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a b s t r a c t

Indeed, polymeric materials have thrived in worldwide sectors over the last five decades due to their ver-satility and durability, to the point that we can 
no longer envisage a product that does not contain them. However, many synthetic polymers that have been produced are mostly sourced from 
petroleum and coal as raw materials, making them environmentally incompatible because they cannot be integrated with what is a natural recycling 
system. One of the most important aspects of the transition to a circular bioeconomy (CBE) is the provision of more sustainable strategies for resource 
and waste management. Considering the environmental consequences associated with petroleum-based polymers (PBPs), natural biopolymers, 
originating from biomass, can be conceived as a promising solution to gradually replace the PBPs, and address, and resolve the potential challenges and 
prevailing research gaps in the PBPs. The biopolymers have significant advantages over PBPs in terms of low-cost/zero-cost precursors, environ-mental 
friendliness, and user-friendliness. The present review dissects the sources, synthesis pathways, structures, characterization, and employment of 
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biopolymers and their composites in wa
proposes potential approaches to applyin
organizational and societal reforms. To s
as well as future environmental manage
wastew-ater treatment applications via different scenarios. Furthermore, the CBE model framework 
rinciples in the wastewater management sector, with a heavy emphasis on not only technology but also 
the reliance on biopolymers can be considered a crucial tool for assessing the global progress toward CBE, 
d planning.
1. Introduction duction of synthetic polymers has increased from 1.5 million met-
ric tons in 1950 to 359.0 million metric tons in 2018 [2]. These
Nowadays apart from energy, environmental issues are cur-
rently a major concern for humans and other species. Many
petroleum-based polymers (PBPs) products have been developed
over the years to meet human needs such as polypropylene (PP),
polystyrene (PS), low-density polyethylene (LDPE), high-density
polyethylene (HDPE), polyvinyl chloride (PVC), and polyethylene
terephthalate (PET) [1]. The great demand for conventional PBPs
has dramatically expanded because of population growth, and
technological advancement in our everyday lives. Typically, these
materials are created by polymerizing low-molecular-weight
organic molecules derived from fossil resources. The annual pro-

⇑

synthetic materials have severe impacts on the environment and
human life by generating hazardous waste that negatively impacts
land, water, and air. Unfortunately, the main issues related to the
manufacturing processes of these non-biodegradable synthetic
polymers are the release of greenhouse gases (GHGs). This is
thought to be the primary source of the global average tempera-
ture rise [3]. To address these life-threatening challenges, prospec-
tive solutions for environmental conservation must be created and
implemented. Over the last several decades, there has been a surge
in interest in bio-based materials derived from natural renewable
resources and environmentally friendly products such as biopoly-
mers, which will play an important role in the replacement of syn-
thetic polymers [4,5].

Biopolymers are promising alternatives to petroleum-based
polymer materials to release the burden of the environment and
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resources due to their diverse physical, chemical and biological
properties. Biopolymers are natural polymers generated from
renewable natural sources or biosynthesized by living organisms.
As natural macromolecular substances produced in vivo, biopoly-
mers mainly include exopolysaccharides, polyhydroxyalkanoates,
and polypeptides. They are non-toxic and emerging competitors
for synthetic polymers, with significant advantages such as eco-
friendliness and biodegradability nature [6]. Mainly, biopolymers
can be categorized into (i) natural biopolymers, (ii) chemically gen-
erated biopolymers, and (iii) microbial biopolymers. Nowadays,
the use of biopolymers is expanding in a broad range of industries
[7]. Interestingly, these biopolymers have remarkable mechanical,
physical, chemical, and biological characteristics of renewability,
environmental compatibility, antibacterial activity, biocompatibil-
ity, and biodegradability. These properties make them available for
commercialization in various industries such as food, pharmaceu-
tical, medicinal, and environmental fields [8]. Furthermore, the
presence of reactive functional groups in their skeleton (i.e., amide,
carbonyl, carboxyl, hydroxyl, etc.) qualifies them for application in
wastewater treatment. Considering their outstanding qualities,
there has been a tremendous amount of research interest in
increasing the production of biopolymers. Nowadays, wastewater
remediation using biopolymers and biopolymer composites is
one of the most exciting research subjects. In order to compete
with the non-biodegradable conventional polymers, there is
increasing research focusing on the development of biodegradable
polymers for global welfare and the reduction of environmental
pollution [9–11]. A key issue observed during the up scaling of
biopolymers is the cost inefficiency through the synthesis and
purification processes. To summarize, biopolymers and their com-
posites have been widely employed as coagulants [12], flocculants
[13], adsorbents [14], membranes [15], and photocatalytic agents
[16] to remove heavy metals, dyes, natural organic matter, and
other water pollutants [17–19]. In this study, a brief review of
the sources, synthesis pathways, structures, and characterization
are given. Their cumulative roles in the treatment of wastewater
will be explored utilizing several known methodologies.
2. Biopolymers

2.1. Bibliometric analysis

The ongoing global issue of water resource pollution is today’s
most significant health concern. Thus, multidisciplinary biopoly-
mers can be regarded as promising materials for water treatment
emerging from the growing concerns on water protection and con-
servation. Fig. 1 displays a bibliometric analysis for the synopsis of
biopolymers harnessing for wastewater remediation highlighting
various aspects (i.e., countries of publications, number of published
articles, and Bibliometric maps of several cited articles in different
countries or regions). The data come from dimension, an available
search, and metrics for more than 100 million publications and
research information. The raw data were collected from the Web
of Science database and then exported to VOS viewer software to
minimize the gap in knowledge surrounding the utilization of
biopolymers in wastewater treatment. Regarding the contribution
of countries and regions toward these publications vs. citations,
China had the highest number of published papers; 350 vs. 4500
citations followed by Malaysia with 300 papers and 3750 citations,
and the publications in the USA are 275 vs. 3500 citations. The top
10 contributing countries or regions are presented in Fig. 1(a).

The use of biopolymer as desired material and environment-
friendly worldwide has been getting increasing attention in recent
years. Fig. 1(b) presents the most countries or regions in the world
that select biopolymer as an ideal applied material for different
applications. The research covered the period from 2015 to 2022.
China comes in front of countries using biopolymers. Chinese man-
ufacturers seek to increase their products of biodegradable poly-
mers made from plants. While Fig. 1(c) had been covered the
average of citations in �90 countries or regions around the world
during 2020, the top five in the citation are India, China, Brazil,
Iran, and Italy. India recorded the highest score in the citation
(1054) followed by China (974).

2.2. Sources of biopolymers

In general, biopolymers are cheap materials, originally made
from biological resources, and consist of monomeric units with lin-
early or branched-like organized molecules. The term ‘‘monomeric
unit” refers to molecules that contain nucleic acids, nucleotides,
saccharides, or amino acids derived from protein sources. Struc-
turally, biopolymers are made of carbon-neutral resources that
are mostly made up of biopolymers like carbohydrates and pro-
teins, which have a higher biodegradability than synthetic poly-
mers [4]. Polymers are created by repeating a building unit,
especially a monomer composed of carbon (C), oxygen (O), hydro-
gen (H), and nitrogen (N). Fig. 2 illustrates the major biopolymer
resources. Biopolymers can be chemically synthesized from mono-
meric units of diverse biological sources such as animals (i.e. pig
and cattle), agricultural sources (i.e. cassava, potatoes, and wheat),
biomass wastes (i.e. paper waste, and wood wastes), vegetable oils
(i.e. corn, castor, soybean, and sunflower), fish oils, microbial
sources (i.e. algae, fungi, and yeasts), and marine sources (i.e. cor-
als, shrimps, fishes, lobster, and sponges), which are considered
as major substitutes for the production of natural biopolymers
[7,20]. The physicochemical characteristics of the as-produced
biopolymers (i.e., color, transparency, resilience, stiffness, heat/-
electricity conductivity, etc.) are largely affected by the con-
stituents’ monomers type, polymerization degree extent, and
bonding pattern/order.

2.3. Classification of biopolymers

Inherently, biopolymers can be categorized based on different
scales. They are divided into two types: biodegradable and non-
biodegradable [21,22]. Moreover, they can be classified into two
main categories based on their origin: natural sources and fossil
fuels. Similarly, they are classified as elastomers, thermoplastics,
and thermosets depending on their thermal condition reactions.
Biopolymers are classified into three types based on their compo-
sition: blends, laminates, and composites [23]. Natural, synthetic,
and microbial biopolymers are the three categories of biopolymers
based on their raw material source. Natural biopolymers based on
biomass are classified as protein and carbohydrate-derived poly-
mers that can be synthesized from natural resources comprising
aerial, terrestrial, and marine living organisms of microorganisms,
animals, and plants [24]. Fig. 3 shows the classification of biopoly-
mers according to their origin. Microorganisms such as bacteria,
fungi, yeasts, molds, smuts, and many other forms of primitive life,
for example, have the potential to provide huge diversity of poly-
meric biomolecules with exceptional structural and biochemical
properties. Alginate, collagen, egg protein, soy protein, gelatin, ker-
atins, etc. are examples of protein-based biopolymers, whereas
carbohydrate-derived polymers include agar, alginate, cellulose,
lignin, chitosan, hyaluronic acid, gums, starch, and etc. [25,26].

Natural biopolymers are categorized into three categories based
on the monomeric unit present and the structure (i) polynu-
cleotides, (ii) polypeptides (proteins), and (iii) polysaccharides
[27,28]. Nucleic acid is a generic biological material made up of a
huge number of molecules in a certain order. These are polymers
in which nucleotides serve as monomer units. Deoxyribonucleic



Fig. 1. A bibliometric analysis for the synopsis of biopolymers harnessing for wastewater remediation highlighting various aspects: (a) countries or regions of publications
and number of published articles; (b) bibliometric map for biopolymer applications in the world (2015–2022); (c) bibliometric map for biopolymer citations in the world
(2020).



Fig. 2. The major resources of biopolymer.

Fig. 3. The classification of biopolymers according to their origin.
acid (DNA) and ribonucleic acid (RNA) are the two types of nucleic
acids. These are linear polymers with smaller molecules (monomer
units) connected sequentially. Polynucleotides are made up of
many nucleotides that are connected linearly by covalent bonds
[29]. A nucleotide molecule is made up of three separate mole-
cules: a five-carbon sugar, a phosphate group, and a nitrogenous
base. A nucleotide monomer in DNA and RNA polynucleotide
biopolymers has a phosphate group, which is connected to the
sugar of the next nucleotide monomer, forming a chain with a reg-
ular sugar-phosphate group. Proteins can be extracted from a wide
range of materials such as wool, leather, silk, gelatin, and collagen
[28,30]. Proteins come in a variety of shapes and sizes due to differ-
ences in the sequence of amino acids. Immune responses, cell
adhesion, and cell communication are all important functions of
proteins in living beings. Polysaccharides are long chains (linear
or branched) of monosaccharide units bound together by glyco-
sidic bonds that, when hydrolyzed, produce monosaccharides or
oligosaccharides. Polysaccharides include storage polysaccharides
like starch and glycogen, as well as structural polysaccharides like
cellulose and chitin [31].

Semi-synthetic polymers come from natural sources but are
chemically altered to make them more useful. Natural polymers
have greater benefits than synthetic ones due to their biodegrad-
ability, and lower toxicity. As a result, semi-synthetic polymers
are those that are both produced synthetically and naturally. Typ-
ically, cellulose, a polymer found in nature, serves as the starting
point for semi-synthetic polymers. Thermoplastic polymers are
another name for semi-synthetic polymers. cellulose acetate can



be produced through acetylation using acetic anhydride and sulfu-
ric acid.

Synthetic polymers usually created chemically from biomass,
such as polylactic acid (PLA), and PBPs such as polycaprolactone
(PCL), polyglutamic acid (PGA), polyvinyl alcohol (PVA), polya-
mides, polyethylene, and polystyrene. Polyhydroxyalkanoates
(PHAs), poly(hydroxybutyrate-co-valerate) (PHBV), polyhydroxy-
butyrate (PHB), curdlan, dextran, gellan, levan, and xanthan
[32,33].

Biopolymers are mostly composed of polysaccharides, proteins,
and nucleic acids derived from plants and bacteria. Collagen, elas-
tin, albumin, fibrin, gluten, and soy proteins are all commonly uti-
lized proteins. Alginic acid, chitin, chitosan, cellulose, starch,
hyaluronic acid, and pectin are examples of polysaccharides. The
most common synthetic biopolymers are polyethylene, polya-
mides, polylactic acid, polystyrene, polycaprolactone, and polyglu-
tamic acid. Bacterial cellulose, bioplastics, dextran, pullulan,
xanthan, and microbial polysaccharides (i.e., exopolysaccharides)
are examples of biologically generated polymers employed in dif-
ferent environmental and industrial applications such as biosen-
sors, wastewater remediation, cosmetics, clothing fabrics, food
additives, packaging materials, industrial plastics, and in gas
hydrate applications [34–37].

2.4. Structure of biopolymers

Biopolymers are remarkable in their unique properties such as
degradability, hydrophilicity, chirality, and chemical modifying
ability. The study of biopolymer chemistry and structure aids in
the development of films, coatings, and membranes. Fig. 4 reports
the chemical structures of some common biopolymers. Compre-
hensively, the following section of this review will provide a sys-
tematic description of some examples of frequently used
biopolymers in different applications as follow.

2.4.1. Cellulose
Cellulose (C6H10O5)n, is one of the most ubiquitous organic

biopolymers in the world. It accounts for approximately 33% of
all plant materials. Wood and cotton contain 50% and 90% of
cellulosic-based matter, respectively [38]. It is odorless, biodegrad-
able, hydrophilic, and water insoluble. It is made up of glucose
monomers linked together by b-(1? 4) glycosidic bonds. Glucopy-
ranose rings are arranged in the chair conformation. The repeated
b-(1 ? 4) D-glucose bonds are found in plant sources such as
stalks, reeds, grasses, and woody sections of vegetables [39]. The
molecular weight of the cellulose unit is 162.14 g�mol�1. The
degree of polymerization in cellulose ranges between 10000 and
15000 glucopyranose units. Cellulose and its derivatives can be
used as re-generable, biodegradable, and low-cost adsorbents to
remove various water pollutants from aqueous solutions [40].

2.4.2. Lignin
Lignin (C81H92O28), is a cross-linked phenolic natural carbohy-

drate biopolymer, mainly composed of three constituent mono-
mers, p-hydroxyphenyl (4-hydroxyphenyl, H), guaiacyl (4-
hydroxy-3-methoxyphenyl, G), and syringyl (4-hydroxy-3,5-
dimethoxyphenyl, S), arranged in a hyper branched topology with
no regular repeating structure [41]. It is incorporated in lignocellu-
lose biomass and occurs as a three-dimensional networking struc-
ture with functional groups such as carboxyl, phenolic hydroxyl,
methoxy, and aliphatic groups. Lignin functions as a cellular glue
substance, protecting and connecting cellulose and hemicellulose.
It is a component of vascular plant tissue that provides mechanical
support to plant tissue and individual fibers, as well as physical
strength and stiffness to the biomass cell structure [42]. The
amount of lignin contained in pristine resources strongly varies
with the origin of the material. For example, high relative fractions
of lignin were reported in three types of biomasses: softwood
(25%–30%, containing G units), hardwood (16%–24%, containing G
& S units), and grasses (13%–18%, containing G, S, & H units). Lignin
is typically derived from black liquor and paper mills [43]. Based
on its high fuel value, it has been reported that about 10% of lignin
waste is used for fueling applications. Besides, it is utilized in a
variety of applications such as dispersants, plasticizers, adhesives,
and adsorbents [44,45].

2.4.3. Chitin
Chitin (C8H13O5N)n, is a linear chain polysaccharide made up of

b-(1 ? 4)-2-acetamido-2-deoxy-D-glucose. Chitin, which is col-
lected at an industrial scale from the shells of crustaceans, is the
most abundant polysaccharide after cellulose [46]. Depending on
its origins, chitin can be found in three forms: a-chitin, b-chitin,
and c-chitin. In a-chitin, the sugar chains run antiparallel to each
other with reducing groups on the opposite sides, whereas b-
chitin sugar chains run parallel with reducing groups on the same
sides. Two sugar chains run parallel and one sugar chain runs
antiparallel in c-chitin [47]. The chitin unit has a molecular weight
of 203.19 g�mol�1. Chitin is reported as an adsorbent for the
removal of different water pollutants. Differently, chitin is not as
effective as chitosan as an adsorbent for water pollutants due to
its poor solubility and dispersion in water and other solvents,
and to the weaker reactivity of acetylated amine groups (compared
with free amine groups). Different modification pathways with
protonation, carboxylation, and grafting can be introduced to
chitin for enhancing adsorption capacities [48–50].

2.4.4. Chitosan
Chitosan (C6H11NO4)n, is a natural amino-polysaccharide

heteropolymer, that naturally occurs in crustaceans, insects, fungi,
and arthropods, and it can be synthesized from fish waste. It is
derived from the shell and cuttlebone of a lobster, shrimp, or crab
skeleton. It is composed primarily of D-glucosamine and a trace of
N-acetyl-D-glucosamine residues. Partial deacetylation of chitin
yields this biopolymer [51]. Because of its non-toxicity, biodegrad-
ability, biocompatibility, bioactivity, unique structure, and rela-
tively good physical and mechanical performance, as well as high
contents of hydroxyl and amine functional groups, it has been
widely used in a wide range of applications in biomedical and
industrial fields [52,53]. These protonated amino groups have pKa

values ranging from 6.2 to 7.0 in their linear polymeric chains,
affecting their solubility, reactivity, absorptivity, and biodegrad-
ability [54]. Considering the plethora of amino and hydroxyl func-
tional groups in the chitosan backbone, it has been widely used for
adsorption as a cationic biopolymer [55].

2.4.5. Collagen
Collagen (C57H91N19O16), represents structural animal protein

made up of amino acids that are linked together to form a collagen
helix, It can be easily recovered from the skin, cartilage, tendon,
and other connective tissues of domestic animals [56]. It is the
most prevalent protein in the body, accounting for approximately
one-third of total protein content. It is a significant component of
bones, skin, muscles, tendons, and ligaments and can also be found
in many other regions of the body, such as blood vessels, corneas,
and teeth [57]. Collagen has a molecular weight
of � 300000 g�mol�1 [58]. Based on the profusion of amino groups
in its structure, the material provides suitable binding sites, which
work through the chelation mechanism; collagen-based materials
are useful for removing pollutants from aqueous solutions [59].
However, the weak physical characteristics of collagen as a
biopolymer for pollutant removal from the aqueous phase limit
its practical applicability [60].



Fig. 4. The chemical structures of some common biopolymers.



2.4.6. Starch
Starch (C6H10O5)n, is a readily available, low-cost, and

biodegradable biopolymer derived from renewable agriculture
resources. It is found in nature and is frequently connected with
plant-based biomass [61]. This polysaccharide’s monomer is based
on glucose, linked by a-(1 ? 4) links in amylose or a-(1 ? 6) links
for branched structures (as in amylopectine). Amylose is a linear
molecule containing glucopyranosyl units connected by a-
(1 ? 4) glycosidic connections, whereas amylopectin has glucopy-
ranosyl units connected by a-(1 ? 4) and a-(1 ? 6) glycosidic
links. The starch unit has a molecular weight of 300 to 400 g�mol�1.
Large amounts of starch are utilized in the textile sector, where it is
used to strengthen the thread during the weaving process [62]. As
a natural derivative of plant-based biomass, starch has been stud-
ied for the production of bioplastics. Starch contains many hydro-
xyl groups, which can be used to make hydrogels. Etherification
and grafting are two chemical alteration strategies that could be
used to make hydrogels [63].
2.4.7. Alginate
Alginate (C6H8O6)n, is a linear copolymer composed of man-

nuronic acid (M) and guluronic acid (G) subunits that is abundant
in brown algae and certain bacteria. It is negatively charged in
aqueous conditions at pH > 3.4 due to the presence of carboxyl
functional groups in both G and M subunits, where the carboxyl
functional groups tend to be deprotonated (alginic acid form pre-
vailing at low pH). Kinetics studies revealed that dry alginate has
a poorer adsorption capacity in general due to its low porosity,
loose network, poor water resistance, and low diffusion of water
pollutants [64]. As a result, it is common to use the same material
in a porous form (such as an aerogel) to boost its adsorption capac-
ity. Adsorption and ion exchange are the two major ways by which
water pollutants are bound by alginate. The porous structure of
ionotropic gels of metal alginates is critical for pollutant adsorption
fromwastewater. Throughout the gelation process, calcium cations
cooperatively interact with blocks of M and G residues, resulting in
the production of ionic crosslinks between distinct polymer chains.
Heavy metals such as copper can be used to replace calcium
cations. In addition, alginate has mostly been employed as an
immobilizing agent for microorganisms and enzyme systems [65].
2.4.8. Gelatin
Gelatin (C102H151N31O39), is a water-soluble protein formed by

the hydrolysis of collagen, 18 types of essential amino acids, which
are part of a regular diet. It is a protein that has a lot of side chains
and functional properties. It can be found in pork/cattle bones,
bovine hide, and pigskin with extents as high as 23.1%, 29.4%,
and 46%, respectively. Charged groups in the protein side chains,
as well as specific sections of the collagen sequence containing
either hydrophilic or hydrophobic amino acids, are present on
the surface of collagen and gelatin [66]. Based on compositions
and synthesis methods, there are two forms of gelatin: Type-A
and Type-B. The first type is generated via acidic hydrolysis of
raw collagen in the presence of acid. It is made up of nitrogen
(18.5%). Whereas amide groups (Type-B) are produced from the
alkaline hydrolysis of collagen that includes 18% nitrogen atoms
with no amide group (—CONH—). Simultaneously, it is a
temperature-sensitive biopolymer at low and high-temperature
ranges. When heated at high temperatures, it melts and coils. How-
ever, at lower temperatures, it forms a coil-to-helix structure.
Because of the distinct sequence of amino acids, high contents of
glycine, proline, and hydroxyproline have been widely employed
in culinary and pharmaceutical industries, as well as in the manu-
facture of materials (cosmetics, laundry, and cleaning agents,
papers, and match heads) [67].
2.4.9. Tannin
Tannin (C76H52O46) derivatives, also considered natural poly-

electrolytes, represent important constituents of higher plants,
with a high molecular weight of 1701.19 g�mol�1. This biopolymer
is found in plant barks, roots, stalks, and fruits. It is a natural
polyphenol that contains numerous phenolic hydroxyls, which
have a high affinity for water pollutants. Tannins bear numerous
aromatic rings that can serve as a matrix for grafting additional
active groups through polymerization reactions [68]. Vegetable
tannins are made up of two types of chemical molecules, both of
which are phenolic: condensed tannins and hydrolyzable tannins.
It is a water-soluble substance and as a result, tannin separation
following adsorption is a difficult process. One interesting
approach to overcoming this limitation is to immobilize tannin
on various matrices such as agarose and cellulose for the develop-
ment of water-insoluble adsorbents [69]. It is frequently utilized in
water and wastewater treatment and is thought to have significant
flocculant potential due to the presence of amino groups in its
structure. Tannin-based flocculants were also found to be effective
in marine microalgae harvesting for replacing inorganic flocculants
[70,71].

2.4.10. Pectin
Pectin (C6H10O7), is a linear heteropolymer that is found in

abundance in the cell walls of all land plants. It is a plant-derived
anionic biopolymer with a variety of properties. It is extracted from
plant cell walls to a range of 0.1%–30% depending on the method of
extraction, the nature of the plant (and its growing stage). It is
made up of a-(1 ? 4) linked D-galacturonic acid (GaIA) residues.
The peel and pulp of various fruits have been used for pectin
extraction, although passion fruit, grapefruit, soy husk, mango,
citrus fruits, pumpkin, apple, and carrot show remarkably high
contents [72]. Pectin is characterized by exceptional properties,
such as flexibility, biodegradability, non-toxicity, and availability
of OH groups, that make it an attractive option for many scientific
operations. However, when used in certain industries, pectin has
some intrinsic limitations. Given the quick hydration, dissolving,
and destructuration of pectin (due to its high-water solubility),
and the ready inclination of the biopolymer to form lumps and
to agglomerate, this limits the capacity to manage and operate pec-
tin solutions. Pectin was extensively investigated for catalytic sys-
tems because it is a green and effective support for metal catalysts
[73]. Pectin’s backbone contains several single —OH and —COOH
functional groups. Some single —COOH groups are naturally pre-
sent as methyl esters, while others can be commercially processed
with ammonia to form carboxamide groups. Because of the exis-
tence of these functional groups, pectin can form complexes with
metal ions or reduce them to generate metal nanoparticles without
the use of a chemical reductant or stabilizer [73].

2.4.11. Xanthan gum
Gums are hydrophilic polysaccharides, yet they rarely dissolve

in organic solvents. In addition, they are non-toxic, odorless, and
tasteless. Because of their intermolecular interactions and molecu-
lar weights, they cannot easily create a transparent solution [74].
The gum biopolymer can be manufactured from different sources,
including animals, plants, fungi, and other microbial sources.
Nonetheless, plant-based ones are widely employed in all aspects
of life. It is important to understand that the physicochemical
properties of plant gums can be influenced by their chemical struc-
ture and extraction conditions. Microbial polysaccharides, also
known as exo-polysaccharides, on the other hand, are made up
of simple sugar units such as mannose, glucose, and fructose. Fol-
lowing dextran, xanthan gum (C35H49O29) with a molecular weight
of 933.75 g�mol�1 is the second microbial polysaccharide the most
developed for commercial application. It is an extracellular



heteropolysaccharide that is mostly generated by Xanthomonas
campestris during the aerobic fermentation of corn [75,76]. Because
of its fantastic properties such as non-toxicity, cell development
ability, and non-sensitizing effect, xanthan gum is regarded as an
essentially natural and industrial biopolymer. The abundance of
functional groups such as hydroxyl and carboxyl present on its
skeleton, results in excellent adsorption of different water pollu-
tants, via a chelation mechanism [77]. This biopolymer can be
associated with other polymers or biopolymers for preparing func-
tionalized composite sorbents [78,79].

2.4.12. Keratin
Keratin is a plentiful inedible protein found in hair, horns, wool,

nails, and feathers. Keratin’s polypeptide structure is made up of
numerous amino acids, each having an identifiable side chain with
a unique chemical structure, bonding capability, charge, and reac-
tivity [80]. These side chains are mostly involved in adsorption
processes and do not contribute to polypeptide synthesis. Keratin
can be utilized as an adsorbent because it contains several func-
tional groups that can bind water pollutants. These chains can have
diverse functions for eliminating impurities from wastewater by
using different chemical treatments. One notable example is the
occurrence of disulfide (—S—S—) bridges (cysteine–cysteine
cross-links) from cysteine molecules, which account for 7% of ker-
atin. Chemical treatment can break the cross-linked disulfide
bonds, exposing free functional groups with a significant potential
for trace element adsorption [8].

2.4.13. Dextran
Dextran (C18H32O16), is a water-soluble, biocompatible, and

biodegradable biopolymer made up of a-(1 ? 6)-linked
D-glucopyranose residues with some a-(1 ? 2)-, a-(1 ? 3)-, or
a-(1 ? 4)-linked side chains [81]. Because of the presence of pen-
dant hydroxyl functional groups in its backbone, dextran can be
easily modified. The dextran-producing bacterial strain determines
the degree and character of branching units in positions 2, 3, and 4.
Dextran is primarily synthesized extracellularly from sucrose by
various lactic acid bacteria using dextransucrase, which catalyzes
the transfer of D-glucopyranosyl residues from sucrose to dextran
[82].
3. Biopolymer-based Composites

Because of their renewability and eco-friendliness in terms of
biodegradability, biopolymers have sparked significant interest in
the fabrication of products that have value in today’s globalizing
market. Today’s research facilities have exhibited significant con-
trol in cultivating materials based on the aforementioned segments
of qualities in order to generate innovative matter with the neces-
sary degree and blend of functional characteristics [83]. This rapid
advancement has created opportunities for biopolymers to act as a
viable alternative to PBPs, which are synthetic and damaging to the
environment. However, this may not be the case in several manu-
facturing industries that require stronger mechanical and stability
properties than those exhibited by natural biopolymers. To coun-
teract this loss of usefulness while remaining environmentally
friendly, a potential method for improving the quality and contri-
bution of biopolymers has been developed by reinforcing the
matrix of the biopolymer [4] through cross-linking. This results
in a petroleum-based and environmentally friendly competitor
that may be configured as biopolymer composites.

Polymer composites are composed of two or more materials in
order to create a single component with the desired characteristics.
In general, polymer composites are classified into three types: (i)
particle-reinforced composites, which have a strong matrix rela-
tionship between two suspended materials, (ii) structural/sand-
wich composite structures of two distinct materials, whose layers
are combined to form a resilient bond, and (iii) fiber-reinforced
composites, which have long fibers with different materials are
embedded to each other [84].
4. Synthesis and Characterization Techniques

Biopolymers are synthesized using a variety of technologies and
techniques. Fermentation or polymerization of monomers can be
used throughout their synthesis. Because the majority of these
polymers either exist in nature or are created by natural organ-
isms, these methods are frequently employed followed by chemi-
cal modifications [85]. Microbial biopolymers are produced by
fermentation employing microorganisms with specific C, N, miner-
als, and salts as sources. Their production is primarily associated
with mechanisms of storage (energy, metabolites) and protection
against external factors. Monomeric units, which can be sensitive
to microbes or enzymes, etc., can be chemically reinforced by poly-
merization. Polymerization of monomers, solvent-based extrac-
tion, fermentation, exo-biopolymer production, endo-biopolymer
production, and bulk synthesis of biopolymers are the most com-
mon ways of the preparation of biopolymers [11].

During the production of biopolymer composites, diverse com-
binations of natural fibers and biopolymers are used. The resultant
biopolymers were more potential than biopolymer composites
incorporated with metal-based fillers or nanofillers. Because of
the low interfacial adherence of the fiber and polymer matrix, a
negative effect on the physical and mechanical properties may be
observed; however, such limitations may be overcome by the addi-
tion of coupling agents or plasticizers, which improve the adhesion
and other properties of the composites (stiffness, mechanical resis-
tance, etc.) [11]. Proper coupling agent and fiber treatment pro-
mote polymer adhesion and aim to improve overall fiber-
polymer performance. Despite their high biological and biodegrad-
able qualities, biopolymers lack some mechanical properties such
as low chemical resistance, processing capacity, and storage dura-
tion [32]. These issues are easily solved by combining biopolymers
with natural or synthetic fillers of varying sizes in biopolymer
composites. Some of the main polymer materials used in the pro-
duction of biopolymer composites include cellulose esters,
starch-based polymers, and polylactic acid [86]. A variety of sce-
narios including grafting [87], molding [88], extrusion/injection
[89], pultrusion [90], compression molding [91], infusion molding
[92], intercalation [93], phase separation [85], filament winding
[94], melt blending [95], solvent casting [96], electrospinning
[97], and film stacking [98] have been conceived as the most preva-
lent ways for manufacturing biopolymers composites from natural
and synthetic sources.

Characterization techniques are particularly important for
biopolymers-related studies since they supply the information
needed to understand and determine the physicochemical proper-
ties of produced products (i.e., mechanical, thermal, physical,
chemical, and optical). Because numerous procedures provide us
with diverse forms of information, relying on a single strategy
would be ineffective [31]. As a result, it is critical to characterize
the resultant biopolymers with combined techniques. Once the
characterization was employed, the characters were inspected in
agreement with the American Society for Testing and Materials
(ASTM) norms for their biodegradability, and eco-friendliness to
meet the set quality standards. Some of the common characteriza-
tion methods used widely for the characterization of the synthe-
sized biopolymer and biopolymer composites are displayed as
follows [99]. Fourier transform infrared spectroscopy (FTIR) is uti-
lized to detect the presence of various functional groups in a mate-



rial [100]. Dynamic light scattering (DLS) directly measures the
translational diffusion coefficient from which the hydrodynamic
radius of a molecule is derived [101]. Scanning electron micro-
scopy (SEM) is a form of electron microscope that generates images
of a sample by scanning it with a focused stream of electrons [102].
Electrons interact with atoms in the sample, producing a variety of
signals that carry information about the surface topography and
composition of the sample. Transmission electron microscopy
(TEM) visualizes specimens and provides a highly magnified image
by using an electron particle beam. TEM can magnify objects up to
2 million times. X-ray diffraction (XRD) is a nondestructive tech-
nique that provides detailed information about the crystallo-
graphic structure, chemical composition, and physical properties
of materials [103]. Energy-dispersive X-ray spectroscopy (EDX) is
a surface analytical technique where an electron beam hits the
sample, exciting an electron in an inner shell, causing its ejection
and the formation of an electron-hole in the electronic structure
of the element. Atomic absorption spectroscopy (AAS) is a
spectro-analytical procedure for the quantitative determination
of chemical elements using the absorption of optical radiation
(light) by free atoms in the gaseous state [104]. X-ray fluorescence
(XRF) is the emission of characteristic ‘‘secondary” (or fluorescent)
X-rays from a material that has been excited by being bombarded
with high-energy X-rays or gamma rays. The phenomenon is
widely used for elemental analysis and chemical analysis, particu-
larly in the investigation of materials. Atomic force microscopy
(AFM) is a very-high-resolution type, with demonstrated resolu-
tion on the order of fractions of a nanometer, more than 1000
times better than the optical diffraction limit [105].
5. Application of Biopolymers and Their Derivatives in Water
and Wastewater Treatment

The demand for water, food and agricultural products, and
other natural resources has expanded dramatically as a result of
industrialization, urbanization, and population growth. Climate
change, overuse and depletion of water supplies, and anthro-
pogenic water pollution have prompted worries about the world’s
ability to provide clean and useable water [106]. Water contamina-
tion has become a public issue, threatening ecosystems and human
life security. Dumping of wastewater from industrial, agricultural,
and municipal sources has significant environmental conse-
quences, including excessive nutrient and oxygen depletion in
water, which can negatively affect human health, wildlife, and
aquatic life. The sources of wastewater can be classified based on
the point at which they are released. Domestic (including commer-
cial institutions), industrial (i.e. pharmaceutical and petrochemical
industries), infiltration, and storm waters are the four primary cat-
egories [107]. According to the United Nations World Water Devel-
opment Report (UNWW DR) published in 2017, about 56% of the
freshwater used in municipal, industrial, and agricultural applica-
tions is discharged as wastewater and 80% of the global wastewa-
ter is dumped into the environment without proper treatment.
Moreover, approximately 95% of the wastewater generated in
some developing countries is released into the ecosystem with
suitable remediation [108]. Water quality is critical for human
health, economic prosperity, and long-term environmental pro-
cesses. Water availability is relied not only on the number of avail-
able water sources but also on the quality of the water. The
contaminants in wastewater differ depending on the source from
which it is released. Despite all of the concerns about wastewater,
it can be converted into a safe and sustainable supply of not only
water but also useful by-products if managed properly and intelli-
gently [109,110]. The important aspects that must be conducted in
an enhanced wastewater management system are pollution pre-
vention at the source, wastewater flow minimization, regeneration
of useable water, and recovery of beneficial by-products such as
organic matter, nutrients, and so on. To support management
and investment in sophisticated pollution control and wastewater
treatment technologies, an effective legislative and regulatory
framework is also required. Appropriate social education and
increased community knowledge are also essential in emphasizing
the importance of a comprehensive wastewater management sys-
tem. The development of sophisticated wastewater treatment sys-
tems contributes to long-term economic performance by boosting
water reuse, decreasing water resource loss, and providing energy
and other byproducts [111]. Depending on the quality of the trea-
ted effluent, it is possible to direct the water flow to different uses,
such as irrigation, and domestic [112]. Effective wastewater treat-
ment system management and water pollution prevention require
an appropriate policy framework and cost-effective technologies.
The volume of wastewater, the nature of pollution, and the
planned application of clean water, all influence the choice of
acceptable and inexpensive technology. The traditional method
of water treatment entails a series of steps such as preliminary, pri-
mary, and secondary treatment. The key processes in this treat-
ment process are coagulation and flocculation, which are used to
remove big coarse solid contaminants such as suspended particles
[113]. Different traditional physicochemical methods such as
chemical precipitation [114], simple/chemical oxidation [115],
ozonation [116], adsorption [117], and ion exchange [118], have
been employed for wastewater treatment. Recently, biopolymers
have proven to be a promising practical option, as environmentally
friendly, biocompatible, and sustainable materials. In the modern
era, such materials are commonly used for environmental cleanup.
They can be applied in different forms (i.e., powder, beads, and
composites). They remarkably reduce alkalinity, chemical oxygen
demand (COD), biochemical oxygen demand (BOD), total sus-
pended solids (TSS), total dissolved solids (TDS), and Natural
Organic Matter (NOM) up to 90% from the upstream effluents.
Moreover, they may actively capture wide varieties of water con-
taminants such as inorganic and organic pollutants from aquatic
systems [119,120]. Effluent treatment is mostly employed to meet
the environmental regulatory criteria for discharged wastewater
from the industrial sector. The next section highlights the recent
advances in the different applications of biopolymers and their
composites for wastewater reclamation.

5.1. Application of biopolymers in the coagulation and flocculation
process

Coagulation-flocculation is widely regarded as an efficient and
cost-effective method for the removal of NOM compared with
other alternative scenarios. Coagulation is a chemical water treat-
ment technique that involves altering the electrostatic charges of
particles suspended in water to remove solids. Fig. 5 shows the
electric double-layer structure of the coagulation process. Small,
highly charged molecules are introduced into water to disrupt
the charges on particles, colloids, or greasy materials in suspension
[12]. Choosing the correct coagulant for a system improves overall
system performance and, in particular, solids removal efficiency by
improving filter and clarifier performance. Coagulation reactions
are used in a variety of wastewater treatment applications, includ-
ing removing colloidal particles fromwater, demulsifying oil emul-
sions, and paint detackification. Coagulants of various varieties are
also available to satisfy the unique needs of a treatment process. In
a chemical water treatment procedure, coagulation usually comes
before flocculation [121]. The use of polymers in water treatment
offers various advantages, including increased drinking water out-
put, increased filter shelf life, easier removal of dissolved organic
matter, and self-contained pH and conductivity that do not change



Fig. 5. The electric double-layer structure of the coagulation process.
during the water clarification process. Natural anionic polymers
such as heparin can be used to substitute synthetic polymers by
bridging the broken coagulant ions with the particles via the addi-
tion of primary coagulants. Some natural neutral polymers, such as
starch, cellulose, gelatins, glues, and microbial polysaccharides, can
be commercialized as coagulants to reduce sludge completely and
improve phase separations [122–124]. These natural polymers can
be used with air (Fig. 6(a)) or without air (Fig. 6(b)).

The flocculation process is used to promote colloidal suspension
solid–liquid separation (Fig. 7). It has the advantages of a low
Fig. 6. Coagulant use (a) with aeration,
investment cost, high treatment efficiency, and ease of use. It can
efficiently treat a variety of water pollution issues, including tur-
bidity, dyes, heavy metal ions, other industrial/agricultural wastes,
algae, and sludge dewatering. As a result, it can be described as a
very cost-effective and efficient water treatment process [125]. A
flocculant is a water treatment agent. It can combine colloidal
and particulate materials suspended in liquid to create bigger flocs,
and then encourage the settlement of these particles from the
stable suspension. Flocculants are classified into two types based
on their chemical composition: inorganic coagulants and organic
flocculants. Inorganic coagulants, such as iron salts and aluminum
salts, are inexpensive, but their effectiveness is highly reliant on
different operational parameters such as temperature, pH, and
other factors [126]. Furthermore, for flocculation based on inor-
ganic coagulants, the dosage is enormous, and the types of sewage
that are appropriate are limited. Moreover, they may result in the
occurrence of elevated metal content in the treated water body,
endangering human health. The features of flocculants, which are
the core of the flocculation process, directly influence the efficiency
of the water treatment pathway. Traditional chemical flocculants
such as Polyaluminium-chloride (PAC) have been employed to
remove COD, SS, and aluminium (Al3+) from polluted water.
Besides, organic flocculants are classified as synthetic organic floc-
culants and biopolymer-based flocculants. Synthetic organic floc-
culants have high effectiveness at low dosages but have low
biodegradability [127]. Biopolymer-based flocculants are materials
derived from long-chain molecules produced by living creatures’
cells, as well as materials created from these long-chain molecules
(bio-based monomers). They present several excellent qualities,
including a wide range of adjustable pH, ease of modification and
processing, environmental friendliness (low toxicity/non-toxicity,
simple biodegradability), minimal dose requirements, and good
flocculation efficacy [128,129]. The physicochemical properties of
biopolymer-based flocculants influence their flocculation effi-
and (b) without aeration methods.



Fig. 7. The flocculation process using biopolymers.
ciency. These properties are obtained through the diverse imple-
mented modification scenarios of graft copolymerization (i.e., ther-
mal initiation, plasma initiation, microwave initiation, and
radiation initiation), etherification, amination, esterification, acyla-
tion, oxidation, and cross-linking [130,131]. As a result,
biopolymer-based flocculants have the potential for economic
scale-up, making them likely to be widely used in the future.
Table 1 displays different biopolymers and its synthesized compos-
ites as coagulants and flocculants for water treatment.

Hou et al. [144] designed a coagulant by functionalization of
chitosan (grafting poly(N-n-propylacrylamide), PNNPAM). They
characterized its thermoresponsive properties in terms of simulta-
neous coagulation-flocculation of heavy metal ions and antibiotics.
They observed the remarkable correlation between the efficiency
of the combined flocculation and the strength of the interaction
between the antibiotic and the metal. They also designed a treat-
ment strategy for efficient decontamination with a two-step proce-
dure playing with the optimization of parameters such as the
length of the PNNPAM branch, flocculant dosage (and storing tem-
perature of the flocculant). They also demonstrated the feasibility
of flocculant regeneration for improved competitiveness of the
process.

Another strategy suggested for improving the removal of antibi-
otics by coagulation-flocculation (as a pre-treatment before ultra-
filtration) consisted of converting chitosan into hydrophobic
derivatives [145]. The grafting of polyacrylpiperidine (PNAPD)
branches of different chain lengths demonstrated that the positive
charge of the polymer derivative increases with the length of
PNAPD chain, which, in turn, facilitated the charge neutralization
effect of the flocculant. This length also affected positively the
hydrophobic nature of the derivative (as measured by the contact
angle). In river water, which contains also kaolin and humic acid,
the efficiency in the removal of antibiotics was enhanced due to
bridging between kaolin and/or humic acid and antibiotics. Nota-
bly, the post-treatment by ultrafiltration was facilitated in terms
of fouling and permeation rate through the anchoring of PNAPD
on the membrane while hydrophilic chitosan chains developed
hydrophilic steric repulsive layers (which, in turn, inhibited foul-
ing, and changed the hydraulic resistance through the formation
of a structured porous cake barrier). This concept was extrapolated
to other types of chitosan derivatives (a series of
propylacrylamide-based compounds) [146]. The synergistic combi-
nation of these hydrophobic derivatives of chitosan with alum
improved the coagulation-flocculation of pharmaceuticals and
allowed reducing the dosage of the modified biopolymer [147].
These properties were modulated by the presence of dissolved
organic matter (DOM): the surface charge, the hydrophilic/hy-
drophobic characteristics, and the molecular weight of these
DOM influence the interactions with chitosan derivative. However,
in terms of pharmaceutical removal the effect of DOM was only
beneficial when hydrophobic groups of DOM reacted with
hydrophobic groups of the pharmaceuticals (contrary to the neu-
tral effect of hydrophilic groups).
The quaternization of starch (operated by 3-bromopropyl triph-
enyl phosphonium bromide, BTP) allowed synthesizing a series of
flocculants (with different substitution degrees, DS) developing
multi-functionalities [148]. Indeed, in addition to the conventional
flocculation of microorganisms (E. coli is used as a test) through
mechanisms such as charge attraction and polymer bridging, the
optimized derivative (DS �19%), brought outstanding bactericidal
properties (>99.4% for E. coli) with limited membrane fouling
(when the treatment was coupled with ultrafiltration process),
and lower cytotoxicity (phosphonium-based vs. ammonium-
based compounds).

5.2. Application in the synthesis of materials

Zhao et al. [149] documented an original application of ampho-
teric starch derivative (bearing cationic quaternary ammonium
groups and anionic carboxyl groups) for preparing building mate-
rials (ceramsite). After using the starch derivative for dewatering
sludge (issued from lake sediment and fresh algal sludge), the com-
bination of flocculation with pressurized filtration allowed the col-
lection of a cake that was further mixed with CaO, fly ash, and
kaolin, prilled, and finally sintered to produce highly microporous
ceramsite beads. This production is effective (filling the national
requirements for ceramsite) and cost-effective.

5.3. Application of biopolymers in the adsorption process

Adsorption is a metabolically inactive process (surface phe-
nomenon), in which the adsorbate species (solute) migrate from
the bulk liquid phase to the adsorbent surface. This procedure
can be used efficiently to translocate contaminants from wastewa-
ter and concentrate them on the adsorbent surface [19]. On the
other hand, adsorption can be thought of as one of the concentra-
tion/enrichment strategies, because contaminants translocate from
the bulk liquid phase and concentrate on the adsorbent surface.
The concentration gradient between the bulk liquid and solid
adsorbent majorly drives the adsorption process and the transport
of adsorbate onto adsorbent is entirely mediated by molecular dif-
fusion. The suitability of adsorbents is recognized as the first and
most significant step in controlling the selection and preparation
of the adsorbent itself [150,151]. The cost-effectiveness of as-
synthesized adsorbent is conceived as one of the most important
criteria to be considered during the fabrication process of the
adsorbent. Basically, the adsorption process of adsorbate (pollu-
tant) onto the adsorbent’s surface is based on a variety of physico-
chemical parameters that influence the whole process pathway.
The feasibility of adsorbent can be interpreted by using either
batch (Fig. 8) or dynamic approaches (Fig. 9). Most researchers pre-
fer the batch technique of adsorption because it is more efficient as
it can be operated in small volumes and simply performed with a
constant volume [152]. On the other hand, the continuous flow
of adsorption necessitates the use of a fixed-bed column (filled
with sorbent particles); the design of sorbent particles (size, mor-



Table 1
List of biopolymers and their synthesized composites as coagulants and flocculants for water treatment

Flocculants Targets Sewage
types

Sewage characteristics Removal efficiency% Refs.

Lignin-[(2-(methacryloyloxy) ethyl)
trimethyl ammonium chloride]

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

Dye Reactive black 5: 100 mg�L–1; reactive orange 16:
100 mg�L–1

RB5 reduction: 98%; RO16
reduction: 94%

[132]

Chitosan-grafting poly(dimethyl
acryloyloxyethyl benzyl
ammonium chloride)

Turbidity, oil
concentration,
COD, and SS

Oily
sewage

Turbidity: 2755 NTU, COD: 8400 mg�L–1, crude
oil: 2954 mg�L–1, suspension solid: 2675 mg�L–1,
pH: 7.3

Turbidity reduction: 98.5%; oil
reduction: 99.6%; COD reduction:
82.1%; SS reduction: 95.1%

[133]

Carboxymethyl chitosan-graft-poly
(acrylamide-
methacryloxyethyltrimethyl
ammonium chloride)

Sludge
moisture
content

Sludge
dewatering

Moisture content: 97.9% Moisture content reduction: 22.1%;
SRF reduction: 70.9%

[134]

Phenylalanine-modified-chitosan Norfloxacin, or
tylosin

Antibiotic
sewage

Norfloxacin: 10 lg�L–1, or tylosin: 10 lg�L–1 NOR reduction: 76.19%; TYL
reduction: 82.01%

[135]

Microcrystalline cellulose-grafted-
poly(methyl acryloyl oxygen
ethyl trimethyl ammonium
chloride)

Kaolin
particles

Turbidity Kaolin: 2.5 g�L–1; turbidity: 2000–3000 NTU Turbidity reduction: 96.90% [136]

Carboxymethyl chitosan-g-poly
(acrylamide-ammonium
dithiocarbamate)

Pb(II) with the
impact of
Kaolin
particles

Heavy
metal ions

Pb(II): 25 mg�L–1; turbidity: 20 NTU Pb(II) reduction: 95.24% [129]

Xylan-poly(2-
methacryloyloxyethyl) trimethyl
ammonium chloride

COD, BOD,
Lignin, sugar,
turbidity

Pulp mill
sewage

COD: 4470 mg�L–1, BOD: 873 mg�L–1, lignin:
1.47 g�L–1, sugar: 1.02 g�L–1, turbidity: 957 NTU,
pH: 6.6, and Zeta potential: �30.7 mV, particle
size: 423 nm, suspend solid: 356 mg�L–1

COD reduction: 61.7%; BOD
reduction: 73.5%; lignin reduction:
45.0%; sugar reduction: 65.7%;
turbidity reduction: 94.5%

[128]

Chitosan-graft-poly(N-n-
propylacrylamide)

Chlorophyll-a Algae
polluted
water

Turbidity: 21–30 NTU, chlorophyll-a: 0.15–
0.16 mg�L–1, COD: 126.4–130.0 mg�L–1

Chlorophyll-a reduction: 92.20% [137]

Xanthated chitosan Cu(II) with the
impact of
Kaolin
particles

Heavy
metal ions

Cu(II): 25 mg�L–1; Turbidity: 100 NTU Cu(II) reduction: 93.6% [138]

Quaternized chitosan-grafted
magnetic nanoparticles

Oil
concentration

Oily
sewage

Oil: 2 g�L–1 Oil reduction: 105 g of diesel oil/g
of flocculant

[139]

Chitosan-grafting-dimethy ldiallyl
ammonium chloride

Sludge CST,
SRF

Sludge
dewatering

Moisture content: 94.8%, VSS/TSS: 0.49, D0.5:
15.648 lm, zeta potential: �24.6 mV, CST:
1523.7 s, SRF: 2.36 � 109 m�kg�1

CST reduction: 95.6%; SRF
reduction: 88.8%

[140]

Carboxylated chitosan-graft-poly
[acrylamide-2-acrylamido-2-
methylpropane sulfonic acid

Cr, Ni Heavy
metal ions

Cr: 9.1 mg�L–1, Ni: 44.6 mg�L–1 Cr reduction: 94.6%; Ni reduction:
99.4%

[141]

Maleoyl chitosan-graft-poly
(acrylamide acryloxyethyl
trimethyl ammonium chloride)

Chlorophyll-a,
turbidity, COD

Algae
polluted
water

Turbidity: 22–33 NTU, chlorophyll-a: 0.15–
0.16 mg�L–1, COD: 126.4–130.0 mg�L–1

Chlorophyll-a reduction: 96.6%;
turbidity reduction: 90.8%; COD
reduction: 96.5%

[142]

Carboxylated chitosan graft-(3-
chloro-2- hydroxypropyl)
trimethylammonium chloride-
dimethyl diallyl ammonium
chloride

Chlorophyll-a,
COD

Algae
polluted
water

Turbidity: 10–30 NTU, chlorophyll-a: 0.16–
0.18 mg�L–1, COD: 43.0–60.0 mg�L–1

Chlorophyll-a reduction: 98.8%;
COD reduction: 96.5%

[143]

Note: NTU= nephelometric turbidity unit.

Fig. 8. Batch adsorption method.
phology, chemical stability, etc.) may strongly influence hydrody-
namic properties and column clogging. Table 2 compares the oper-
ational parameters of batch and continuous flow systems
throughout the adsorption process [153].

Traditionally, a batch scenario is employed as a preliminary step
to assess the potency of adsorbents to remove contaminants from
their matrices. Throughout the solid–liquid interface, spontaneous
molecular diffusion can be improved with the advection currents
to form convective mass transfer. These convective currents cause
the adsorbate enriched bulk liquid phase to move in a circular
motion, increasing the average collision frequency of the diffusing
molecules [154]. This resulted in a decrease in diffusional resis-
tances and, as a result, an increase in mass transfer flux across
the solid–liquid interface. Once, the adsorbate reaches the adsor-
bent surface, a variation in the molecular dynamic occurs at the
interface zone. The presence of various functional groups on the



Fig. 9. Column adsorption method.

Table 2
Comparison between operational parameters characterized to static (batch) and dynamic (continuous flow) through adsorption process

Operational parameter Static (batch) pathway Dynamic (continuous flow) pathway

Scope of study To study the equilibrium, kinetics,
isotherms, and thermodynamics of
adsorption process

To scale-up the adsorption process and
inspect the performance of industrial scale

Volume Constant Variable
Scale of study Lab-scale Lab scale to industrial scale
Process affecting parameters Solution pH, adsorbent concentration,

primary pollutant concentration,
temperature, interaction time, interfering
ion, system complexity, agitation speed,
and assisted methods

Adsorbent concentration, bed height, flow
rate, temperature, and primary pollutant
concentration

System complexity Simple Complex
Adsorebnt dosage Constant at any point in the adsorption

system
Varies as a function of column length

Pollutant concentration Low - High Low - High
Pressure drop Not found Found and mainly depend on adsorbent

packing density and other operational
parameters

Adsorbent loading Not required Necessary to improve the system
performance

Mass Transfer resistance Lower by the effect of convective currents Greater across the phase boundary
Stagnant region No, driven by agitation speed Existing due to absence of agitation speed
Adsorption system assessment From the magnitude of the adsorption

kinetics, isotherms, and thermodynamics
Based on breakthrough curves

Adsorbent recyclability Easily reused by simple separation
methods (i.e., filtration and magnetic
separation)

Performed in the bed

Cost Cheap and economical because it doesn’t
require any accessory devices

Relatively expensive as it accompanied
with the strainers, peristaltic pump, flow
regulators, and thermostat etc.
adsorbent surface largely controls the interactive nature between
the adsorbate and adsorbent surface. Several parameters can be
studied during the static scenario including pH of the solution,
adsorbent concentration, adsorbent particle size, primary pollutant
concentration, interaction time, agitation speed, and agitator’s
type, assisted techniques (i.e., microwave radiation, ultraviolet
radiation, and ultrasonication), temperature, interfering (co-
existing) ions, and systems complexity (i.e., binary or tertiary solu-
tion) [155,156]. The loading capacity of the utilized adsorbent at
time t (qt/mg�g�1) equilibrium time (qe, mg�g�1) and the removal
percent (R, %) can be calculated from Eq. (1), Eq. (2), and Eq. (3),
respectively.

qt ¼ C0 � Ctð Þ V
m

ð1Þ
qe ¼ ðC0 � CeÞ Vm ð2Þ
R ¼ C0 � Ce

C0
� 100% ð3Þ

in which C0 is initial pollutant concentration, mg�L�1, Ct is pollutant
concentration at time, t�mg�L�1, and Ce is equilibrium pollutant con-
centration, mg�L�1, V is the volume of the solution, L, m is mass of
the adsorbent, g.

Moreover, the outlined data derived from the adsorption sys-
tem are employed to inspect the adsorption kinetics, isotherms,
and thermodynamics. Kinetics modeling is crucial to elucidate
the adsorption rate, equilibrium time, and mechanism of the
adsorption process. It is considered to simulate the experimental



data, understand the mechanisms involved in the adsorption pro-
cess, and thereafter be useful during scaling up of the effluents
treatment process at the industrial level (after experimenting
when possible in fixed-bed systems, if the condition of the sorbent
is compatible with) [157]. Otherwise, isothermal modeling is a
very significant aspect to extrapolate a more detailed analysis of
the adsorbate-adsorbent relationship at the interface. It gives
insights into how adsorbate molecules interact with adsorptive
sites and hence optimizes the outlines for the adsorbent synthesis
process [158]. Besides, thermodynamic studies have a vital role in
deducing the nature of the adsorption process. They help in under-
standing the influence of temperature on the mechanism of the
adsorption process. In fact, in addition to the adsorbent’s loading
capacity, other features such as stability and recyclability are
extremely important from an economic standpoint for the as-
used adsorbent [159]. The study of the effect of competitor metal
ions and anions is also an important step before transferring the
process to the treatment of real effluents.

From a different perspective, in the fixed-bed column study, a
finite amount of native or pre-treated adsorbent is packed as a
solid matrix in a column of defined length. The strainers are put
at the bottom of the column to prevent adsorbent and liquid phase
run-off. To ensure temperature consistency, the adsorbent-loaded
column is kept in a thermostat and is coupled to a positive dis-
placement pump with a flow regulator, such as a peristaltic pump.
The adsorbate-rich liquid phase is allowed to travel through the
fixed-bed column at the predetermined flow rate. Because of its
relative affinity, the adsorbate from the liquid phase is translocated
and binds on the surface of the stationary matrix during this wet-
ting of the solid bed [160]. The adsorbate molecule translocation
and surface binding proceed until the pores or functional moieties
of the adsorbent reach equilibrium. After this point of saturation,
the adsorbate transfer process ceases at the solid–liquid interface
and further adsorption is not practically feasible. Furthermore,
because the transfer of adsorbate across the phase boundary is
being hampered by a series of diffusional resistances produced
by the surrounding film and intraparticle, sufficient time must be
provided for the adsorbate molecules to remain inside the column
[161]. Because the residence or retention time is a function of the
Fig. 10. Typical breakthrough curve.
volumetric flow rate of the liquid samples, it is one of the critical
parameters in the optimal design of the continuous adsorption
process. Additionally, other operational variables such as bed
length, temperature, contact time, packing volume and density,
and so on have a significant impact on the adsorbate removal pro-
cess. The primary benefit of dynamic adsorption is utilizing data
collected from continuous operation with a high degree of reliabil-
ity. Scaling up the adsorption process for the treatment of indus-
trial effluents can be achieved effectively using dimensional
similarity methodologies, either geometric or kinematic similitude
[162]. However, due to many obstacles such as significant pressure
drop, non-ideal flow behavior, channeling effects, and diffusional
resistances, among others, this mode of operation is only used in
a restricted number of wastewater treatment systems. The perfor-
mance of the adsorption process can be evaluated using break-
through curves (Fig. 10), which can be drawn by plotting the
ratio of adsorbate concentration at time t over the initial concen-
tration C0, (C/C0), and time (t). It will provide critical information
about the breakthrough and saturation points. Moreover, the curve
can be used to anticipate the length of the used and unused portion
of the bed by considering the area under the curve [163]. Many
important definitions strongly depend on variable reaction condi-
tions such as flow rate, bed height, influent concentration, and
chemical composition of adsorbent material, which may be derived
from mathematical calculations of fixed-bed column performance
as follow. Empty bed contact time (EBCT) is a measure of interac-
tion between sorbate and sorbent. Mass transfer zone (MTZ) is a
function of hydraulic loading rate and is defined as the length of
the fixed bed where adsorptions of solutes take place, and the
number of bed volume (NBV) is defined as the ratio of the volume
of water treated till breakthrough point to the volume of the
packed bed. Better and more efficient adsorption is indicated by
a lower value of adsorbent exhaustion rate (AER). They can be
investigated from Eqs. (4) � (7), respectively [164].

EBCT ¼ Z � S
Q

ð4Þ

which Z is the bed depth, S is the cross-sectional area of the adsorp-
tion bed, and Q is the flow rate. Bed depth is the height of the resin
or filter media in a fixed-bed column after it has been properly con-
ditioned for effective operation, usually expressed in inches:

MTZ ¼ Z � 1� tb
te

� �
ð5Þ

in which tb and te are breakthrough and exhaustion time,
respectively.

NBV ¼ Volumeof water treated breakthroughpoint
Volumeof the adsorbent bed

ð6Þ

AER ¼ Mass of adsorbent
Volumeof water treated tillexhaustionpoint

ð7Þ

Models of the continuous fixed bed mode can be defined as
mathematical formulas that connect the desired output as a func-
tion of the input variable(s) in terms of linear, quadratic, logarith-
mic, or exponential relationships. Because adsorption is a
physicochemical process, the model development approach is very
beneficial in predicting critical characteristics such as loading
capacity, rate-related parameters, service time, usable bed length
or capacity, and so on [165]. Furthermore, the generated models
can provide more light on the numerous diffusional resistances
found in continuous flow research. From the literature, different
mathematical models such as the Thomas model, Bohart-Adams
model, Bed depth service time (BDST) model, Yoon-Nelson model,
Clark model, Wolborska model, and modified dose–response
model were frequently employed to evaluate the adsorption sys-



Table 3
Adsorption of organic dyes using biopolymer-based adsorbents

Adsorbent Dye Maximum
adsorption
capacities
/mg�g�1

Refs.

Cellulose-based adsorbent derived
from sugarcane bagasse

Procion
blue

9.6 [168]

Bio-based karaya gum—chitosan
sponge

Methylene
blue

32.62 [169]

Methyl
orange

32.81

N-doped carboxymethyl cellulose-
based carbon aerogels

Methylene
blue

230.4 [60]

Malachite
green

238.2

Carboxymethyl cellulose-derived
activated Carbon

Methyl
violet

1351.4 [170]

Allura red 223.3
Congo red 1779.5

Xanthated chitosan/cellulose sponges Methylene
blue

213.220 [171]

Congo red 289.855
Chitosan-nickel oxide composite Congo red 188.68 [172]
Fe3O4 loaded chitin Reactive

blue 13
dye

199.02 [173]

Activated carbon-containing porous
cellulose beads

Toluidine
blue

123.5 [174]

Chitosan polymeric nanocomposite
(CS-PVA@CuO)

Acid blue
25

171.4 [175]

3D porous cellulose microspheres Acid
orange 7
dye

218.6 [176]

Chitosan-based beads Basic blue
7

1410.0 [177]

Carbonylated microfibrillated
cellulose composite beads

Methylene
blue

303.0 [178]

Cellulose nanocrystals/poly methyl
vinyl ether-co-maleic acid/poly
(ethylene glycol)

Methylene
blue

116.2 [179]

Cellulose nanofibril aerogels Malachite
green

212.7 [180]

Cellulose-based hydrophobic carbon
aerogels

Malachite
green

1947.0 [181]

Glutaraldehyde-cross-linked
chitosan–alginate composite

Patent blue 117.34 [182]

Methyl
orange

198.09

Brilliant
green

235.82

Table 4
Adsorption of pesticides/herbicides using biopolymer-based adsorbents

Adsorbent (s) Pesticides/herbicides Maximum
adsorption
capacities/
mg�g�1

Refs.

Chitin-cl-poly (acrylamide-
co-itaconic acid)
nanohydroge

Atrazine 204.08 [183]

Iron-crosslinked alginate
derived Fe/C composites

Atrazine 64.8 [184]

Nanocellulose Chlorpyrifos 12.325 [185]
Carboxy methyl cellulose-

nano organoclay
Imidacloprid 2.0 [186]

Thiamethoxam 1.667
Atrazine 1.429

b-Cyclodextrin polymers
decorated with Fe3O4

nanoparticles

4-Chlorophenoxyacetic
acid

125.20 [187]

2,3,4,6-
Tetrachlorophenol

17.85

Chitin 2,4-
Dichlorophenoxyacetate

2.512 [188]

Chitosan 2,4-
Dichlorophenoxyacetate

6.227

Montmorillonite-alginate
beads

Paraquat 71.49 [189]

Chitosan membrane Glyphosate 10.88 [190]
Chitosan alginate bilayer

membrane
Glyphosate 8.70

Gold nanoparticle chitosan
composite hydrogel
beads

Methyl parathion 15.26 [191]

Chitosan blank gel beads 2.89
Porous carbonaceous

material based on a clay-
starch composite.

Dicamba 251.9 [192]

A carbonised sieve-like corn
straw cellulose–
graphene oxide
composite

Chlorpyrifos (I) 152.50 [193]

Magnetic guar gum Diazinon 47.17 [194]
Magnetic guar gum-

montmorillonite
80.00

Functionalized chitosan
with 2-hydroxy-1-
naphthaldehyde

Pentachlorophenol 39.1 [195]
tem and determine the vital variables [166,167]. The adsorptive
capacities of different effective biopolymers and their synthesized
composites used in the removal of diverse contaminants (i.e.,
organic dyes, pesticides/herbicides, pharmaceuticals, polycyclic
aromatic hydrocarbons, heavy metals, radioactive substances,
and oil spills) via the adsorption process are tabulated from Tables
3 � 9, respectively.

5.3.1. Regeneration of exhausted biopolymer-based adsorbents
Regeneration is the process of recovering and reusing used

biopolymer-based biosorbents to evaluate the effectiveness and
reusability of the biosorbent. Wasted biopolymers can be renewed
through chemical, physical, or biological techniques. The best
regeneration method for adsorbent regeneration is determined
by the type, varieties, cost, and processing of biosorbent and sor-
bate. In addition, the choice of procedure is influenced by effective-
ness, ecological friendliness, cost-effectiveness, and operational
efficiency. The majority of biopolymer sorbents can be used with
chemical regeneration because of their low cost and ease of use.
biosorbent regeneration techniques are determined by the nature,
types, cost, and processing of adsorbent and adsorbate. Aside from
that, efficiency, environmental friendliness, economic effective-
ness, and operational efficiency all have an impact on process
choices. Because of its low cost and ease of use, the chemical regen-
eration process is appropriate for most biopolymer sorbents. Sev-
eral eluents are used to desorb various biosorbents. For example,
in the case of lignin-based biosorbents, research has been con-
ducted using various desorbing agents such as sodium carbonate,
nitric acid, sodium nitrate, and EDTA. With lignin-based porous
carbon on Cd(II) and Pb(II) solutions, the maximum desorption effi-
ciency was 92% and 96%, respectively [246]. Hamza et al. (2022)
[247] prepared functionalized cross-linked chitosan (Chito) by an
original sulfonating process to synthesize a highly efficient sorbent
(Sulfo-C) for Li(I) sorption. Using 0.2 mol�L�1 HCl solutions, metal
desorption is highly effective, and Sulfo-C sorption efficiency is
maintained at a high level for at least 18 cycles of sorption and
desorption.

In another study, according to the findings of Brião et al. (2018)
[248], the regeneration capacity of zeolite manufactured from
chitin biopolymer can be used effectively for up to 15 cycles. The
authors carried out the regeneration experiment with sodium
hydroxide for 15 consecutive cycles of cationic dye adsorption.
The adsorption ability of crystal violet, basic fuchsin, and methy-
lene blue dyes remained nearly the same [248]. Under acidic con-



Table 5
Adsorption of pharmaceuticals using biopolymer-based adsorbents

Adsorbent (s) Pharmaceutical
compounds

Maximum
adsorption
capacities/
mg�g�1

Refs.

Protein/PVA blend nanofibres Carbamazepine 31.25 [196]
Ibuprofen 125.0
Diclofenac 125.0
Ketoprofen 111.11
Fenoprofen 333.33

Leached carbon black waste-chitosan
composite beads

Tetracycline 39.0 [197]

Amoxicillin 15.0
Magnetic mesoporous polymer clay

composite
Atenolol 15.6 [198]

Ciprofloxacin 39.1
Gemfibrozil 24.8

N-CNT/b-beta-cyclodextrin Aspirin 71.9 [199]
Paracetamol 41.0

Fe/N-CNTs-beta-cyclodextrin Aspirin 101.0
Paracetamol 75.2

Polypyrrole-functionalized magnetic
Bi2MoO6 nanocomposites

Ketoprofen 23.08 [200]

Indomethacin 39.81
Core-brushes shaped chitosan/Fe3O4

composite particles (CS-MCPs)
modified with polyanions

Norfloxacin 165.0 [201]

Tylosin 134.0
Core-brushes shaped chitosan/Fe3O4

composite particles (CS-MCPs)
modified with polycations

Diclofenac
sodium

151.0

Alginate/carbon-based Films Diclofenac 29.9 [202]
Alginate-graphene hydrogel (AG-Co) Tetracycline 105.49 [203]
Alginate-graphene-ZIF67 456.62

Table 6
Adsorption of polycyclic aromatic hydrocarbons using biopolymer-based adsorbents

Adsorbent (s) Polycyclic
aromatic
hydrocarbons

Maximum
adsorption
capacities/
mg�g�1

Refs.

Chitosan beads modified with
thiourea, TiO2 and Fe3O4

nanoparticles

Naphthalene 133.690 [204]

Hydrogels of chitosan blended with
b-cyclodextrin- and PVA-
functionalized pectin

Pyrene 0.059 [205]

Magnetic graphene/chitosan
nanocomposite

2-Naphthol 169.49 [206]

Organic montmorillonite sodium
alginate nanocomposites

Fluorene 0.90 [207]

Acenaphthene 1.20
Phenanthrene 2.50

Polyaniline, multiwall carbon
nanotubes and chitosan cryogel
(PANI/MWCNTs/Chi)

Phenanthrene 0.085 [208]

Pyrene 0.068
Benzo(a)
anthracene

0.116

Benzo(b)
fluoranthene

0.091

Benzo(a)pyrene 0.098
Dibenzo(a, h)
anthracene

0.061

Magnetic graphene/chitosan
nanocomposite

2-Naphthol 169.49 [206]

NH2-SBA-15 organic–inorganic
nanohybrid material

Naphthalene 1.92 [209]

Acenaphthylene 1.41
Phenanthrene 0.76

Table 7
Adsorption of heavy metals using biopolymer-based adsorbents

Adsorbent (s) Heavy
metals

Maximum
adsorption
capacities/
mg�g�1

Refs.

Tentacle-type poly(hydroxamic acid)-
modified macroporous cellulose beads

Cu(II) 342.5 [210]
Mn(II) 261.5
Ni(II) 243.2

Microcrystalline cellulose-magnesium
hydroxide

Co(II) 153.84 [211]

Crosslinked carboxymethyl cellulose-
hydroxyethyl cellulose hydrogel films

Cd(II) 126.58 [212]

Alginate/melamine/chitosan aerogel Pb(II) 1331.6 [213]
Plain chitosan beads Cr(VI) 400.00 [214]
Chitosan/b-cyclodextrin beads Cr(VI) 555.56
Chitosan- thiobarbituric acid based

thiomer
Hg 1367 ± 96.9 [215]
Hg(II) 2493 ± 174.6
Hg(I) 2531 ± 178.4

Mesoporous modified chitosan
(Fe2O3@SBA-15-CS-AEAPTMS
nanoadsorbent)

Zn(II) 107.21 [216]

Cellulose nanocrystal/iron oxide nanorod
composites

As(III) 13.866 [217]
As(V) 15.712

Porous cellulose nanofiber–sodium
alginate hydrogel beads

Pb(II) 318.47 [218]

Cellulose hydrogel Cu(II) 28.4 [219]
Multi-functional-group modified cellulose Cd(II) 401.1 [220]
Nickel hexacyanoferrates-loaded bacterial

cellulose membrane
Cs(I) 175.44 [221]

Chitosan condensation adduct resin RII Ag(I) 278.0 [222]

Table 8
Adsorption of radioactive substances using biopolymer-based adsorbents

Adsorbent (s) Radioactives Maximum
adsorption
capacities/
mg�g�1

Refs.

Nanostructured chitosan/molecular
sieve 4A hybrid (NSC@MS-4A)

Cs(I) 44.35 [223]

Sr(II) 44.87
Chitosan/clinoptilolite (CS/CPL)

composite as beads
UO2(II) 408.62 [224]

Th(IV) 328.32
Chitosan-based aerogel U(VI) 160.0 [225]
Hybrid porous magnetic bentonite-

chitosan
Cs(I) 57.1 [226]

Prussian blue-embedded alginate
aerogel

137Cs 19.88 [227]

90Sr 20.10
Iron-alginate (Fe-Alg) I– 139.0 [228]
Chitosan microspheres incorporated

with silver
I– 0.194 [229]

Sodium alginate (SA)/ polyvinyl alcohol
(PVA)/ polyethylene oxide (PEO)/
ZSM-5 zeolite hybrid nanostructure

U(VI) 92.76 [230]

Alginate-encapsulated organo-
montmorillonite beads

ClO�
4 53.5 [231]

Sr(II) 29.6
Cross-linked Fe(III)-chitosan ClO�

4 29.8 [232]
Protonated cross-linked chitosan ClO�

4 45.4 [233]
Porous polyethylenimine-

functionalized carboxylated
chitosan/oxidized activated charcoal
composite

UO2(II) 450.0 [234]

Cellulose based silica nanocomposite Eu(III) 24.27 [235]
La(III) 29.48
Sc(III) 23.76

Superelastic three-dimensional
nanofiber-reconfigured spongy
hydrogels (SA/PAM NRSH)

Eu(III) 492.9 [236]
Tb(III) 472.9



Table 9
Adsorption of oil spills using biopolymer-based adsorbents

Adsorbent (s) Oil type Emulsion type/
adsorption
capacity/
recovery

Refs.

Chitin Toluene 1.6 mg�g�1 [237]
Chitosan 2.2 /mg�g�1

H-oleoyl-carboxymethyl
chitosan

Wastewater of
oil extraction

>95% residual
oil adsorption

[238]

Cellulose nanofibril and
polyvinyl
alcohol (aerogel
microspheres)

Crude oil 54–140 g�g�1

(oil absorption)
[239]

Cellulose nanocrystals (nano-
sized)

Marine diesel Pickering
emulsion
(<10 mm)

[239]

Carboxymethyl chitosan
(Micro-sized)

Marine diesel Winsor O/W
micro emulsion
(<100 mm)

[240]

Chitosan microspheres Oil in water
effluents of oil
industry

90% removal [241]

Chitosan-silica hybrid (nano-
sized)

Toluene,
cyclohexane, n-
heptane,
chloroform

> 90% removal [242]

Blends of poly(vinyl alcohol)
nanoparticles with chitosan
or starch (nano-sized)

Hydraulic oil 22.7 g�g�1 (Oil
absorption)

[243]

Kerosene 39.3 g�g�1

Toluene 48.7 g�g�1

Bifunctionalized cellulose
(nano-sized)

Marine diesel O/W emulsion
(<20 mm)

[244]

Chitosan-poly(butyl acrylate)
graft copolymer

Gasoil �45% [245]

Mobil-1 oil �60%
Light crude oil �75%
Heavy crude oil �80%
ditions, cellulose degradation in crosslinked biopolymer resin
resulted in a decrease in biosorbent mass [249].

Also, the biological regeneration method was employed to
regenerate the magnetic amine-crosslinked biopolymer adsorbent
prepared from corn straw [250]. Perchlorate-reducing bacteria
have been tested for biological regeneration methods. Better
regeneration was achieved with biological compared to the chem-
ical regeneration process. However, in most circumstances, spent
biopolymer adsorbents are reused in the adsorption process, but
in other cases, they can also be used as catalysts in certain pro-
cesses or as soil fertilizers [10].
5.4. Application of biopolymers in membrane-based technology

Water purification through separation techniques can be
accomplished physically through adsorption, chemically through
degradation, and biologically through other oxygen-based thera-
pies [251]. These approaches have a lower efficiency when used
solely, but when integrated, they provide higher efficiency in water
treatment by successfully removing different water pollutants.
Among them, membrane technology has arisen as promising way
to address these issues due to its superior qualities such as high
separation efficiency, enhanced selectivity, increased life span, out-
standing mechanical, thermal, and chemical durability, cheap cost,
and low maintenance [252]. Furthermore, membrane purification
technology allows for better industrial design by eliminating the
need for any additional chemicals or toxic by-products, polymeric
membranes are regarded as the most suitable membranes for
water purification applications. More crucially, by altering mem-
brane architectures and pore sizes, membrane separation may
selectively remove pollutants [253]. Fig. 11 shows types of applied
membrane surfaces along with their use according to pore sizes.
The key parameter in membrane separation technology is pressure.
In general, considering the membrane pore size and operating
mechanisms, the pressure-driven membranes techniques are clas-
sified into microfiltration (MF), ultrafiltration (UF), nanofiltration
(NF), reverse osmosis (RO), and forward osmosis (FO) [254]. MF
pathway is commonly used to remove suspended particles,
prokaryotes, yeasts, and fungi, UF strategy is frequently used to
remove viruses, colloids, and macromolecules, NF scenario is
mostly used to remove hardness, heavy metals, and dissolved
organic matter, whereas RO is utilized for desalination, water
reuse, and the manufacture of ultrapure water [255]. Inorganic (ce-
ramic) materials and organic (polymeric) materials are the two
fundamentally diverse groups of membrane materials. Both types
of membranes have been thoroughly investigated for water filtra-
tion. Inorganic membranes are very resistant to corrosive chemi-
cals such as strong acids, bases, and oxidants, as well as having
superior mechanical strength and temperature tolerance
[256,257]. Inorganic membranes outperform polymeric mem-
branes in terms of maintenance because they are less susceptible
to bacterial deterioration. To minimize biofouling and achieve high
flux recovery, high-temperature chemical cleaning can be used. In
many applications where extreme environmental conditions are
required, inorganic membranes are the only option. Inorganic
membranes, on the other hand, are less frequent in water treat-
ment due to their high manufacturing costs, difficulties in han-
dling, and relatively poor control over pore size distribution.
Contrarily, polymeric membranes are extremely adaptable. Poly-
mers can be divided into two types based on their origin: non-
synthesized (natural) polymers which can be obtained from
sources such as plants and animals, and synthetic PBPs [258]. Their
pore diameters can be narrowed to a specific range. The properties
of the membrane can be altered by modifying the casting circum-
stances, monomer molecules and concentrations, additives, and
coagulation bath conditions. For more than two decades, research-
ers have been exploring the membranes synthesis process based
on naturally occurring biopolymers such as cellulose, chitosan,
and starch, or by the microbial fermentation of renewable raw
materials, such as PLA and PHAs attributing to their accessibility,
abundance, and their outstanding characteristics [259,260]. The
key elements of any membrane process are related to membrane
flux, permeability, operational driving force per unit membrane
area (trans membrane pressure, TMP), rejection percent of pollu-
tants, and fouling phenomenon. Overall, the membrane flux is
the amount of permeate produced per unit area of membrane sur-
face per unit of time. The permeability of a membrane is the rate of
passive diffusion of molecules through the membrane. These mole-
cules are known as permeant molecules. It largely depends mainly
on the electric charge and polarity of the molecule and to a lesser
extent the molar mass of the molecule [261]. The rejection (R)
could be defined as the number of particles that have been
removed from the feed water. The corresponding mass balance
equations are to control the operation of a membrane process,
two modes, concerning the flux and the TMP, can be used.

The flux (J) of membranes can be measured in the unit of
L�m�2�h�1 by the equation:

J ¼ V
At

ð8Þ

where V, A, and t are the volume, (L) of the solution passed through
the membrane, the area of the membrane, m2, and the time interval,
h, respectively. Moreover, the rejection percent of pollutants (R,%)
may be calculated by the equation:

R ¼ 1� Cf

Ci

� �
� 100% ð9Þ



Fig. 11. Types of applied membrane surfaces along with their use according to pore sizes.
where Ci and Cf are the initial and final concentrations of pollutants
before and after the filtration process, respectively.

Fouling is the most serious issue connected with the industrial
usage of membranes, and it has been a major focus of membrane
research for decades. Membrane fouling can be induced by a vari-
ety of solutes or particles. Fouling diminishes the separator’s per-
meate flow rate, shortens the membrane’s life, and raises
operating expenses. An upgrading of membrane-processing condi-
tions by modifying its surfaces via grafting components and pro-
ducing membrane materials to prevent membrane fouling is of
great interest [262,263]. The wide application of bio-based poly-
meric membranes in wastewater treatment is demonstrated in
Table 10.

Recently, Russo et al. [278] extensively reviewed the applica-
tions of biopolymers in CO2 separation. They considered natural
biopolymers such as cellulose, starch, and chitosan, but also bio-
Table 10
Performance evaluation and characteristics of different bio-based polymeric membranes f

Membrane Targe

Polyurethane-cellulose acetate blend membrane Cr(VI)
Polyvinylchloride-cellulose acetate (PVC/CA) Salt
Chitosan membranes with cellulose nanocrystals (CNCs) Victor
Chitosan/metal–organic frameworks (MOF) MgCl2
Polyethersulfone-N-phthaloyl-chitosan Bovin
Poly ether sulfone-activated carbon/chitosan nanoparticles (PES/Ach) Na2SO
Graphene oxide/cellulose nanofiber (CSNF/GO) Victor

rhoda
Chitosan/cellulose acetate composite nanofiltration Cu(II)
Polyethersulfone-chitosan nanobiopolymers (PES-CS-NPs) Nitrat
Clay-based electrospun nanofibrous-poly(vinyl alcohol) (CS/PVA) Basic
Chitosan/graphene oxide-polyethersulfone Mang
Sulfonated polyethersulfone-polyethersulfone-chitosan (SPES-PES/CS) NaCl
Graphene oxide/chitosan nanoplates incorporated into PES Na2SO
Polyamide nanofilm composite membranes (NCMs) supported by chitosan

coated electrospun nanofibrous
NaCl

① LMH: Unit of pure water flux (liters per square meter per hour).
produced polymers obtained by fermentation of biomass such as
polyhydroxyalkanoate (PHA), or chemically synthesized such as
polylactic acid (PLA) [279–281], polyvinyl alcohol (PVA) or polyur-
ethane (PU). Comparing the properties of these alternative mem-
branes with the performances of reference materials (such as
polysulfone, polyethersulfone, or polyimide), they concluded that
the biopolymers have promising perspectives providing some
intrinsic weaknesses can be overcome. Hence, special attention
must be paid to mechanical resistance (solved using blends with
synthetic polymers, or incorporation of nanoparticles), water solu-
bility (overcome with crosslinking), crystallinity (adding plasticiz-
ers), thermal stability, or physicochemical stability (to
biodegradation or UV irradiation). Apart from gas separation, these
membranes can be used for removing water from the organic sol-
vent by pervaporation [282], and the separation of oil from aque-
ous media [283,284].
or wastewater treatment

t pollutant Rejection
removal

Contact
angle/(o)

Pure water flux/
LMH①

Refs.

97.4% 34.19 13.93 (0.4 MPa) [264]
99.9% — 40 (0.4 MPa) [265]

ia Blue 2B 98% — 64 (0.196 MPa) [266]
93.0% 80.6 ± 0.7 60.6 (1.5 MPa) [267]

e serum albumin 86% ± 10% 56 ± 5 27 ± 4 (0.1 MPa) [268]
4 97.0% 48.0 30 (0.45 MPa) [269]
ia blue B methyl Violet 2B;
mine 6G

> 90.0% 75.6 18123 ± 574
(0.1 MPa)

[270]

81.03% 48.0 309.2(0.2 MPa) [271]
e 100.0% 65.0 22 (0.45 MPa) [272]
blue 41 95.0% — 1765 (0.04 MPa) [273]
anese 85.0% �70 55 (0.3 MPa) [274]

94.52% 52.66 2.12 (0.1 MPa) [275]
4 > 90% 36.8 41 (0.45 MPa) [276]

42.3%–
54.1%

— 52.8 (0.9 MPa) [277]



Polylactic acid (PLA) is economically obtained by fermentation
of renewable resources such as starch. Vatanpour et al. [281]
reviewed a series of PLA-based composites and highlighted the
impact of the blending polymers and/or fillers on their specific
properties (resistance, biodegradability, crystallization conductiv-
ity, etc.). An emblematic example of bioplastic, PLA may be readily
prepared by phase inversion technique as membranes [279]. For
example, PLA may be dissolved in chloroform (at a concentration
close to 10%, mass ratio) and casted (after degassing) over a glass
plate (using a casting knife). After complete evaporation of the sol-
vent, the membrane is peeled off and dried. Applied in gas separa-
tion the PLA membrane showed high efficiency for separating
hydrogen from methane (ideal selectivity H2/CO2 �25) with good
H2 permeability characteristics (�25 barrer, 1 barrer = 7.52�10�18-
m3�m�2�m�S�1�Pa�1). Iulianelli et al. [285] designed a derivative of
PLA (PLA Easy Fil – White, trademark) that was used for preparing
membranes by the phase inversion method according to the same
method (described above). The produced membrane exhibited
strong performance for separating carbon dioxide from other
gases. While other gases (such as H2, He, and CH4) followed the lin-
ear correlation between permeability and critical volume, CO2 left
the trend. The ability of the membrane to separate CO2 sounds to
be controlled by the solubility properties of the gas (confirmed
by much higher critical temperature) rather than by critical vol-
ume. The highest performances of selectivity were obtained for
the system CO2/CH4 (selectivity: 284, with permeability: 70 bar-
rer). Alruwaill et al. [280] prepared PLA/polybutylene succinate
blend membrane (with incorporation of multiwalled carbon nan-
otubes); they ranked the gas permeance (at 25 �C and under
4 bar) according to: H2 > CO2 > Ar > N2. Permeance increased with
the pressure applied and the highest ideal selectivity (slightly
higher than 25) was obtained for hydrogen separation from
nitrogen.

In oil separation, PLA fibrous membranes were produced by
blow spinning; their oil-saturated adsorption capacities were 2-
to 3-fold the levels reached under similar conditions with
commercially-available nonwoven polypropylene [283]. Li et al.
[284] preconized the melt blending of PLA with PBS (poly(butyle-
nes succinate); leading to enhanced movement ability of PLA (plas-
ticizing effect of PBS), and lower crystallinity. Under the most
favorable conditions (i.e., PBS content �20%, (mass); and foaming
temperature at 115 �C), the adsorption capacity reached a maxi-
mum adsorption capacity higher close to 22 g oil�g�1. Tomietto
et al. [282] promoted the combination of two bio-based materials
(PHA and CyreneTM, a polar aprotic bio-based solvent with proper-
ties similar to dimethylformaide, for example) for the synthesis
of membranes. The porous (and hydrophilic) properties have been
controlled by the incorporation of a series of pore-producing sub-
stances before the pre-evaporation step (evaporation-induced
phase separation process); which was followed by immersion in
a non-solvent bath. After a thorough optimization study, they
obtained highly promising pervaporative membranes (with porous
characteristics suitable for ultrafiltration-microfiltration opera-
tions): the asymmetric membranes showed water permeability
close to 3.50 L�m�2�h�1�MPa�1, while the membranes selectively
separated methanol from methyl tert-butyl ether.

Thomas et al. [286] blended electrospun PLA membranes with
chitosan nanoparticles; the blending increased the mechanical
resistance of the fibers, their hydrophilicity, and their reactivity
for cadmium binding in aqueous solutions. This enhancement
was also explained by lowering the size of PLA fibers, and the
decrease in the pre-size of the secondary porous structure.

Polyhydroxyalkanoates (PHA) may be obtained by fermentation
processes of waste products, including wastewater streams [287–
289]: through carbon recovery [290] with a controlled nitrate
cycle. The advantages of PHA consist of the long-term release of
organic material (which may stimulate reductive biological con-
versions) and the slow-release electron donor that can contribute
to nitrate removal in mixed microbial cultures [291]. These synthe-
sized polyesters produced from natural resources have broad
applications such as cosmetics, medical devices, packaging, or dis-
posable tools [291]. The process contributes to valorizing waste
and reducing environmental impact. Santorio et al. [292] investi-
gated the contribution of PHA (as a source of carbon) for improving
nitrogen removal (through specific endogenous denitrifying activ-
ity). They optimized the experimental conditions for denitrifying
effect and observed that under these conditions the process did
not generate noxious N2O gas. Tu et al. [293] demonstrated that
the selection of appropriate conditions (playing with aerobic
feast/famine phases for PHA production and aerobic feast phase/
anoxic famine phase for nitrate removal) made feasible the inte-
gration of the combined ‘‘synthesis PHA /denitrification” in global
wastewater treatment.

Chang et al. [294] reported the use of PHA as a biofilm carrier in
a moving bed biofilm reactor which was applied for the decoloriza-
tion process. PHA film prepared by casting and evaporation was
decorated with zinc oxide microparticles by deposition of ZnO/
methanol suspension followed by fast evaporation [295]. Another
variant was prepared by the same method of ZnO deposition onto
PHA-g-PMA membranes. The copolymerization between PHA and
methyl acrylate was processed under ultrasound irradiation (using
hydrogen peroxide as the radical initiator); the copolymer was pre-
cipitated by methanol and followed a series of purification steps
(with methanol). These materials were comparatively tested for
the photodegradation of methylene blue under UV light (at
254 nm). The UV activation of ZnO microparticles produced hydro-
xyl radical (i.e., OH*) and superoxide anion (i.e., O2

�), which, in turn,
reduced methylene blue. It is noteworthy that the composite PHA-
g-PMA membrane is more efficient than the pristine PHA mem-
brane; Ishak et al. [295] suggested that the copolymerization
allowed a more homogeneous dispersion of ZnO microparticles
that strongly enhances photocatalytic activity.

Recently Zhu and Wei [296] used microbial engineering (clon-
ing and gene encoding) for the synthesis of two materials: PHA
bio-beads and tyrosinase-functionalized PHA beads. They used
the tyrosinase-decorated beads for the biocatalytic degradation
of bisphenol (and analogues). The biocatalysts exhibited high sta-
bility in terms of storage and reuse with good catalytic efficiency
under environmental conditions; these results prove the concept
to be promising for bioremediation.

5.5. Application of biopolymers in the photocatalysis process

Photocatalysis is regarded as a promising and long-term
approach, can be utilized for water purification, and has potential
environmental uses in the near future. In this context, light energy
sources (sunlight, an ultraviolet source, etc.) for photons in con-
junction with adequate semiconducting material have been used
for degrading water contaminants (Fig. 12). When a photocatalyst
suspension containing aquatic contaminants is illuminated with
adequate light energy, the photons collide with the surface of the
semiconductor catalyst, they specifically cause electrons to move
from the valence band (VB) to the conduction band (CB) in addition
to the generation of hydroxyl and superoxide radicals [297]. Con-
sidering thermodynamics concepts, the difference between CB
and VB potentials determines the possibility of a reaction occurring
[298]. According to the International Union of Pure and Applied
Chemistry (IUPAC), photocatalysis can be categorized into homo-
geneous or heterogeneous based on the phase of the photocatalyst
and reactants. Homogenous catalysis occurs when the reactants
and the photocatalyst are in the same phase. Whereas reactants
and the photocatalyst are at various phases in imputed to hetero-



Fig. 12. Use of biopolymer incorporating semiconducting material in photocatalysis process.
geneous photocatalysis. It is well understood that photocatalysts
play an important role in photocatalytic degradation events
[299]. Numerous synthesis methods like polyol synthesis, sono-
chemical, spray pyrolysis, ball-milling, chemical vapors deposition,
solvothermal, microemulsion, solution combustion, microwave
irradiation, laser ablation, sol–gel method, etc. have been reported
to modify the physicochemical properties (i.e., magnetic, catalytic,
and optical) of photocatalysts [300]. However, many of these syn-
thesis processes necessitate high temperatures and pressures,
extended reaction times, expensive instruments and accessories,
and a large number of dangerous and expensive compounds. In
reality, there are some drawbacks associated with homogeneous
photocatalysis pathway. The homogeneous photocatalysts can’t
be recovered, the low acidic pH value through Fenton reaction,
and the production of a great amount of sludge (secondary pollu-
tion) [301]. Contrarily, heterogeneous photocatalysis may offer a
remedy to these drawbacks. Apart from wastewater purification,
heterogeneous photocatalysis is also used in organic transforma-
tion and hydrogen generation, because it has the following advan-
tages. It only requires ambient environmental conditions,
photocatalyst recovery is possible, available dissolved oxygen in
water can be directly used for photocatalytic degradation reac-
tions, and complete mineralization of organic pollutants [302–
304]. To conclude, selecting appropriate components for the man-
Table 11
List of recently reported biopolymers supported photocatalysts and their photocatalytic p

Photocatalyst Target
contaminants

Light source

CuO/Schiff base derived chitosan Bentazone Sunlight
Reduced graphene oxide draped chitosan Paraquat Visible light
ZnO/hydroxyapatite Caffeine UV lamp

Rhodamine B UV lamp
TiO2/SnO2/Al2O3/hydroxyapatite Rhodamine B 300 W Xenon l
TiO2 doped grafted chitosan/hydroxyapatite Rhodamine B 250 W xenon l

Methylene blue
g-C3N4/Ag3PO4/chitosan Ciprofloxacin Visible light

Ag–TiO2/ c-Al2O3/chitosan Nitrate 126 W medium

Poly(vinyl alcohol)/TiO2/
chlorophyll/chitosan

Congo red W70 Light Emi
lamp (k = 425

Methylene blue
4-Chlorophenol

Red phosphorus/hydroxyapatite Tetracycline 300 W Xe lamp
Rifampicin
Levofloxacin
ufacturing of photocatalysts is a critical step. Nonetheless, some
drawbacks characterized to conventional catalysts such as limited
dispersion in water, rapid recombination of electron-hole pairs,
mass transfer limits, and toxicity, make them unsuitable for prac-
tical usage in water treatment plants [304]. Thence, scientists have
worked tirelessly to improve the qualities of photocatalytic tech-
nology in order to efficiently employ it in wastewater treatment.
Lately, different biopolymers (i.e., alginate, chitin, chitosan, cellu-
lose, pectin, and etc.) have been utilized as a part (support) of pho-
tocatalytic materials during the catalytic oxidative degradation of
organic pollution because of their fantastic features [305]. Table 11
displays a list of recently published biopolymers and their compos-
ites based photocatalysts employed for the removal of different
water pollutants. The preceding underlines the significance of
photo catalysis as another technique that can be totally dedicated
to the water treatment process, which involves the use of energy to
separate pollutants such as dyes, dissolved metals, and ions in pol-
luted water. Fig. 13 summarizes the mechanism of biopolymer
incorporating nanomaterial in photocatalysis process.
6. Biopolymers and Circular Bioeconomy

The current worldwide scenario of population growth increased
industrial activity, high waste creation, limited resources, and insa-
erformances

Efficiency
(degradation
time)

Role of biopolymer Refs.

5 d Photocatalyst [306]
85.49% (60 min) Photocatalyst [307]
100% (60 min) Photocatalyst

support
[308]

100% (25 min)
amp (k = 365 nm) 98% (90 min) Photocatalyst [309]
amp (400–800 nm) 96.7% (120 min) Photocatalyst

support
[310]

98.6% (120 min)
90.34% (60 min) Photocatalyst

support
[311]

pressure Hg vapour lamp 97.29% (30 min) Photocatalyst
support

[312]

tting Diode
nm)

94% (210 min) Photocatalyst
support

[313]

96% (60 min)
91% (120 min)
�100% (10 min) Photocatalyst [314]
�100% (20 min)
�100% (50 min)



Fig. 13. Mechanism of biopolymer incorporating semiconducting nano-material in photocatalysis process.
tiable demand for energy and goods has prompted the adoption of
a sustainable solution known as a ‘‘circular bio-economy”. The
phrase ‘‘circular bioeconomy” (CBE) refers to the convergence of
the circular economy and bio-economy agendas, with varying
degrees of emphasis on biopolymers. It is a parallel economy that
includes the creation of value-added resources using techno-
economic biotechnologies without the use of non-renewable
resources, hence increasing the carrying capacity of the ecosystem
[315]. The viability of the circular economy has gained significant
regional and global traction considering its social, ethical, and eco-
logical aspects. With growing awareness of the possible dangers
posed by chemical and synthetic materials (i.e., flocculants and
adsorbents), most governments have begun to strictly regulate
their use in drinking water and wastewater treatment. Globally,
innumerable studies have been conducted to replace the men-
tioned traditional materials with highly efficient and environmen-
tally friendly biomaterials. Researchers have shown a strong
interest in biopolymers for the creation of products due to their
biodegradability, non-toxicity, cost-effectiveness, and easy avail-
ability from different resources. Manufacturing biopolymers from
repeatable biomass (i.e., agricultural, industrial, and residential
waste) can aid in the development of valuable byproducts [316].
These biopolymers can be used to replace synthetic polymers
derived from petroleum products, thereby lowering industrial car-
bon footprints. Many different types of biopolymers exist, each
with a unique set of thermal and mechanical properties, and they
have found use in a wide range of industries, including biomedical
engineering, food industries, pharmaceuticals, and human and
dietary requirements. Process integration with zero liquid and
solid discharge can accomplish the CBE for biopolymers manufac-
turing. The following are the major barriers: (i) the significant envi-
ronmental and social impacts of substituting the PBPs with
biopolymers, (ii) the great reliance of national economies on con-
ventional polymers resources, and (iii) the rapid development of
business models for the urban population that compete with the
recycling concepts [317].

Several biopolymers have been studied in wastewater treat-
ment, including alginates, starch, cellulose, chitosan, tannin, gums,
and mucilage, and they display remarkable selectivity towards
hazardous chemicals and metals, making them useful in the
removal of contaminants from wastewater. However, it has been
noted that their usefulness and feasibility are limited due to their
moderately short shelf life. This issue is addressed by creating
modified biopolymers through crosslinking or grafting, and such
modified biopolymers are reported to have exceptional pollution
removal characteristics and biodegradability. Numerous factors
associated with the biopolymer’s synthesis processes hinder their
development on the industrial scale such as the as-used chemicals
that may cause health and safety issues, the complexity of the
operational systems and the requirement of high energy input,
and the relatively high-cost equipment. To solve all of these issues,
extensive research is needed to show the validity of modified
biopolymers and promote their commercial applications.
7. Market Analysis

The evaluation of the cost of biopolymers reveals difficulty since
the variability in their characteristics (source, molecular weight,
purity, degree of deacetylation, degree of esterification, guluron-
nic/mannuronic acid ratio, etc.) strongly impact the production
costs. The cost of the primary resource may affect the final cost,
but other important criteria are taking more and more importance
such as energy items or sustainability issues (with the increasing
regulations). The specificity of these characteristics obviously
drives the field of application: biomedical, pharmaceutical, or food
applications require high grades, while industrial applications such
as wastewater treatment do not need high-purity materials. In any
case, the variability of the physicochemical may represent an
important hindrance to developing commercial applications: in
many cases, this criterion limits the transfer of innovative pro-
cesses from the laboratory to real life.

In the case of chitosan, the expansion of the market (CAGR,
compound annual growth rate, reaches currently about 14%; it is
expected to increase to more than 20% within the next 5 years
[318]) is driven by high-value applications in cosmetics, biological
and medical uses [319]. This means that this strong demand sup-
ports the increase in the cost of biopolymer for the last decade
(and the near future). The importance of shrimp in the economy
of Ecuador motivated Riofrio el al. [320] to extensively evaluating
of the global environmental and economic performance of the pro-
cess of chitosan extraction. In their study, they attached great
importance to the life cycle analysis (LCA) compared with parallel
analyses performed in Spain and India. The global cost evaluation
reached a value of 8.39 USD�kg�1 in Ecuador, while they report a
higher cost for production in Spain (i.e., close to 14 USD�kg�1). They
evaluated the net present value to 10.38 million USD for processing
5000 tons per year; with a rate of return close to 67% and a payback
period slightly longer than 3 years. Obviously, the increase in the
cost of energy may have a dramatic impact on the cost and prof-
itability; their study published in 2021 is probably not representa-
tive of the current situation.

Saji et al. [321] published a comprehensive review on the
extraction of alginate in link with sustainability criteria. Several
methods have been investigated involving ultrasound, microwave,
or enzymatic processes; however, the financial analysis did not



Table 12
Cost evolution of natural biopolymers between 2018 and 2023 (food grade; EUR�
kg�1, source: Algaia SA, Saint-Lô, France)

Food grade Cost/EUR�kg�1

2018 2023 Variation

Xanthan gum 5 20 � 4
Sodium alginate 10 30 � 3
Carrageenan 10 30 � 3
Starch 5 15 � 3
Modified starch 8 20 � 2.5
Raw carob 5 40 � 8
Clarified carob 10 60 � 6
Guar gum 5 15 � 3
Pectin 10 30 � 3
show any breakthrough compared with conventional techniques.
Their main recommendations for decreasing sustainability issues
(and following cost analysis) hold on developing algal cultivation
(resource), reducing water footprint and diminishing the use of
an organic solvent (environmental impact), and valorizing sub-
products (economic income). Alginate business strongly develops
(CAGR exceeds 3.3%, [322,323]) especially with high-added value
applications; therefore, the market of wastewater treatment
(lower added value) faces strong competition. This is another moti-
vation for the valorization low grade products derived from algal
industry [324]. However, the strong growth of Sargassum biomass,
which is frequently associated with contamination effects [325],
represents an opportunity for business development in some
recent areas (linked with climate change).

The cost of PHA was evaluated between 8 and 12 USD�kg�1

depending on the grade and application (packaging vs. biomedical)
[326]. Chavez et al. [326] compared different techniques (different
technical processes and sources) for the synthesis of PHA and PHB;
and suggested using alternative carbon sources (including CO2)
and found cost analyses ranging between 5 and 11 USD�kg�1. The
cost evolution of natural biopolymers between 2018 and 2023
(food grade; EUR�kg�1, source: Algaia SA, Saint-Lô, France) is
reported in Table 12.
8. Research Aspects and Prospects

The increasing waste generation of PBPs and poor waste man-
agement has prompted the scientific community to develop an
alternative option in the form of biopolymer from agricultural,
industrial, and residential waste. Although garbage is an appealing
substitute for nonrenewable sources, it requires preliminary treat-
ment and correct component characterization before it can be
used. Thermal, chemical, and biological processes are all involved
in the synthesis of a biopolymer, and they are all affected by a vari-
ety of operational conditions. All thermochemical treatments have
the disadvantage of being chemical and energy-intensive proce-
dures that produce unpleasant chemicals, whereas a biological
approach can give a techno-economical alternative. The efficiency
of biological processes for biopolymer synthesis is determined by
the substrate composition and the microbial strains used. How-
ever, the method is coupled with a slow rate of biopolymer produc-
tion and includes many factors. The control of many factors as well
as complex biopolymer manufacturing routes is time-consuming,
rendering the process ineffective. Furthermore, all the treatment
techniques are inapplicable on a broad scale. It is necessary to
overcome these constraints using mathematical models such as
density functional theory, factorial design methodologies, principal
component analysis, and response surface methodology. This will
assess and optimize the influence of various parameters on
biopolymer yield. Finally, it will allow a biopolymer to be
employed as a CBE product for wastewater reclamation.
9. Conclusions

In recent years, the development and discharge of billions of
tons of trash directly into water bodies have resulted in advance-
ments in wastewater management to meet global statutory
demands for clean water. The removal of emerging contaminants
from wastewater is extremely important for the ecosystem. The
current review article primarily summarizes the most recent sig-
nificant information regarding biopolymers, including the most
often used base materials (i.e., alginate, cellulose, chitosan, and
others), and the recent synthesis, modification, and characteriza-
tion strategies. The ingredients of biopolymers have the potential
to substitute the traditional materials normally used in different
wastewater treatment strategies such as activated carbon, alu-
mina, silica, and so on. Among other materials, biopolymers may
exhibit competitive behavior in terms of admirable capacity,
cost-effectiveness, and biocompatibility. Several intriguing investi-
gations related to employing different biopolymers and their com-
posites through wastewater engineering reclamation technologies
of coagulation/flocculation, adsorption, membrane technology, and
photocatalysis have been collectively highlighted. Because of the
biopolymer system’s biodegradability, biocompatibility, and
renewability, biosorption technology has attracted a lot of interest
in wastewater treatment. Although several fabrication techniques,
such as electrospinning and 3D printing technology, are used to
synthesize these components in biopolymers for wastewater treat-
ment, the scaling-up of biopolymers for industrial applications
ensures economic feasibility, and multi-toxin removal is a worry.
The industrial application of these biopolymers on a large scale is
still in its early stages. Furthermore, the regeneration and destiny
of biopolymers following biosorption, as well as pollutant recov-
ery, are critical in competing with existing materials for industrial
wastewater treatment. As a result, additional quantitative and
qualitative investigations and research are needed to comprehend
and investigate the potential of biopolymers in drinking and
wastewater treatment in order to preserve low-risk exposure to
water contamination.

Future research studies for progressing the broad applications
of biopolymers in wastewater treatment are highly recommended
in terms of four main aspects; (i) increasing biopolymers sources,
improving extraction technologies, and the discovery of additional
resources, (ii) process optimization via identification of the modi-
fying agents and modulating the operational parameters, and (iii)
upgrading the depth of application research of elucidation of prac-
tical application conditions for cost-benefit analysis and process
standardization. Believing in the displayed data, the development
of low-cost, safe, multifunctional biopolymers will provide long-
term solutions by replacing synthetic polymers with sustainable
circular bioeconomy.
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