296 N. Chaukura et al.

plasticizers to achieve an extrudable paste, and requires extra energy for drying [11].
However, dry pressing is an appropriate technique that reduces the membrane cost.
Moreover, dry pressing is a rapid and simple process, which produces membranes
with no defects. Of note, it is possible to fabricate self-supported MFmembranes via
a single sintering step contrary to techniques such as dip coating and slip coating that
require double sintering stages for the substrate and the active layers, respectively
[7].

With the emergence of novel techniques, ceramic membranes with tailored prop-
erties can be produced. For example, the 3D printing technique was used to fabricate
UF ceramic membranes [23]. The major benefit of 3D printing is that it provides
more control over the designs.

3.3 Hybrid Ceramic Membranes

A number of strategies have been used to prepare ceramic membranes composed of
different materials. For instance, composite membranes have been fabricated using a
ceramic substrate and organic layer [9]. The advantages of this approach include high
mechanical strength and chemical resistance. Owing to the large number of oxygen-
carrying functional groups such as OH, carbonyl and carboxyl groups on graphene
oxide, it has been used to modify polymeric membranes [15]. Such membranes have
enhanced antifouling properties, permeate flux and selectivity. In contrast, graphene
oxide-modified ceramic membranes have been less investigated and are gradually
gaining attention [6]. Thus, efforts to integrate the benefits of ceramic materials with
the tunability of organic polymers have resulted in the development of a new class
of membranes. Modification of a ceramic support with an organic compound can
considerably improve the properties of ceramic membranes.

The development of nanomaterials has opened opportunities for synthesis and
modification of a wide range of materials with improved performance. Specifically,
nanomaterials offer a plethora of desirable properties to be incorporated into ceramic
membranes for the selective removal of dyes fromwastewater [24, 25]. Such nanoma-
terials include BiFeO3, BiOBr, Bi3O4Br, Fe2O3, Fe-ZnIn2S4, TiO2 and ZnO, which
are integrated into the membrane active layer to enhance fouling resistance, perme-
ability, permeate quality and roughness [25]. Another new technology is charged
ceramic membrane separation [26]. Separation by these membranes is based on
physical screening and electrical interaction. The introduction of charged moieties
results in improved membrane hydrophilicity, reduces solution osmotic pressure
and increases flux. This consequently reduces the operation costs. A summary of
membrane fabrication methods is provided in Table 1.
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Table 1 Synthesis and fabrication of ceramic membranes

Membrane Precursors Processing References

Polysulfone (PSf)/
polyetherimide (PEI) UF
membrane

Granular PSf and PEI polymers PSf/PEI layer
deposited on
pozzolan support
via spin/spray
coating

[9]

Inside ceram UF ceramic
membrane

Tubular ZrO2/TiO2 layer Membranes
modified through
transmembrane
pressure and
cross-flow
velocity

[2]

Bentonite UF membrane Bentonite clay Spin coating from
colloidal solutions

[8]

TiO2-anodized aluminium
oxide (TiO2-AAO)

TiO2 and aluminium oxide Membrane
prepared via
atomic layer
deposition

[10]

TiO2 composite UF
membrane

Np-TiO2
Natural bentonite
micronized phosphate

Spin coating [27]

Positively charged SiO2
membrane

SiO2
YCl3.6H2O
urea

Dip coating and
thermal
decomposition

[26]

UF membrane derived from
Moroccan clay

Clay A (smooth)
Clay B (rough)

Spin coating [18]

Clay–alumina UF
membrane

Powder Kaolin clay,
Aluminium

Extrusion,
sintering and slip
coating

[17]

Bismuth–stibium–tin
dioxide ceramic membrane

Bismuth–stibium
Tin dioxide

Dip coating [4]

Metal-oxide-coated
ceramic UF membrane

MnO2
Fe2O3
Co3O4
CuO
Mn3O4

Dip coating
method, silane
modification,
calcination

[28]

Nanosilica ceramic
membrane

Rice husk,
HNO3

Dry pressing a
mixture of
nanosilica
obtained from rice
husk by
hydrothermal
technique at
sub-critical water
conditions

[24]

Polyacrylonitrile
(PAN)-ethanolamine (ETA)
UF membrane

PAN-DMSO
ETA

Solution casting [29]

(continued)
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Table 1 (continued)

Membrane Precursors Processing References

Polyamide-based NF
membrane

4.4’-diaminodiphenylmethane
1,3,5-Benzenetricarbonyl
trichloride

Membrane
prepared by
interfacial
polymerization

[30]

Polyvinylidene fluoride
(PVDF)/Polytetrafluoride
ethylene (PTFE)
nanocomposite membrane

Powdered PVDF
PTFE

Thermally
induced solvent
evaporation
process

[31]

4 Membrane Processes

Integrating membrane filtration with ozonation holds great promise for wastew-
ater treatment. Ozone is a powerful oxidizing agent, and can reduce membrane
fouling [32]. Due to their high thermal, chemical and mechanical stabilities, ceramic
membranes can resist degradation by ozonation and have longer lifespans than
polymeric membranes.

Ceramic membranes can be integrated into membrane bioreactors. A study used a
flat ceramic membrane element in an anaerobic flat-sheet ceramic membrane biore-
actor for treating dye effluent [33]. Other membrane separation processes have used
MF,UF,ROorNF,which are able to recover, concentrate or purify dye compounds for
reuse [16, 26]. Owing to its effective salt transmission and high flux, UF processes are
attractive in dye separation and reuse [34, 35]. However, the UF process is limited
by flux decrease due to fouling and concentration polarization [15]. Using strong
acids and hydrodynamic and physical cleaning methods can be useful in reducing
flux decline [13, 35]. NF processes are effective in the separation and purification
of mixtures of dye and NaCl. The large NF membrane pores allow the movement
of the monovalent NaCl, which considerably reduces the feed and permeate osmotic
pressure gradient, and thus enhances the flux. Moreover, NF membranes usually
possess high rejection for dyes through the synergistic effect of molecular sieving
and electrostatic interactions, which separate the dye and NaCl mixtures [34]. The
NF set-up is thus frequently used for dye desalting and purification. Yet, the major
disadvantages of this technique are high cost and low flow rate [26].

5 Application of Ceramic Membranes in Dye Removal

Owing to their desirable properties, ceramic membranes have been used for the
remediation of dye-contaminated wastewater. One study used a membrane fabri-
cated through the atomic layer deposition of TiO2 on anodized Al2O3 membranes
and achieved up to 80% methylene blue removal [10]. The mechanism of removal
was primarily photocatalytic degradation. Another study used an MF flat-tubular
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membrane made from alumina, and Congo Red dye removals were 10% at pH 6,
and more than 90% at pH 4.5 [1]. Similarly, over 99% removal of Eriochrome black
T dye was achieved using a porous multi-channel tubular membrane with TiO2 and
α-Al2O3 as active layer and substrate, respectively [13]. Yet a separate study applied
a ceramic membrane coated with electropositive nano-Y2O3 to remove up to 99.6%
Titan Yellow [26]. An asymmetric tubular UF ceramic membrane composed of a
TiO2 support layer with a ZrO2-TiO2 active layer removed 93% Reactive Black 5
[36]. In these separation processes, the primary mechanism is based on size exclu-
sion, while electrostatic interactions and degradation occur more predominantly in
membranes that are modified with specific functional groups and catalysts, respec-
tively Mouiya et al. [7]; [8]. Table 2 provides a summary of dye removals by selected
ceramic membranes. Although most of these studies were performed at laboratory
scale, ceramicmembranes of different structure and configuration have demonstrated
good performance in dye removal from wastewater.

6 Conclusion and Future Outlook

Majority of the dyes used in textile processes are recalcitrant to degradation by
ultraviolet light, and are non-biodegradable. Moreover, they are also stable to aerobic
digestion, making dyes persistent in the aquatic environment. To ameliorate the
environmental risk associated with dye pollution, dye effluents should be treated
before discharge into waterways. A number of techniques have been reported for dye
separation from wastewater, but membrane filtration has proved the most efficient.

Generally, polymeric membranes have superior retention and permeability for
polar organic compounds. However, non-polar molecules are challenging, likely to
either chemically degrade the membrane or physically alter the membrane geom-
etry. These challenges can be circumvented by using ceramic membranes [6, 11].
Ceramic membranes represent a clean technology capable of withstanding harsh
operating conditions. Owing to the existence of OH group, most ceramic membranes
exhibit high hydrophilicity [19]. Consequently, the modification of hydrophilic into
superhydrophobic ceramic membranes has attracted interests for a range of applica-
tions. Superhydrophobic membranes themselves have antibacterial, antifouling and
self-cleaning properties.

Theneed to combine thebest properties of eachmaterial has led to the development
of hybrid materials. These hybrid materials can minimize the challenges affecting
polymericmembranes. However,mixedmatrixmembranes are plagued by instability
of dispersed inorganic particles, reduced selectivity caused by large pores, reduced
permeability at high pressure and compromised thermal stability [6].

In summary, this chapter has demonstrated that ceramicmembranes: (1) are useful
in dye separation processes that require highmechanical strength, chemical resistance
and high temperature conditions; (2) can be fabricated through a variety of methods,
and the use of natural clays and biomass as a porogen significantly reduces the cost of
themembrane; (3) membrane fouling can be reduced by incorporating nanomaterials
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Table 2 Summary of dye removals by various ceramic membranes

Dye Ceramic membrane %Removal References

Methylene blue Atomic layer deposited
TiO2 on anodized Al2O3
membranes

≤80% [10]

Coloured effluent from
printing baths

UF and NF membranes 83.5% [14]

Congo Red Alumina-derived MF
flat-tubular membrane

10% at pH 6, ≥90% at pH
4.5

[1]

Phthalates Ceramic UF membrane
derived from CuO/TiO2
ultrafine particles

>99% [37]

Eriochrome black T Porous multi-channel
tubular membrane with
TiO2 and α-Al2O3 as
active layer and substrate,
respectively

>99% [13]

Titan yellow Porous ceramic membrane
coated with electropositive
nano-Y2O3

≤99.6% [26]

Red 80 Ceramic UF membranes
from natural Moroccan
clay

97–99% [18]

Alizarin red Asymmetric UF ceramic
membrane with single
disconnected TiO2
nanoparticles layer

99% [17]

Rhodamine B Ceramic perlite aid coated
with UF bentonite
membrane

≤80.1% [8]

Direct orange S Bismuth/stibium–tin
dioxide membrane
anchored on a ceramic
support

≤99% [4]

Methyl orange Ceramic tubular UF
membrane with a
polyamide selective barrier

42.8% [38]

Alcian Blue 8GX Metal-oxide-coated
ceramic membrane

increased by 10.2–47.6% [28]

Reactive Black 5 Asymmetric tubular UF
ceramic membrane with
TiO2 support layer and
ZrO2-TiO2 active layer

93% [36]
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that have antifouling and self-cleaning properties; (4) can be used in a range of
configurations, although UF ceramic membranes are commonly used and (5) have
high dye removal performance.

Future research should focus on: (1) the use of 3D printing technique for fabri-
cating ceramic membranes as this technique provides more control over various
designs; (2) increasing membrane performance and reduce fouling and (3) studies
on the fabrication and application of charged ceramic membranes in dye removal
from wastewater.

Overall, as ceramicmembranes are largelymore expensive compared to polymeric
membranes, their use shouldmainly focus on applications that require higher thermal
or chemical resistance.[5, 25]
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