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Abstract: With the growing demand for clean and safe water, there is a pressing need to explore
novel materials for water treatment applications. In this regard, bio-based polymeric materials
have emerged as a promising solution for water purification. This article highlights the numerous
advantages offered by bio-based polymeric materials, including their biodegradability, low cost, and
renewable nature. Moreover, it discusses in depth the two primary applications of these materials in
water treatment, namely flocculation and adsorption, showcasing their effectiveness in removing
contaminants. Furthermore, this review addresses the future prospects and challenges associated
with the development of bio-based polymeric materials for water treatment applications. This review
provides valuable insights for researchers in the field, driving further advancements in the utilization
of bio-based polymeric materials to ensure clean and sustainable water resources.

Keywords: flocculation; adsorption; biopolymers; polysaccharide; regenerations; biodegradation;
wastewater treatment; sustainability

1. Introduction

Water is an essential resource for life, and access to clean and safe water is crucial for
the well-being of individuals and communities [1]. However, rapid population growth,
urbanization, and industrialization have led to global water scarcity and pollution issues.
Shockingly, more than 2 billion people lack access to safe drinking water, and around
3 billion people experience water scarcity for at least one month annually, as reported by
the World Health Organization [2–12].

Water treatment is the key to removing contaminants and impurities from water,
rendering it safe for consumption and various purposes [13–15]. Recently, there has
been a surge of interest in utilizing bio-based polymeric materials for water treatment
applications [16–21]. Biopolymers offer a cost-effective and practical solution, as they
possess numerous active sites that can coordinate with pollutants and integrate with
synthetic polymers [22].

Among biopolymers, polysaccharides have gained significant prominence in water
treatment [22]. Comprising repeating units of sugar molecules, polysaccharides can be
sourced from various natural origins, such as plants, algae, and bacteria [23]. Remarkably,
polysaccharides exhibit exceptional water affinity and demonstrate the ability to absorb
and eliminate diverse contaminants, such as heavy metals, dyes, and organic pollutants.
Notably, chitosan, derived from chitin, stands out as a widely employed polysaccharide
in water treatment, offering a remarkable adsorption capacity and antibacterial proper-
ties [24–26]. Although there are concerns regarding the water-insolubility and limited
biodegradability of cross-linked polysaccharides, such as chitin, chitosan, starch, and
cyclodextrin, these materials have found utility in effluent treatment [27].

Synthetic polymers such as polyacrylamide, polyacrylic acid, and polystyrene sulfonic
acid, which are soluble in water, have been employed as effective flocculants and adsorbents.
The main responsible sites for coordination are −CONH2 groups, −COO− and −COOH
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groups, and −SO3H and −SO3
− groups, which are present in polyacrylamide, polyacrylic

acid, and polystyrene sulfonic acid, respectively [28]. For example, poly(glutamic acid)
(PGA) stands out as a biodegradable, edible, and non-toxic anionic polymer widely used in
commercial applications and water purification [29,30]. Biopolymers derived from okra
(Hibiscus/Abelmoschus esculentus) have demonstrated promising results in solid suspended
particle removal, comparable to commercial polyacrylamide flocculants [31]. An added
benefit of this bio-based flocculant is its ability to be utilized without pH adjustment or the
addition of a coagulant.

Acrylamide-based synthetic polymeric adsorbents dominate the commercial market,
captivating researchers for decades due to their high reactivity, excellent water solubility,
and affordability [32,33]. These water-soluble synthetic polymers have found applications
in various water treatment processes, including flocculation, sedimentation, and membrane
separation. They effectively eliminate contaminants such as suspended solids, bacteria, and
organic pollutants. However, their use is hindered by drawbacks such as toxicity, and non-
biodegradability. Consequently, scientists are dedicated to developing polymeric materials
that are less toxic, biodegradable, cost-effective, and possess extraordinary contaminant
removal capabilities [32,33].

Significant efforts have been undertaken to mitigate the harmful effects of synthetic
polymers by employing grafting methods with natural polymer backbones, particularly
focusing on the development of acrylamide-free polymeric materials [34]. The emergence of
non-acrylamide-based polymers offers a compelling alternative that fulfils the requirements
of cost, performance, and biodegradability, without the concerns of potentially carcinogenic
residual acrylamide monomers or toxic degradation by-products. These non-acrylamide-
based polymer flocculants can be derived from alternative synthetic monomers or, more
notably, from bio-based materials. The recent literature demonstrates an encouraging
trend toward the synthesis of sustainable and environmentally friendly flocculants and
adsorbents [32,35–38].

This review offers valuable insights into the recent advancements in utilizing biodegrad-
able or bio-based polymeric materials for water treatment applications. It sheds light on
the numerous benefits associated with the use of bio-based polymeric materials and focus
on flocculation and adsorption in water treatment. Furthermore, the review delves into the
existing challenges and presents an outlook on the future prospects of utilizing bio-based
polymeric materials in the field of water treatment.

2. Methods of Water Purifications

Water purification aims to eliminate harmful chemical compounds, organic and inor-
ganic elements, and biological pollutants from water sources. Various parameters, including
pH, odor, color, and taste, are examined to assess water quality and contamination lev-
els. Additionally, assessments encompass factors such as radioactive materials, microbial
pathogens, dissolved and suspended solids, as well as organic and inorganic chemicals,
such as chloride, copper, manganese, sulfates, and zinc. Home-water purification sys-
tems, including boiling, slow sand filtration, and chlorination, are commonly employed.
Municipal water treatment systems typically involve slow sand filtering, chlorination,
storage sedimentation, and up-flow roughing filtration. While methods such as boiling and
activated carbon filtration can eliminate some water pollutants, concerns have arisen in
recent years regarding the infiltration of pesticides, fertilizers, and other contaminants into
wells from surface sources.

Industrial wastewater treatment encompasses diverse methods for purification, includ-
ing coagulation [39,40], flocculation [41,42], adsorption [43,44], membrane filtration [45,46],
froth floatation [47,48], advanced oxidation techniques [49,50], solvent extraction [51,52],
ion exchange [53,54], anaerobic treatment [55,56], microbial treatment [57,58], acoustic
cavitation [59], electrolysis [60,61], and activated sludge [62]. Typically, pre-treatment is
carried out before subjecting industrial wastewater to these purification processes. The
wastewater is initially pumped from its source or transported via pipelines into storage
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tanks, after which it is delivered to a water treatment plant for purification. Pre-treatment
involves the removal of chemicals, biological pollutants, and other substances such as large
particles and debris. Further insights into these processes are provided in Table 1.

Table 1. Details about the water treatment methods.

Water Purification Method Meaning Advantages Limitations

Boiling water Boiled water in a clean and
covered pot.

• Cheapest.
• Easily kills microorganisms.

• Requires fuel.
• Pesticides cannot be removed.

Sedimentation Heavy particles settle down at
the bottom.

• Reduces water treatment cost.
• Reduces chemicals need for

water treatment.

• Suspended particles or smaller
particles do not settle down.

• Microbes do not settle.

Decantation Separation of immiscible
liquid–liquid and liquid–
solid mixtures.

• Reduces the turbidity.
• Reduces settable solids.

• Unable to reduce pathogens.
• Laborious process.

Chlorination Mixing chlorine in the water. • Chlorine is readily available.
• Kills germs.
• Can be used in emergency cases.
• Oxidizes organic matter.
• Low-cost method.

• Chlorine is a potent biocide.
• Chlorinated water is not safe for

pregnant women.
• It cannot kill Cryptosporidium

and Giardia.

Filtration Contaminated water passes
through the sands and activated
carbon cartridge.

• Facile method.
• Removes toxins from water.
• Improves taste and odor.
• Removes excess chlorine.

• Cannot completely remove germs.
• Filter needs to be cleaned

thoroughly.
• Cartridge needs to be carefully

disposed of.

Coagulation Inorganic chemicals are applied
to remove suspended particles.
For electro coagulation, there is
no need for chemicals.

• Small particles clump together
and settle down.

• Toxic metal cannot be removed.
• Cannot remove pathogens and

pesticides.

• Operation costs are expensive.
• High dose needed.
• High sludge volume.
• Costly disposal.
• Required to maintain pH,

temperature, and dose.

Flocculation Adding organic chemicals or
polymers to separate colloidal
particles or suspended particles.

• The particles’ charges are
neutralized by coagulation.

• Neutralized particles bind
together and become larger
by flocculation.

• Easy floc formation by a
polymer.

• Produces a large amount
of toxic sludge.

• Mixing speed and time affects
the removal efficiency.

• It cannot make crystal clear water.
• Tiny floc makes noticeable

turbidity.

Adsorption Adding adsorbents to the
contaminated water and
attaching contaminates to the
surface of the adsorbent.

• Wide pH range.
• High performance.
• Easy operation.
• Low cost.
• Selectivity.

• Adsorbent saturation.
• Adsorbent disposal.
• Variable performance.
• Difficult separation of

adsorbents from adsorbates.

Membrane filtration Physically separates
contaminates using pressure
difference between the two sides
of the membrane.
Ultrafiltration, nanofiltration,
and reverse osmosis are different
membrane filtration processes.

• No requirement for chemicals.
• Can remove pathogens.
• Energy efficient process.
• Greater degree of purity.

• Limited lifetime.
• Fouling of membrane.
• Expensive method.
• Ruptures easily.

Froth floatation Selectively separates
hydrophobic contaminates from
hydrophilic contaminates.

• Easy separation of microplastics.
• Widely used in minerals

separation.
• Highest separation capacity.

• Maintenance of pH.
• Creates environmental

pollution.
• High reagent consumption.
• High processing cost.

Advanced oxidation
techniques

Separation of organic and
inorganic contaminates from
water using •OH radicals.

• Fast reaction rate.
• Reduces toxicity of organic

pollutants.
• Mineralization of organics matter.
• Removes pathogens
• No sludge production.

• Expensive process.
• Dose depends on the process

and is very calculative.
• Complex chemistry.
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Table 1. Cont.

Water Purification Method Meaning Advantages Limitations

Solvent extraction Separation of aromatic
compounds from water,
transforming solubility from one
solvent to another solvent.

• Separation of sparingly soluble
components from water.

• Separation of azeotropic mixtures.
• High selectivity of separation.

• Highly polar molecules are
incompatible.

• High operational costs.

Ion exchange Ionic pollutants separation by
exchange with other ions passing
through resin matrix.

• Used to neutralize highly acidic
or basic water.

• Converts hard water into soft
water.

• Removes toxic contaminates.
• Low-cost method.
• Ecofriendly.

• Fouling.
• Bacterial contamination.
• Chlorine contamination.
• Organic contamination from resin.
• Inadequate regeneration.
• Resin degradation.

Anaerobic treatment Transform organic matters to
biogas in the absence of oxygen.

• Low-energy process.
• Environmentally friendly.
• Less expensive.
• Reduces pathogens.

• Cannot remove inorganic
components.

• Respiration generates lactic
acids.

Microbial treatment Removing pollutants from water
using bacteria.

• Environmentally friendly.
• Widely used to remove oil

from water.
• Phenols, nitrates, and food

particles become separated.

• Short life span.
• Costly process.
• Fouling.
• Low production rate.
• Instability.

Acoustic cavitation Separation of contaminates using
high-power ultrasounds.

• Improves anaerobic digestion.
• Pathogen reduction.
• Odor removal.

• Damages the impeller.
• High energy consumption.
• Expensive.

Electrolysis A sacrificial metal anode and
cathode generate electrically
active coagulants and tiny
bubbles of hydrogen and oxygen
in the water.

• Excellent pretreatment process.
• Generates fuel energy.
• Reduces the total number of

suspended solids.
• It can be operated by solar energy.

• Regular cleaning of electrodes
is needed.

• Requires more labor.
• Short life span of the electrode.
• Several factors affect electrolysis,

such as pH, conductivity, gaps
between two electrodes, current
density, and size of particles.

Catalytic process Adding catalyst improved the
rate of removal of contaminates’
selectively. It includes a catalytic
oxidation and reduction process.

• Less energy used.
• Reduces production cost.
• Reusable.
• A small amount is needed.
• Photocatalysis is an attractive

process.

• No sludge or negligible sludge.
• May generates toxic products.
• Expensive.

Activated sludge treatment Used microorganisms to treat
wastewater.

• Removes organic materials
from water.

• Low-cost method for installation.

• Not suitable for industrial
wastewater treatment.

• Sludge needs to be removed and
disposed of.

• Activated sludge loses activity
with time.

Disinfection It is the final step of the water
treatment.
Adding disinfectant chemicals,
ultraviolet radiation treatment, or
ultrafiltration

• UV radiation is a nonchemical,
energy efficient, and low-cost
treatment.

• Removes most bacteria and
viruses.

• Chemical disinfectant is limited
in its use due to its harmfulness.

• UV radiation cannot remove any
inorganic metals.

While advanced oxidation techniques and membrane treatment technologies have
proven effective in eliminating organic and inorganic pollutants, as well as pathogens, their
widespread practical implementation is hindered by high energy consumption and the
associated overhead costs. In contrast, flocculation and adsorption methods offer practical
advantages due to their simplicity and affordability. Consequently, conducting a compre-
hensive review that focuses on the role of biopolymers in water treatment, specifically in
the context of flocculation and adsorption, is of paramount importance. Such a review
would provide valuable insights into these practical and cost-effective approaches for
water purification.
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3. Flocculation

Flocculation is a common term applied to aggregate formation when soluble polymers
are added to the aqueous medium of colloidal particles. Usually, the term flocculation is
synonymously used with coagulation, but the techniques are entirely different. Coagulation
occurs through the accumulation of charges with the addition of inorganic chemicals.
However, organic polymers are used as additives in flocculation techniques. Alternatively,
coagulation is formed by aggregation and is an electrostatic phenomenon [63,64]. The
aggregates formed are compact because there is little loose space between the constituent
particles. A schematic of the flocculation method is shown in Figure 1.

Sustainability 2023, 15, x FOR PEER REVIEW  5 of 37 
 

While advanced oxidation  techniques and membrane  treatment  technologies have 

proven effective  in eliminating organic and  inorganic pollutants, as well as pathogens, 

their widespread practical implementation is hindered by high energy consumption and 

the associated overhead costs. In contrast, flocculation and adsorption methods offer prac-

tical  advantages due  to  their  simplicity  and  affordability. Consequently,  conducting  a 

comprehensive review that focuses on the role of biopolymers in water treatment, specif-

ically in the context of flocculation and adsorption, is of paramount importance. Such a 

review would provide valuable insights into these practical and cost-effective approaches 

for water purification. 

3. Flocculation 

Flocculation is a common term applied to aggregate formation when soluble poly-

mers are added to the aqueous medium of colloidal particles. Usually, the term floccula-

tion is synonymously used with coagulation, but the techniques are entirely different. Co-

agulation  occurs  through  the  accumulation  of  charges with  the  addition  of  inorganic 

chemicals. However, organic polymers are used as additives in flocculation techniques. 

Alternatively, coagulation is formed by aggregation and is an electrostatic phenomenon 

[63,64]. The aggregates formed are compact because there is little loose space between the 

constituent particles. A schematic of the flocculation method is shown in Figure 1. 

 

Figure 1. (a) A schematic of bench test of flocculation; (b) practical use of untreated wastewater; and 

(c) treatment with polyacrylamide [65]. Copyright 2022; reproduced with permission from Elsevier 

Ltd. 

In contrast, flocculation mainly involves the simultaneous adsorption of high molar 

mass polymeric materials onto the surface of the particle mixture in aqueous medium and 

form flocs (Figure 2a) [66]. The main driving parameter of suspended particles in water is 

the van der Waals force, which induces relative stability (Figure 2b) [67,68]. Colloidal par-

ticulate  suspensions are characterized according  to  their  liquid  (water)–solid  interface. 
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(c) treatment with polyacrylamide [65]. Copyright 2022; reproduced with permission from Elsevier Ltd.
(Amsterdam, The Netherlands).

In contrast, flocculation mainly involves the simultaneous adsorption of high molar
mass polymeric materials onto the surface of the particle mixture in aqueous medium and
form flocs (Figure 2a) [66]. The main driving parameter of suspended particles in water
is the van der Waals force, which induces relative stability (Figure 2b) [67,68]. Colloidal
particulate suspensions are characterized according to their liquid (water)–solid interface.
The first one creates a more distinct interface between the solid and liquid among the
hydrophobic and hydrophilic constituent parts. However, the hydrophilic particle does not
influence the phase boundary. The mechanism controlling constituent particle’s steadiness
is mainly static repulsion [69]. The cations and anions in hydrophobic surfaces are accu-
mulated at the boundary, producing electric potential energy that can resist the colloidal
particles of the same surface charge. The dissociation of organic acid salts mainly generates
electrical potential in the hydrophilic surfaces or boundaries. In addition to the electrostatic
repulsion, particulates may also be rationally stable due to adsorbed H2O molecules that
offer a liquid barrier to successful particulate collision. The surface charge of the colloidal
particles increases at the adsorption layer. It has two significant effects: (a) repulsion force
responsible for the precipitation of particles, and (b) attraction of counter ions to the particle
surroundings. These two opposite forces create a diffuse cloud of ions surrounding the
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particulate matter. The co-existence of the original surface charge and the neutralizing
excess of opposite ions over co-ions dispersed in diffuse mode is the electrical double layer
or the ion cloud (Figure 2c) [70]. The electrical double layer around the colloidal particles
determines the minimum distance between the two charged particles corresponding to
their stable equilibrium. The size of such an ion cloud depends on several factors: (a) the
magnitude of the surface charge depending on the adsorbing ion concentration and (b) the
electrolyte concentration in the solution. A higher concentration corresponds to the greater
approachability of two close particles.

The ion cloud close to the solid surface forms the stern and diffuse layers, referred to
as the Gouy–Chapman layers [71]. The oppositely charged ions are attracted to the surface
of the solid and form the stern layer.
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Figure 2. (a) Aerated carbon and kaolin flocs by polymer [66]. Copyright 2012; reproduced with
permission from Elsevier Ltd. (b) Van der Waals force interaction [68]. Copyright 2022; reproduced
with permission from Saudi Society for Geosciences. (c) Diagram of electric double layer [70].
Copyright 2011; reproduced with permission from Elsevier Ltd.

The oppositely charged solid’s surface also attracts the same charged ions of the
layer, and simultaneous repulsion is governed by the exact charges in the stern layer. The
ionic attraction and repulsion equilibrium form a diffuse layer [72]. A double layer is
formed through the Gouy–Chapman layer. The inner layer and the diffuse double layer
significantly impact the actions of particulate surfaces in an aqueous medium [73]. The
perspective of the stern layer considerably affects the stability of suspended particles.

The colloidal particles may come closer or may remain as a stable suspension, which
is well-known as the DLVO theory [74]. This theory is fundamental to the steadiness of
colloidal suspension balancing between electrostatic repulsion and the van der Waals force
of attraction. This idea additionally states that an energy barrier ensuing from the repulsion
force prevents approaching these two particles and adhering together.
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Flocculants

A diverse variety of coagulants and flocculants are available for wastewater treat-
ment. Commonly, these are classified into two categories: inorganic compounds and
organic compounds. Inorganic coagulants (such as iron chloride, aluminum sulphate,
aluminum chloride, polyaluminum chloride, aluminum chlorohydrate, and iron sulphates)
and organic flocculants (such as polymeric materials or polyelectrolytes) are usually used.
Extensive tonnage usage of inorganic coagulants generates much sludge. Environmental
and ecological concerns justify using biodegradable flocculants in wastewater and indus-
trial effluent treatments. Polymeric flocculants (both synthetic and natural) are favored
owing to their low dose, facile, less sludge generation, and varied tailorability.

Polymer flocculants can be categorized based on their source as natural and synthetic.
Synthetic polymers are classified into four categories based on surface charge: cationic,
anionic, non-ionic, and amphoteric. Cationic flocculants are more active than anionic floc-
culants in treating powerfully and negatively charged particle suspensions and vice versa.
Some synthetic polymeric flocculants that are commercially used for effluent treatment are
shown in Table 2.

Table 2. Commercial polymeric flocculants with their charge and uses in various effluents.

Sl. No. Commercial Polymeric Flocculants Charge Type of Effluent Used Optimum Results (TSS %) Ref.

1. Polyacrylamide Anionic Slaughterhouse 94.0 [75]

2. Polyacrylamide Non-ionic Beverage and food units 97.0 [76]

3. Organopol 5415 Cationic Paper mills 99.5 [77]

4. Chemfloc 430A Anionic Pulp industries 99.5 [77]

5. KP 1200B Cationic Ceramic (Boron) 80.0 [78]

6. AP 825C Anionic Ceramic plants (Boron) 40.0 [78]

7. Actipol A-401 Anionic Sauce manufacturing units 72.0 [79]

8. Magnafloc 155 Anionic Polymer effluents 91.0 [80]

9. Polyacrylamide Amphoteric Paper mills 95.0 [81]

10. Flocan 23 Anionic Olive mills ~100 [82]

11. Magnafloc LT 7991
Magnafloc LT 7992
Magnafloc LT 7995
Magnafloc LT 22S
Magnafloc E 38

Cationic Aquaculture 89.0
84.0
84.0
91.0
45.0

[83]

12. Hyperfloc CE 854
Hyperfloc CE 834
Hyperfloc CE 1950

Cationic Aquaculture 98.0
87.0
94.0

[83]

13. Organopol 5415 Anionic Pulp and paper mills 97.0 [84]

14. Polydiallyldimethylammonium chloride Cationic Textile dye 90.0 [85]

15. Polyamine Cationic Dye effluents 96.0 [86]

16. Polydiallyldimethylammonium chloride Cationic Wastewater of paper mills ~100 [87]

17. Poly etheleneoxide Non-ionic Tale, graphite, chalcopyrite,
and covellite dispersions

98.0, 99.5, 82.0 and 93.0 [88]

Table 2 shows that acrylamide-based synthetic polymeric materials are effectively used
in practical wastewater treatment. Controlling molecular weight and chemical structures
can enhance the efficiency of these polymers. However, synesthetic polymers are not
shear resistant.

Recently, bio-based flocculants have attracted considerable interest due to their advan-
tages over typical synthetic polymers or inorganic agents. Biopolymers, mostly polysaccha-
rides, are shear resistant, biodegradable, non-toxic, and easily obtained from agricultural
or forest resources. Biopolymer-based flocculants have a variety of excellent advantages,
such as a wide pH range, adaptability, ease of modification, being eco-friendly, their mini-
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mum dosage requirements, and high flocculation efficiency [89]. Important and naturally
available water-soluble biopolymers primarily used in the field of water remediation are
discussed in Table 3.

Table 3. List of readily available biopolymers.

Name Properties Chemical Structures Ref.

Starch Sources: seeds and stem crops, wheat, potato, corn,
sago, sweet potato, arrowroot, cassava, and rice.
Chain of D-glucose-α-glycosidic linkages mixtures
with amylose [(1-4)-α-D-glucan)] and amylopectin
[(1-4)-α-D-glucan and (1-6)-α-D linkages].

[90]

Hydroxyethyl starch It is chemically modified starch and dextrin.
Primarily used in the medical specialty
pharmaceutical field and industrial effluent
treatment.

[90]

Dextrin and
cyclodextrin

Potato, corn, wheat, rice, and tapioca all contain
cyclic oligosaccharides.

[91]

Guar gum Plant’s polysaccharide; linear chain of mannose
and galactose.

[92]

Xanthan gum Natural polysaccharides: Chain β-(1→4)-linked-
d-glucopyranose glucan and side chain
β-(1→3)-α-linked d-mannopyranose-(1→2)-β-
d-glucuronic acid-(1→4) β-d- mannopyranose.

[93]
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Table 3. Cont.

Name Properties Chemical Structures Ref.

Locust bean gum Source is the seeds of carob trees: linkage of
(1-4)-β-D mannose and the side chain of (1-6)-α-D
galactose.

[94]

Chitosan Source is the shells of shrimps, fish scales, crabs,
and lobsters. Linkage of β-1,4-D-glucosamine.

[95]

Cellulose Main source of cellulose is wood, cotton, sugarcane
bagasse, grass, and banana peel. Covalently linked
β-D-anhydroglucopyranose units.

[96]

However, the quick biodegradation of biopolymers reduces their shelf life and needs
careful modification. The biopolymer modification could increase the flocculation efficiency
of biopolymer-based flocculants or obtain multifunctionality of flocculants [97,98]. Some
chemical modification processes include graft copolymerization, etherification, acetylation,
esterification, acylation, oxidation, cross-linking, and the Mannich reaction [99]. Compared
to others, the grafting process is more straightforward and cheap. The biopolymer-based
graft copolymers for flocculants and adsorbents are described in below.

Recently reported graft copolymers and their capacity to remove various pollutants
from water at pH are shown in Table 4.

Table 4. Recently reported biopolymer-based graft copolymer flocculants for water treatment.

Sl. No. Flocculent Pollutant Results (%) Refs.

1. AP-g-PAM Iron ore
Kaolin
Coal
Silica
Paper mill wastewater
Municipal wastewater

89.3%, pH 6.5
86.8%, pH 7.6
90.5%, pH 7.5
43.4%, pH 6.5
70.9%, pH 6.5
88.3%, pH 6.8

[100,101]

2 AP-g-PDMA Iron ore
Kaolin
Coal
Silica
Paper mill wastewater
Municipal wastewater

93.5%, pH 6.5
93.3%, pH 7.6
90.9%, pH 7.5
85.8%, pH 6.5
72.5%, pH 6.5
90%, pH 6.8

[100]

3 AP-g-PAA Mining industries’
wastewater

87.31% [102]
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Table 4. Cont.

Sl. No. Flocculent Pollutant Results (%) Refs.

4 AP-g-PAA Paper mill effluent
Mine process water
Textile wastewater

82.1%
81.8%
98.0%, pH 8.2

[103]

5 AP-g-poly
(AM-co-ATMAC)

Kaolin 5.4 NTU [104]

6 Dxt-g-PAM Kaolin suspension Settling velocity
0.0370 cm/s

[105]

7 HES-g-PAM Iron ore
Kaolin
Coal
Silica
Paper mill wastewater
Municipal wastewater

91.8%, pH 6.5
87.2%, pH 7.6
91.3%, pH 7.5
51.5%, pH 6.5
71.8%, pH 6.5
88.9%, pH 6.8

[100,106]

8 HES-g-PDMA Iron ore
Kaolin
Coal
Silica
Paper mill wastewater
Municipal wastewater

95.5%, pH 6.5
93.8%, pH 7.6
92.17%, pH 7.5
87.4%, pH 6.5
74.0%, pH 6.5
90.5%, pH 6.8

[100,106]

9 HES-g-Poly
(DMA-co-AA)

Iron ore
Kaolin
Coal
Silica
Paper mill wastewater
Municipal wastewater

89.5%, pH 6.5
94.5%, pH 7.6
90.1%, pH 7.5
51.0%, pH 6.5
76.4%, pH 6.5
77.7%, pH 6.8

[100]

10 St-g-PAM Iron ore
Kaolin
Coal
Silica
Paper mill wastewater
Municipal wastewater

86.4%, pH 6.5
83.9%, pH 7.6
88.2%, pH 7.5
42.2%, pH 6.5
69.6%, pH 6.5
79.3%, pH 6.8

[90,100]

11 St-g-PDMA Iron ore
Kaolin
Coal
Silica
Paper mill wastewater
Municipal wastewater

92.42%, pH 6.5
85.9%, pH 7.6
89.1%, pH 7.5
83.0%, pH 6.5
70.2%, pH 6.5
88.2%, pH 6.8

[100]

12 St-g-poly(AM-co-2-
methacryloyloxy ethyl
trimethyl ammonium
chloride)

Blast furnace effluent 19.7 NTU [107]

13 St-g-poly (2-
methacryloyloxyethyl)
trimethyl ammonium
chloride)

Kaolin suspensions 25 NTU, pH 4.0 [108]

14 St-g-poly(2-
methacryloyloxyethyl
trimethyl ammonium
chloride)

Kaolin
Escherichia coli
suspensions
Kaolin and Escherichia
coli suspensions

98.7%, pH 11.0
95.5%, pH 11.0
98.7%, pH 11.0

[109]
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Table 4. Cont.

Sl. No. Flocculent Pollutant Results (%) Refs.

15 St-g-poly(AM-co-
sodium
xanthate)

Kaolin and CuSO4 ~100%, pH 5.0 [110]

16 St-g-poly(AM-co-AA) Kaolin suspensions ~100%
transparent

[111]

17 Barly-g-PMMA Coal fine
Iron ore
Kaolin
Municipal wastewater

86.0%
75.0%
82.0%
67.61%, pH 7.2

[112]

18 CMC-g-p(DADMAC) Kaolin suspension
Coal suspension
Iron ore

80.9%
83.6%
79.5%

[113]

19 Moringa gum-based Coal
River water
Kaolin
MWCNTs

90%
91%
92%
98%

[114]

20 Chitosan-g-
acrylamidopropyltrimethylammonium
chloride

Kaolin 90% [115]

21 Kraft lignin-based
polymers

Kaolin 62.91% [116]

22 Carboxymethylcellulose-
AM-4-vinylpyridine

Kaolin
Bentonite

75%
89%

[117]

23 Starch-Based
Flocculants

Kaolin
Hematite

97.7%, pH 11
98.6%, pH 7

[118]

The flocculation performance of the grafted polymers from the starch family, such as
starch-grafted-poly(acrylamide), starch-grafted-poly(dimethyl acrylamide), starch-grafted-
poly(dimethyl acrylamide-co-acrylic acid), amylopectin-grafted-poly(acrylamide), amylopectin-
grafted- poly(dimethyl acrylamide), amylopectin-grafted-poly(dimethyl acrylamide-co-acrylic
acid), hydroxyethyl starch-grafted-poly(acrylamide), hydroxyethyl starch-grafted-poly(dimethyl
acrylamide), and hydroxyethyl starch-grafted-poly(dimethyl acrylamide-co- acrylic acid),
were assessed in four synthetic suspensions of iron ore slime (0.25 wt.%), kaolin clay
(1.0 wt.%), coal (1.0 wt.%), and silica (1.0 wt.%) [90,100]. The results showed that the
polysaccharide-based PDMA graft copolymers exhibited higher flocculation properties
than the polysaccharide-based PAM polymers in coal, silica, and municipal wastewater.
However, polysaccharide-based poly(DMA-co-AA) showed better performance than the
PAM- and PDMA-based polymers in iron ore slime and kaolin clay suspension. This is due
to the fact that grafting polyacrylamide branches onto polysaccharides, which results in
dangling grafted chains that are incredibly approachable to pollutants [119]. It has recently
been found that the PAM-grafted biopolymer backbone is stiffer due to intramolecular
hydrogen bonding between the >C=O and –NH2 groups of PAM molecules, restricting the
approachability of the grafted polyacrylamide chains to suspended particles compared to
PDMA molecules. The absence of hydrogen bonding in PDMA chains increases the flexibil-
ity and approachability of PDMA chain-grafted polysaccharides to contaminants [90,100].
Binary groups such as –CONMe2 and –COOH in the biopolymers’ backbone could be
beneficial for the adsorption compared to the flocculation performance. The static repulsion
decreased the flexibility of the grafted chains, decreasing the flocculation characteristics.
The binary monomers and polysaccharide chain types in graft copolymers affect their
water treatment performance. For example, hydroxyethyl starch-g-PDMA shows better
flocculation performance than starch and amylopectin-based graft copolymers. This may be
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due to the branching chains in hydroxyethyl starch that are more flexible and approachable
toward pollutants than linear chains in starch and amylopectin [100]. In addition, the
hydroxyethyl starch-g-PDMA polymer has a more remarkable ability to remove suspended
particles (iron ore slime, silica, and coal suspension) from wastewater than industrially
available flocculants such as magnafloc 1011, telfloc 2230, and percol 181, as shown in
Figure 3a–f.

This might be due to the linear chains in commercial flocculants such as PAM. On the
other hand, acrylic acid (AA) moieties in the graft copolymers showed improved removal of
suspended particles from industrial effluents, e.g., kaolin clay [100,102,120]. This is due to
the electrostatic interaction between –COOH groups in hydroxyethyl starch-g-poly (DMA-
co-AA) chains and aluminum silicate in kaolin clay suspension. Sarkar et al., reported that
the AP-g-PAA polymer was used to treat wastewater from mining industries and found
that the turbidity decreased from 510 NTU to 64.7 NTU [102]. Recently, a lignocellulose-
acrylamide-carboxymethyl cellulose copolymer was synthesized using microwave-assisted
copolymerization, which removed 92% of the cationic dye Methylene Blue. This can
potentially reduce treatment costs by 32% compared to commercially available anionic poly
acrylamide [121].

Furthermore, a carboxymethyl cellulose-acrylamide-dimethyl diallyl ammonium chlo-
ride cationic polymer was synthesized using the γ-ray co-irradiation grafting approach,
which removed 86% of the kaolin suspension from wastewater [122]. On the other hand,
grafting copolymerization was used to develop a new, environmentally friendly natu-
ral polymer bagasse cellulose-based flocculant that significantly improves the removal
(91.6%) of humic acid from lake water [123]. Furthermore, by grafting methacrylic acid
2-(benzyldimethylamino) ethyl chloride and 2-(methacryloyloxy)-N,N,Trimethylethanium
chloride, cationic starch-based flocculants with variable hydrophobicity and charge den-
sities were synthesized, named CS-DMLs and CS-DMCs, respectively. These polymers
provided a new and effective method for designing graft natural polymeric flocculants that
were used effectively to condition sludge at a cheap cost and with excellent performance.
More cationic groups in the St-based flocculants improved their capacity to neutralize
charge for more efficient agglomerations of negatively charged sludge particles.

Additionally, the polymeric flocculants with a greater charge density increased the
length of the chain conformation in the solution, which enhanced the bridging flocculation
effects. Therefore, with the charge density increase, the dewatering performance of CS-
DMCs and CS-DMLs was enhanced (Figure 3g–h) [124].

From the above discussion, it has been found that there are three main mechanisms in
flocculation: surface charge neutralization (Figure 4a), polymer bridging, and electrostatic
patch. Surface charge neutralization completely neutralizes charged particles by opposite
charges on the adsorbent surface. In contrast, the electrostatic patch mechanism involves the
adsorption of charged particles onto localized charge patches on the adsorbent surface. Both
mechanisms rely on electrostatic forces, but the degree of neutralization differs [125,126].
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Figure 3. The flocculation characteristics in an iron ore slime colloidal suspension of PAM-, PDMA-,
and poly (DMA-co-AA)-grafted (a) St and (b) AP, (c) monomers, (d) HES, (e) comparison of best
performance, and (f) evaluation of best performance with three commercial flocculants [100]. Copy-
right 2016; reproduced with permission from Springer Nature. Copyright 2012; reproduced with
permission from Wiley. Dose effects of CS-DMCs and CS-DMLs on sludge dewatering performance:
(g) filter cake moisture content and (h) specific resistance of filtration [124]. Copyright 2021; repro-
duced with permission from Springer Nature.

In the polymer bridging mechanism (Figure 4b), polymer chains attach to the surface
of colloidal particles, creating loops and tails in the surrounding solution. These loops and
tails can then bind to nearby particles, forming larger aggregates or flocs. The adsorption
of polymers can occur through various forces such as van der Waals forces, hydrogen
bonding, and chemical reactions. This bridging mechanism is more effective with high
molecular weight polymers (>106 Da) that have the same charge as the colloidal particles.
The degree of branching, chemical composition, and molecular weight of the polymers
affect the efficiency of this mechanism [99]. Flocs formed through polymer bridging are
generally larger, stronger, and more stable, even under high shear rates, compared to those
formed through charge neutralization, electrostatic patch mechanisms, or in the presence of
metal salts. The flexibility of polymeric chains allows for stretching before the flocs break,
contributing to their stability. The formation of flocs reaches an equilibrium or steady state,
depending on the applied shear rate or stirring speed [127].
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from Society of Plastics Engineers.

Furthermore, the chains involved in polymer bridging are more resistant to breaking
under higher shear levels. While floc breakage may be irreversible, they may not reform,
even at lower shear levels [130]. Long-chain polymers with a high molecular weight are
cost-effective, non-ionic, and suitable for bridging. The charge density of polyelectrolytes
plays a crucial role in the efficiency of bridging, as the repulsion between charged fragments
affects the expansion and straightening of polymer chains, making them more accessible to
contaminant particles [131]. However, an excessively high charge density can hinder the
absorption of particles with similar charges by the polymeric segments due to the loss of
flexibility and rigidity of the polymer chains [132]. For instance, Figure 4g–j depicts optical
microscopy images illustrating the absorption of Microcystis aeruginosa cells by A. oryzae
fungal-microalgae using flocculation treatment [128]. Notably, the structural integrity of
the microalgal cells remained intact throughout the flocculation process, which effectively
minimized the release of extracellular secretions and the need for further processing.

In the case of the electrostatic patch mechanism, polymers with low molar mass and
high charge density are moderately effective in flocculating anionic colloidal suspensions.
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In the presence of highly cationic polymers and anionic suspensions, the high interaction
energy leads to a flattened adsorbed alignment, individually reducing the formation of
loops and tails for bridging particles. Instead, the ionic charges on the polymer segments
form opposing charges with patch-like regions. Particles near the polymeric segments
with patch formation are influenced by the opposite surface charges and are attracted
electrostatically. The flocs formed through this mechanism are weaker than those formed
through bridging, but stronger than those formed through simple charge neutralization or
the presence of metal salts.

Furthermore, a higher ionic strength can accelerate flocculation through the polymer
bridging mechanism, whereas lower ionic strength favors the electrostatic patch mecha-
nism [133]. Additionally, several factors impact the performance of flocculation, including
the type of colloidal solution and flocculants (their charge), the dosage of flocculants, solu-
tion pH, ionic strength, mixing speed, mixing rate, temperature, and the specific mechanism
involved. Optimization of these factors is necessary to achieve efficient flocculation [134].

Moreover, the size of the flocs formed is a critical parameter in the flocculation process.
Although the most commonly employed method for water treatment worldwide involves
aggregation combined with gravity separation or sedimentation (as shown in Figure 5a),
this approach incurs high financial and environmental costs due to the production of
approximately 8 million tons of metal-based sludge waste annually from the chemicals
used, such as coagulants. To address the challenges of process sustainability, cost, and
efficiency, researchers have developed re-engineered materials from virgin or waste fibers
that function as super-bridging agents, adsorbents, and ballast media. Forming a giant
flock could reduce the settling time and size of the settling tank. The formation of larger
flocs can reduce the settling time and the size of the settling tank. A recent study by
Lapointe et al., demonstrated the enhancement of floc size using super-bridging fibrous
materials in industrial water treatment [135]. These fibrous materials were synthesized
using cellulosic fibers grafted with silicon (Si). Both pure fibers and fibers derived from
recycled paper were utilized to create Si-fibers and porous Si-microspheres. In conjunction
with a coagulant, synthetic flocculant, and a bioflocculant extracted from potato residue,
these Si-grafted materials, along with other waste fibers such as polyester and cotton, were
employed to maximize floc size, density, and ultimately enhance the efficiency of the con-
taminant removal. The fibrous materials exhibited the formation of supersized flocs, which
were ten times larger than those achieved through traditional treatment methods. This
approach improved settling with minimal doses of coagulants and flocculants, resulting in
reduced capital and process costs, as well as an eco-friendly footprint [135], as depicted
in Figure 5b–f. Here, the researchers focused on flock removal using a screening process
instead of settling. One significant advantage of screening, as illustrated in Figure 5g, is
that the removal of flocs is primarily determined by their size rather than their density and
settling velocity. The study demonstrated that using reusable grafted fibers, fiber-based
microspheres, and fiber-based flakes in conjunction with screening can greatly reduce the
chemical consumption in water treatment and decrease the size of water treatment facilities.
The formation of Si-grafted cellulosic fiber materials and the mechanistic approach for
separating contaminants from water were explored.
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Figure 5. Provides several illustrations and information related to the topic. In (a), it shows the
sedimentation process [136]. Copyright 2016; reproduced with permission from American Chem-
ical Society. Figures (b,c) depict the impact of different fibers (pristine cellulosic fibers, Si-fibers,
and Si-microspheres) on turbidity removal rates compared to conventional treatment (no fibers).
(d,e) shows the effect of fiber materials on the minimum concentration of the coagulant (alum) and
the flocculant (polyacrylamide). The conditions for these experiments involved a flocculant consisting
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Furthermore, iron oxide-grafted cellulosic fibers were found to form large flocs that
could be easily separated using settling techniques and innovative screening methods.
These fibrous materials showed the potential to reduce the demand for coagulants by
approximately 60% in removing natural organic matter during multiple water treatment
cycles [137]. The fibers also demonstrated the ability to remove the targeted pollutant phos-
phorus from synthetic wastewater using either a lower dose of coagulant or no coagulant
at all. Jar tests, which simulated the water treatment process, were conducted to evaluate
the bridging capacity of the Fe-grafted fibers. Extensive characterization techniques were
employed to analyze micrographs of the iron-grafted fibers, and the results are presented
in Figure 6a–d. A comparison was made between the fiber-bridged flocs, the conventional
flocs formed solely with alum, and the flocculant polyacrylamide (PAM), as depicted in
Figure 6e–k.

The flocculation process discussed above presents important advancements in water
treatment. The use of high molecular weight polymers in the polymer bridging mecha-
nism leads to the formation of larger and stronger flocs compared to other mechanisms.
Optimizing parameters such as flocculant type, dose, pH, and mixing speed are crucial
for efficient flocculation. The development of super-bridging fibrous materials, such as
Si-grafted cellulosic fibers, offers a sustainable and cost-effective solution, reducing the
settling time and chemical consumption. Screening-based floc removal, focusing on floc
size rather than density, improves efficiency and reduces the size of treatment facilities.
Characterization techniques provide valuable insights into fiber properties and functional-
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ity. These advancements contribute to enhanced contaminant removal, reduced chemical
consumption, and improved process sustainability in water treatment.

Figure 6. Characterization and experimental results of the Fe-grafted cellulose fibers in water
treatment [137]. Copyright 2022; reproduced with permission from Elsevier. The characterization of
cellulose fibers involves several steps, as described below: (a) Optical images of Fe-fibers showing
the average fiber length (scale bars = 100 µm). (b) Distribution of fiber diameter after surface
functionalization. (c) Morphological analysis (SEM, left panels, scale bar = 20 µm) and elemental
analysis (EDS, right panels, scale bar = 5 µm) of Fe-grafted and pristine cellulose fibers. (d) Surface
chemical analysis of Fe-grafted cellulosic fibers in water treatment. (e) Microscope images of flocs
after jar tests, comparing samples without fibers and with 100 mg/L of fibers (scale bar = 5000 µm).
(f) Settled turbidity at different time intervals. (g) Illustration depicting the traditional treatment
process, which can utilize a smaller settling tank due to the formation of larger flocs with the presence
of fibers. (h) Illustrations demonstrating the screening-based jar tests and the resulting post-treatment
flocs. (i) Schematic illustrating how screening is integrated into the flocculation tank instead of
settling, enabling the separation of flocs. (j) Turbidity levels with different fiber concentrations using
screens with various aperture sizes (500, 1000, 2000, and 5000 µm). (k) Screened turbidity as a function
of screen aperture size for specific fiber concentrations.
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4. Adsorption

Adsorption is a widely used process worldwide for the removal of chemical contami-
nants from water. It is favored among various water treatment methods due to its simplicity
and excellent ability to remove metal ions [138,139] and dye molecules in water [140,141].
Unlike other processes, adsorption is sludge-less and can be effective for both high and
low concentrations of pollutants. The presence of numerous active sites on the surface of
the adsorbent is crucial for effective adsorption. Activated carbon is commonly used as
an adsorbent in wastewater treatment; however, the cost associated with its processing
and regeneration increases due to the required energy consumption. Hence, there is a
growing emphasis on developing inexpensive alternative adsorbents using industrial and
agricultural waste materials.

4.1. Adsorbents

Adsorbents play a crucial role in the process of adsorption and are responsible for the
separation of mass. The effectiveness of adsorption largely depends on the quality of the
adsorbent, which should possess high adsorption activity. Fixed-bed adsorber columns
are commonly employed for adsorption, where separation occurs through continuous
interaction and equilibration between the fluid and sorbent phases. A single column can
undergo hundreds to thousands of equilibrium phases, enabling efficient separation. In
industrial wastewater treatment, only a few types of adsorbents are commonly used, in-
cluding activated carbon, silica gel, zeolites, and alumina. Commercially, a limited number
of adsorbents find application in this field. Adsorbents utilized for pollutant sorption
in wastewater treatment should fulfill certain requirements, such as cost-effectiveness,
high sorption capacity, favorable chemical and physical properties, ability for economic
regeneration, and tolerance for significant waste parameters.

In recent decades, there has been significant progress in the development of novel
nanoporous materials, allowing for customization of their porosity and surface chemistry.
This includes oxide molecular sieves, various forms of carbon (such as carbonaceous molec-
ular sieves, activated carbon, activated carbon fiber, and graphite nanofibers), and zeolites.
However, the full potential of these materials in terms of their adsorption capabilities for
future applications is yet to be fully exploited. Activated carbon, a widely used sorbent
with hydrophobic characteristics, has been extensively researched since World War I for air
pollution control. Other desiccants such as activated alumina and silica gel are employed
for specific purification requirements. Moreover, polymeric materials have gained attention
for industrial wastewater treatment due to their defined pore structures and high specific
surface area, which enhance pollutant adsorption. The pore size affects surface area, where
smaller pores contribute to a larger surface area, but they should also allow molecules to ac-
cess the adsorbing surface within the polymer matrix. The interaction between adsorbents
and adsorbates is influenced by factors such as pH, temperature, reaction time, and solvents.
Various interactions, including van der Waals forces, hydrogen bonding, ionic interactions,
π-π bonds, and hydrophobic interactions, play a role in the adsorption process [142]. The
selection of polymeric adsorbents should consider both their ionic or non-ionic properties
and the surface chemistry (hydrophobic, ionic, and hydrogen bonding), in relation to the
properties of the adsorbates, such as solvent polarity and molecular structure.

Currently, the majority of commercially available synthetic polymeric adsorbents are
derived from acrylamide (as shown in Table 5). Acrylamide has been a subject of interest for
many years due to its high reactivity, water solubility, and low cost as a monomer. However,
the use of acrylamide in water purification has raised concerns regarding its carcinogenic
properties, leading to ecological and health risks [143]. With increasing regulations on air
and water pollution, there is a growing demand for cleaner environments. To address these
concerns, improved sorbents are required, but they are not yet commercially available. The
development of sorbents has traditionally been empirical, but to overcome the current
challenges, tailor-made sorbents need to be designed based on fundamental principles.
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Table 5. Synthetic polymeric adsorbents, with their charge and uses in various effluents.

Sl. No. Commercial Polymeric
Adsorbents

Charge Type of Effluent Used Maximum Adsorption
Capacity (mg/g)/Removal (%)

Ref.

1. Poly(quaternary
ammonium salt)

Cationic Acid Blue 25 and Acid Red
18 dye removal from single
and binary systems

2000 and 1667 [144]

2. Epicholorohydrin-
dimethylamine
polyamine

Cationic Bentonite clay 94.9% at 323 K [145]

3. Jalshakti® Anionic Cationic dye such as
Safranine T, Methylene Blue,
Malachite Green, Brilliant
Green, Rhodamine B, Crystal
Violet, and Basic Fuchsine

181.8, 172.4, 34.2, 17.6, 15.4,
12.9, and 11.7

[146]

4. Polyacrylamide Cationic Kaolinite 46.9% at 298 K [147]

5. 2-acrylamide-2-
methylpropanedimethyl
ammonium chloride

Cationic Activated sludge Not available [148]

6. Polyamidoamine Cationic Pb (II) ions 694.4 at 293 K [149]

7. Poly (ethyleneimine) Cationic Cu (II), Ni (II) and Co (II)
ions

Not available [150]

8. Poly (ethyleneimine) Cationic Methyl orange 275.74 at 323 K [151]

9. Poly (4-vinyl pyridine) Cationic Cr (VI) ions 72.2% at 298 K [152]

10. Poly acryl acid Anionic Cu (II) removal 303 at 298 K [153]

11. Polyacrylamide Non-ionic Methylviolet 1136 at 298 K [154]

Furthermore, the use of various adsorbents has been reported for the removal of heavy
metals. However, these adsorbents often suffer from limitations such as low adsorption
capacity, weak interactions with metal ions, and difficulties in extraction and regeneration
from water [155]. As a result, there has been a growing interest in the use of carbohydrate
biopolymers. Researchers are actively working to develop polymeric adsorbents that
are less toxic, biodegradable, cost-effective, and possess a high capacity for contaminant
removal and reusability. Numerous research articles, reviews, and book chapters have been
published on the use of biopolymer-based adsorbents for adsorbing pollutants, including
dyes and metal ions, from wastewater [156,157].

4.2. Biopolymer-Based Adsorbents

Biopolymers derived from renewable natural resources are abundant, non-toxic, and
biodegradable, making them highly suitable as adsorbents. These biopolymers possess
unique structures and physicochemical characteristics, including chemical reactive groups
such as hydroxyl, acetamide, or amino functions in their polymer chains, which contribute
to their chemical stability, high sensitivity, and selectivity. Carbohydrate-based biopolymers
such as chitosan, lignin, carboxymethyl cellulose, and alginate have gained significant
attention as adsorbents due to their affordability, effectiveness, and biocompatibility. These
biopolymers exhibit various functional groups, such as amine, hydroxide, phenolic hy-
droxyl, methoxyl carboxyl, and high hydrophilicity, which enhance the removal efficiency
of heavy metals from water by chelating metal ions and forming complexes. Chitosan,
in particular, with its abundant amino and hydroxyl groups, offers excellent adsorption
capacity and biodegradability [158]. However, its limited functionality, solubility in acidic
media, mechanical properties, swelling ratio, and inadequate specific surface area hinder its
widespread use as an adsorbent. To overcome these limitations, chitosan can be physically,
chemically, or biologically modified to create various forms such as nanofibers, nanopar-
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ticles, microspheres, membranes, and scaffolds. Chemical modification can be achieved
through cross-linking and blending. It involves esterification, etherification, N-alkylation,
and graft copolymerization [159]. Surface modification of chitosan is also an effective
strategy to enhance its adsorption capacity and other characteristics, which can be achieved
through cross-linking, grafting, or functionalization techniques (Figure 7a) [160]. Porous
carbon materials derived from biomass have also emerged as cost-effective and renewable
adsorbents for water purification and the recovery of metal ions and organic dyes. These
materials offer porous structures and accessibility derived from biomass, making them
promising alternatives for clean water production (Figure 7b,c) [158,161,162].
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Lignin, a common aromatic biopolymer derived from renewable plants and a waste
product of pulping industries, has emerged as an affordable carbon precursor. Lignin-
derived porous carbon (LPC) has shown significant progress in producing clean water
from organic dye effluents [163–167]. However, simultaneously recycling organic dyes
has proven to be challenging. The preparation of LPC often requires large amounts of
activating agents or pore-forming compounds, leading to increased costs and resource loss.
Additionally, LPC’s performance in producing clean water and recycling organic dyes is
hindered by its specific surface area and microstructure. To overcome these limitations, the
design of LPC with a remarkable porosity microstructure and minimal chemical usage is
crucial [168]. Recently, a cost-effective LPC with a nanoporous hierarchical structure and
high specific surface area was synthesized, demonstrating a high adsorption capacity for
organic dyes (979.3 mg/g) [168]. Figure 8a illustrates the synthetic process and surface
morphology of the material. The characterization results, shown in Figure 8b–g, provide
additional insights. To assess the adsorption capabilities of LPC-0 and LPC-3, two cationic
dyes (BG and CV) and two anionic dyes (AF and O-II) were used at a high concentration
of 700 mg/L in adsorption studies (Figure 8h). LPC-3 exhibited superior adsorption
performance compared to LPC-0 for all four organic dyes. The UV–Vis adsorption spectra
indicated the complete disappearance of the peak at 485 nm for O-II after two minutes
(Figure 8i). During the first minute of adsorption, a slight reduction in color was observed
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(Figure 8j). However, LPC-3 successfully removed O-II molecules within 5 min, enabling
the collection of clean water during subsequent filtration (Figure 8k). These findings
highlight the efficient adsorption capabilities of LPC-3 and its potential for effective water
purification processes.

Figure 8. (a) Schematic of LPC preparation. (b–d) SEM and enlarged SEM micrographs of the LPC.
(e–g) TEM images of LPC. (h) The AF, CV, O-II, and BG adsorption capacity of LPC-0 and LPC-3
in 10 min. (i) UV–Vis adsorption spectra and color change photos of the O-II solution before and
after 2 min of LPC-3 treatment. (j) The initial adsorption status of O-II and LPC-3. (k) Complete
O-II adsorption on LPC-3 and formation of pure water. (l) Schematic depiction of the LPC-3 filter
treatment intercept of clean water production. [168]. Copyright 2022; reproduced with permission
from Elsevier.

Recently, there has been an increasing focus on the development and performance
of bio-based polymeric adsorbents for water treatment. Table 6 presents a compilation
of recent reports highlighting various biopolymer-based adsorbents. These adsorbents
utilize biopolymers that are derived from renewable sources and exhibit promising ad-
sorption properties for the removal of contaminants from water. The table provides valu-
able insights into the types of biopolymers used, the target pollutants, and the reported
adsorption capacities.
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Table 6. Reported bio-based polymeric adsorbents for water purification.

Sl. No. Adsorbent Pollutant Results % or Qmax mg/g Ref.

1. AP-g-poly(DMA-co-AA) Cu (II), Ni (II), and Zn (II) 11.23 mg/g, 8.02 mg/g, 7.77 mg/g [139]

2. AP-g-poly(AM-co-AA) Pb (II) 58.8 mg/g [169]

3. AP-g-Poly(NMA-co-AA) MG 99.1% [101]

4. AP-g-poly(MA-co-sodium acrylate) Cd(II) 5.742 mg/g [170]

5.
AP-g-AM (sulphated)
AP-g-PDMA (sulphated)
AP (sulphated)

CR
CR
CR

66.97 mg/g
51.41 mg/g
37.18 mg/g

[141]

6. AP-g-poly (AM-co-ATMAC) MB
Kaolin

97.74%, pH 7
5.4 NTU [104]

7. Cross-linked starch polymer Acetophenone
1-phenylethanol

1.29 mg/g
0.70 mg/g [171]

8. Guar gum/bentonite Pb Crystal Violet 72.5 mg/g
48.40 mg/g [172]

9. HES-g-Poly (DMA-co-AA) MG 93.53%, pH 5.5 [120]

10.
Polyaluminum-FeCl3-St-g-poly
(AM-co-Dimethyl diallyl
ammonium chloride)

Dye blue KN-R
Green KE-4B
Textile wastewater

89.7%,
~100% [173]

11. St-g-poly(AM-co-dimethyl diallyl
ammonium chloride)

Disperse Yellow E-3G
Dye blue KN-R
Reactive Green KE-4B
Disperse blue 2BLN

96.0%
89.8%
96.0%
96.0%

[174]

12. St-phosphate Pb (II) 99.99%, pH 5.5 [175]

13. St-g-poly(N,N-Diethylaminoethyl
methacrylate) hydrogel Direct Red 81 95.65%, pH 1.0 [176]

14. St-g-3-chloro-2-hydroxypropyl
trimethylammonium chloride

Sludge dewatering
S-EPS
LB-EPS
TB-EPS

76.40%
50.90%
48.30%

[177]

15. FeCl3-St-3-chloro-2-hydroxypropyl
trimethylammonium chloride

Sludge dewatering of
extracellular polymeric
substances (EPS)
Soluble EPS
Loosely bound EPS
Tightly bound EPS

93.5%
55.4%
53.9%

[177]

16. St-g-poly(AM-co-AA) MB 2276 mg/g [178]

17. St-g-DADMAC Kaolinite and minerals
from drilling fluids 98% [179]

18. Cross-linked dibenzo-18-crown-6-St

Cd (II)
Zn (II)
Ni (II)
Cu (II)

45 mg/g
42 mg/g
50 mg/g
84 mg/g

[180]

19. St-g-poly(DMA-co-AA) Cr (VI) 6.70 mg/g [181]

20. St-g-poly(NMA-co-AA) Hg (II) 11.0 mg/g [182]

21. Chitosan on alkali-activated
inorganic material Zn (II) and Cu (II) 98–100% [183]

22. St-g-poly(2-methacryloyloxyethyl
trimethyl ammonium chloride)

Kaolin
Escherichia coli
suspensions
Kaolin and Escherichia coli
suspensions

98.7%, pH 11.0
95.5%, pH 11.0
98.7%, pH 11.0

[109]
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Table 6. Cont.

Sl. No. Adsorbent Pollutant Results % or Qmax mg/g) Ref.

23. St-g-dimethylaminoethyl
methacrylate

Cu (II)
Pb (II)

2.12 mg/g
2.09 mg/g [184]

24. St-g-poly(AM-co-sodium xanthate) Kaolin and CuSO4 ~100%, pH 5.0 [110]

25. St-g-(AA–chitosan) Acid Blue 113 99.7% pH 4–10.0 [185]

26. St-g-poly (AM-co- DMDAAC) Oil—sludge suspension 93.6% transmittance, pH 6.0 [186]

27. Dxt-g-poly(hydroxyethyl
methacrylate)

Methylene Blue
Red rose Bengal
Fe (III)
Cu (II)

91.6%
88.6%
92.4%
81.9%

[187]

28. St-g-poly(AM-co-AA) Kaolin suspensions ~100% transparent [111]

29. St-g-PAA Crystal Violet 0.8 mg/g, pH 12.0 [188]

30. St-g- 3-chloro-2-hydroxypropyltrimethyl
ammonium chloride

Red 195
Golden yellow SNE

101.73 mg/g
120.14 mg/g [189]

31. Chitosan-g-AM-fulvic acid
Acid blue 113
MO
Reactive Black 5

97.0%
91.6%
38.2%

[190]

32. Carboxylated cellulose
nanocrystals

MB
Cu (II)

95.6%
82.3% [191]

33. Opuntia stricta TSS
Color

80% pH 10.6
77.8%, pH 10.6 [192]

34. AA-g- xanthan gum hydrogel Rhodamine B 2777.77 mg/g, 323 K [193]

35. Arabic gum-g-PAA/PAM MB 2300 mg/g, pH 7.0 [194]

36. Peach gum MB and MV 98%, pH 6–10 [195]

37. Modified chitosan beads Hg (II) 2.3 mmol/g, pH 7 [196]

38. Leuconostoc citreum B-2
extracellular polysaccharides

Pb (II)
Zn (II)

269.54 mg/g, pH 5.5, 298 K
49.88 mg/g, pH 5.5, 318 K [197]

39. Alginate-hydrogel

Pb (II)
Cd (II)
Ni (II)
Cu (II)

534.25 mg/g
258.6 mg/g
187.0 mg/g
224.5 mg/g

[198]

40. Polyacrylic acid/starch graft copolymer Cd (II) 588 mg/g [199]

41. Modified HEMP Cd (II), Co (III), Ni (II), Cu
(II), Mn (II), and Zn (II) 80–100% [200]

42. Corn silk/sepiolite Pb (II)
Zn (II)

93.13%, pH 5.5
89.04%, pH 5.5 [201]

43. Algae residue CCLR Cu (II), Pb (II), Cd (II), and
Mn (II) 78.1, 108.8, 87.3, 57.8 mg/g [202]

44. Activated carbon–chitosan beads Diclofenac 99.29 mg/g [203]

45. Lignin-based superhydrophobic
melamine resin sponges Oil/water 98.6% [204]

46. Lignin-derived hierarchical
porous carbon Organic dye 1980.63 mg/g [205]

47. Macroporous cellulose Methylene Blue 454 mg/g [206]

48. Oxidized cellulose Pb (II) and Mn (II) 272.5 and 52.9 mg/g [207]

49. Carboxymethyl Cellulose
Nanofibrils Cu (II) 380.03 ± 23 mg/g [208]

50 Pyridine-2,6-dicarboxylic acid
cross-linked chitosan Cu (II) 2186 mg/g, pH 7.5 [209]
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The adsorption of dyes by an adsorbent increase at a high pH (>5.5) due to the en-
hanced ionic interaction between the color particles and the adsorbent molecules. However,
for metal ion adsorption, pH 5.5 is considered optimal, as higher pH levels can lead to the
precipitation of metal hydroxides, resulting in lower metal ion adsorption by the polymer.
Table 6 highlights the recent literature featuring superior polymers for the removal of dye
molecules and metal ions from wastewater, with reported removal efficiencies ranging from
90% to 100%. While the focus has predominantly been on removing organic color molecules,
rather than metal ions, it is worth noting that most investigations have been carried out
using synthetic solutions rather than real industrial effluents. However, Sarkar et al.,
demonstrated the efficacy of naturally abundant polymer-based flocculants/adsorbents
for treating wastewater from mining industries [102]. The AP-g-PAA polymer exhibited
a remarkable 99% removal of Malachite Green dye (352.11 mg/g) and metal ions such as
Mn (II), Fe (III), Ca (II), and Mg (II) from paper mill effluents [103]. Additionally, Zhou
et al., recently reported that natural peach gum could efficiently remove a large amount of
cationic dye (98%) from water within a short period of 5 min. Even after undergoing five
cycles of desorption–adsorption, the regenerated peach gum retained a high adsorption
capacity [195]. Furthermore, adsorbents derived from renewable materials such as rice
husk, peach gum, castor seed shell, banana peel, wheat shell, and peanut hull have been
explored for color removal from aqueous solutions [195].

5. Commercial Applications

Bio-based polymeric materials have gained significant commercial interest and appli-
cation in water treatment for industrial wastewater. One notable example is poly glutamic
acid, an anionic polymer that is non-toxic and biodegradable. It has emerged as a promising
candidate for industrial wastewater treatment. Recent research reports have highlighted its
effectiveness in removing metal ions and color molecules from water, including both syn-
thetic and industrial effluents, with removal rates ranging from 90% to 100%. In addition,
bio-based polymeric materials, such as chitosan and its derivatives, have demonstrated
excellent adsorption capabilities for heavy metals and pharmaceutical contaminates. Chi-
tosan, derived from the shells of crustaceans, possesses amino and hydroxyl functional
groups that can complex with metal ions. Studies have shown the effective adsorption of
metals such as lead, cadmium, and copper using chitosan-based adsorbents. Activated
carbon derived from bio-based sources has adsorbed organic contaminants such as phe-
nols, dyes, pesticides, and pharmaceutical compounds effectively. The commercial use of
biopolymeric materials in water treatment offers several advantages. Firstly, these materials
possess higher porosity, surface area, and pollutant removal effectiveness compared to
traditional acrylamide-based polymeric materials. This enhanced performance is attributed
to the unique properties of biopolymers, such as activated multifunctionality and a larger
surface area, which make them suitable as adsorbent materials. The trend in recent research
is focused on synthesizing more sustainable and green flocculants, adsorbents, and catalysts
for the treatment of industrial effluents. By copolymerizing acrylamide with biopolymers
or other monomers, the toxicity of polyacrylamide can be minimized while improving its
biodegradability. This approach allows for the development of alternative materials that
are less toxic and more environmentally friendly.

6. Regeneration of Polymeric Adsorbents

Adsorption is a widely used non-destructive approach for removing pollutants from
water. However, one of its primary drawbacks is that adsorbents retain impurities without
degrading the pollutants. To address this issue, regeneration techniques are employed to
restore the adsorbents’ adsorption capacity and enable their reusability. Regeneration is
crucial for cost-effectiveness, resource conservation, waste reduction, and recovering the ad-
sorbate. Figure 9a presents a schematic of basic regeneration techniques [210]. Desorption
is a common method used to regenerate adsorbents by removing the adsorbed pollutants.
The effectiveness of the recovery, decontamination, and regeneration of used adsorbents
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determines their reusability. A suitable sorbent can be reused and recovered for commercial
and industrial applications, significantly reducing the cost associated with synthesizing
new adsorbents. However, regenerated adsorbents generally exhibit a lower adsorption
capacity compared to fresh adsorbents [210]. Choosing the appropriate regeneration pro-
cess is essential for enhancing the pollutant desorption performance. Several factors need
to be considered, including the type of adsorbent, eco-friendliness, cost-effectiveness, and
energy requirements. Various regeneration strategies have been investigated, but none
have been implemented on a large scale [211]. Some of the crucial regeneration approaches
for pollutant-loaded adsorbents include microwave-assisted regeneration (Figure 9b) [212],
electrochemical regeneration (Figure 9c) [213], ultrasound regeneration, microbial regen-
eration, thermal regeneration techniques, and chemical regeneration [210,211]. These
techniques have been extensively discussed in the referenced articles. The electrochemical
regeneration method, in particular, shows promise, as it can effectively regenerate adsor-
bents that are loaded with both organic and inorganic species. It offers higher regeneration
efficiency and porosity recovery compared to thermal or chemical regeneration methods.
However, the overall regeneration rate is slow, and the fouling of electrodes can increase
the regeneration cost. It is worth noting that there is no single regeneration approach
that can effectively regenerate the wide range of adsorbents available today. The optimal
regeneration strategy depends on the specific adsorbent, regeneration time, overall cost of
the adsorption–regeneration process, and environmental considerations [211]. Disposing
of used adsorbents and recovering adsorbate pollutants are significant practical challenges.

Figure 9. (a) Schematic of basic regeneration techniques [210]. Copyright 2022; reproduced with
permission from Elsevier B.V. (b) MG dye adsorption by meso-CaAl2O4 and microwave-assisted
regeneration [212]. Copyright 2021; reproduced with permission from Springer Nature. (c) Electro-
chemical regeneration and enhancement of desorption. (i) pH change; (ii) salinity; (iii) electrode
sorption; (iv) oxidation/degradation reaction of granular activated carbon reactions [213]. Copyright
2018; reproduced with permission from Elsevier B.V.
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Researchers and companies will need to continue exploring and developing ideal
regeneration strategies, taking into account the specific characteristics of the adsorbents,
regeneration time, cost implications, and environmental impacts. Finding sustainable
solutions for regeneration is crucial for ensuring the long-term viability of adsorbent-based
water treatment processes.

7. Biodegradation of Polymeric Materials

Earlier studies have investigated the regeneration of polymeric materials from loaded
pollutants, with a particular focus on the biodegradability of these polymers. Biodegrada-
tion refers to the degradation of materials through the metabolic activities of microorgan-
isms [214]. Fungi, bacteria, and algae play important roles in the biodegradation of chemical
components. Biopolymers or natural polymers can undergo degradation in the environ-
ment, leading to the formation of biomass, CO2, and CH4 [215]. Several factors influence
the biodegradation of polymeric materials, including the stability of functional groups,
hydrophilicity, swelling properties, reactivity, molecular weight, and surface morphology.

In a study by Kolya et al., the enzymatic hydrolysis of polysaccharide-based graft
copolymers and virgin polysaccharides using α-amylase was observed [120,139,181,182,216].
α-amylase is an enzyme capable of cleaving the glycosidic linkage (1,4-α-D-glycosidic) in
starch chains, releasing glucose residues. The concentration of glucose can be determined
by measuring the optical density (OD) using a photoelectric colorimeter after adding DNS
(2,4-dinitrosalicylic acid) at pH 6.7 in a phosphate-buffered solution (PBS) [216]. The results
of the study are summarized in Figure 10a [120,139,181,216]. The polysaccharides exhibited
a more rapid degradation compared to the graft copolymers. This can be attributed to
the modification of the polysaccharide backbones through the grafting technique. Con-
sequently, the polysaccharide contained a higher number of glucose moieties compared
to the graft copolymers. As a result, the release of glucose was relatively lower for the
graft copolymers in the solution treated with α-amylase. Additionally, chemically modified
starch (HES) exhibited a slower degradation compared to starch and amylopectin. Overall,
polysaccharide-based graft copolymers demonstrate biodegradability.
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Furthermore, a study by Sasmal et al., demonstrated the potential of Fusarium sp. for
degrading partially hydrolyzed AP-g-PAM. The growth of Fusarium sp. on the partially
hydrolyzed AP-g-PAM was observed in a sterilized modified Czapek–Dox medium, as
depicted in Figure 10b [170]. This finding suggests that Fusarium sp. can play a role
in the degradation of the polymer. Moreover, the enzyme lysozyme has been found to
be effective in degrading polysaccharide-based nanocomposite hydrogels (referred to as
NHA), resulting in improved removal efficiency of MG dye. In a PBS medium, lysozyme
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was able to degrade 55% of the NHA within a span of 15 days [217]. Based on these studies,
it can be concluded that polysaccharide-based polymers exhibit superior biodegradability
compared to synthetic polymers. This characteristic makes them suitable candidates for
applications in wastewater purification processes.

8. Limitations, Challenges, and Opportunities

The use of commercially applied polymers has shown satisfactory performance in
wastewater treatment. These polymers are derived from inexpensive monomers, such
as acrylamide, acrylic acid, and methyl methacrylate. However, a major limitation of
these polymers is their non-biodegradability or limited biodegradability, making their
reuse difficult and posing environmental concerns. As a solution, bio-based polymers
have emerged as a potential alternative to reduce environmental toxicity. However, using
biopolymers alone may not meet the specific requirements for commercial applications,
necessitating chemical modifications to enhance their properties.

Polysaccharide-based polymers, including starch, hydroxyethyl starch, dextrin, cel-
lulose, chitosan, and guar gum, have garnered significant attention due to their natural
abundance and low manufacturing cost. Chitosan, in particular, has been extensively
studied for polymer, composite, and nanocomposite production, due to its eco-friendliness
and the presence of amino groups (–NH2). However, challenges related to chitosan’s
solubility and cost implications in adjusting reaction conditions and polymer solubility
hinder its direct implementation. Consequently, chemical modifications are required to
improve chitosan’s water solubility and charge density while maintaining its efficacy and
cost-effectiveness in water treatment.

While many researchers have reported their approaches as economical and environ-
mentally beneficial, few studies account for the operational costs and biodegradability.
Additionally, most investigations focus more on removing organic color molecules rather
than metal ions or their mixtures, often employing synthetic solutions instead of real
industrial effluents. Future research in this field should emphasize the development of
environmentally friendly polymeric materials that are user-friendly, multifunctional, resis-
tant to interference, efficient, cost-effective, and accompanied by comprehensive research
reports to promote their adoption in the industry.

To overcome these limitations and challenges, it is essential for researchers in the field
to collaborate with the industry to develop bio-based polymers for practical applications.
This collaboration should aim to address the need for low-cost regeneration methods,
consider the regeneration cost of adsorbents and flocculants, and provide a holistic under-
standing of the material’s performance and potential in real-world scenarios. By focusing
on these opportunities, the development of bio-based materials can contribute to more
sustainable and effective wastewater treatment processes.

9. Conclusions

In conclusion, the development of bio-based polymeric materials for wastewater treat-
ment presents an opportunity to address the limitations and challenges associated with
commercially applied polymers. While the currently used polymers demonstrate satisfac-
tory performance, their non-biodegradability and limited reusability raise environmental
concerns. Biopolymers, such as polysaccharide-based materials, offer a promising alter-
native due to their natural availability and low manufacturing costs. However, chemical
modifications are often necessary to enhance their properties for commercial applications.

Chitosan, a widely studied biopolymer, exemplifies the need for solubility improve-
ments and charge density enhancements. By overcoming these challenges, biopolymers
can offer cost-effective and environmentally friendly solutions for water treatment. Collab-
orations between researchers and industry are crucial to developing practical applications
and ensuring that the materials meet the requirements of real-world scenarios.

Future research should focus on developing bio-based polymeric materials that are
user-friendly, multifunctional, and resistant to interference. Emphasis should also be placed
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on comprehensive research reports that consider the operational costs, biodegradability,
and regeneration methods of adsorbents and flocculants. By addressing these factors, the
industry can promote the adoption of bio-based polymers for efficient and sustainable
wastewater treatment.
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Abbreviations

AA Acrylic acid
AM Acrylamide NTU Nephelometric turbidity unit
AML Amylose OD Optical density
AN Acrylonitrile PAA Poly(acrylic acid)
AP Amylopectin PAM Polyacrylamide

ATMAC
(3-acrylamidopropyl)

PDMA Poly(N,N-dimethyl acrylamide)
trimethylammonium chloride

CR Congo red PEG Polyethylene glycol

DADMAC
Dimethyl diallyl

PMETAC
Poly (2-methacryloyloxy ethyl

ammonium chloride trimethyl ammonium chloride)
Dextrin Dt ppb Parts per billion
DMA N,N-dimethyl acrylamide ppm Parts per million
DNS 2,4-dinitrosalicylic acid PPS Potassium peroxydisulfate
-g- Grafting PVA Polyvinyl alcohol
HES Hydroxyethyl starch St Starch
MB Methylene Blue UV Ultraviolet
MF Microfiltration UV–VIS Ultraviolet–Visible
MG Malachite Green
MMA Methyl methacrylate
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