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Abstract 

The increasing pollution in aquatic systems  with harmful substances and the persistent build-

up of greenhouse gases in the atmosphere have emerged as major environmental concerns, 

necessitating sustainable and efficient remediation strategies. The aquatic pollutants in question 

are highly toxic, persistent, and not easily removed by conventional treatment methods and are 

therefore a serious threat to aquatic ecosystems and human health. At the same time, carbon 

dioxide (CO2) levels in the atmosphere have risen, which have led to a strengthening of global 

warming and climate change. A number of physical, chemical and biological technologies have 

been developed to remove the aqueous pollutants and to capture CO2, but because of high 

operating costs, energy consumption, generation of secondary waste, fouling of membranes, 

and poor regeneration, they are not widely used. Of all the available methods, adsorption is 

proven to be a simple and efficient method, as it is easily applicable to a wide range of 

contaminants, is energy efficient, and has a high removal efficiency. This review gives a brief 

overview of the major pollutants in the aqueous and gas phase, focusing on CO2, their sources, 

environmental implications, and remediation technologies. The different classes of  adsorbent  

material are discussed with respect to their use in the environment. A particular attention is 

given to chitosan, which is a renewable, biodegradable biopolymer extracted from abundant 

biomass containing chitin in nature. Different types of modification methods are discussed in 

the context of enhancing the adsorption capacity, stability, selectivity and reusability. New 

composites and hybrid biomaterials for heavy metals, dyes, surfactants, pharmaceuticals and 

CO2 capture are also discussed. It illustrates the tremendous potential of modified chitosan and 

other biomaterial-based adsorbents as sustainable materials for the removal of pollutants, and 
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points to the need for multi-functional, regenerable and scalable biomaterials for simultaneous 

removal of aqueous and gaseous pollutants. 

Keywords: Water pollution; CO2  Pollution; Adsorption; Chitosan;  Chemical Modifications. 

 

1. Water Pollution and Its Environmental Implications 

Water pollution is a multifaceted environmental issue these days as that occurs when a diverse 

range of substances enters water bodies naturally or from human activities. These pollutants 

vary greatly in terms of their chemical composition, persistence, toxicity, source and can be 

grouped into inorganic contaminants, organic contaminants and emerging contaminants
1
. To 

design effective and targeted remediation strategies, they need to be fully understood and 

known about their sources and classification (Fig. 1). 

The different types include one of the most dangerous aqueous pollutants, the heavy metal ions, 

because of their non-biodegradability and high toxicity. Contaminated water bodies are often 

contaminated with metals, including lead (Pb
2+

)
2
, chromium (Cr (VI))

3
, cadmium (Cd

2+
), 

mercury (Hg
2+

)
4
, arsenic (As

 
(III)

5
, nickel (Ni

2+
) 

6
, etc,. The tendency of these metals to 

bioaccumulate and biomagnify results in serious health problems such as neurological 

disorders, renal dysfunction, and carcinogenic effects
7
. Heavy metal contamination sources are 

mostly from the industrial effluent of electroplating, metal finishing, battery manufacturing, as 

well as mining and smelting industries
8,9

. Also, releases from tanneries, pigment manufacturing 

facilities and agricultural uses of pesticides that contain metals are a major source of their 

occurrence in water systems 
10,11

. Heavy metals also enter the environment as a result of natural 

processes like weathering of rocks and volcanic activities in small amounts 
12

. 

Another major group of aqueous pollutants are the synthetic organic dyes, especially in areas 

that have a large number of textile and dyeing operations. The dyes are characterized by a 

complex aromatic molecule structure which gives high stability and resistance to degradation 

under environmental conditions. Their occurrence in water bodies creates aesthetic pollution 

due to their intense colouration, as well as a reduction in light penetration which will affect 

photosynthetic activity and therefore have an impact on the aquatic ecosystems 
13

. Much of the 

dyes employed in industrial applications do not attach to the material and end up in effluent. 

The primary sources are textile dyeing and finishing facilities, paper and pulp factories, leather 

processing plants and some pharmaceutical and cosmetic production processes
14,15

. 
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The second major group of aqueous pollutants is the surfactants and detergents that are 

commonly found in the home and industries. Sodium dodecyl sulphate (SDS) is an example of 

an anionic surfactant that is often found in wastewater 
16

. They decrease surface tension and 

can create stable foam at the water surface that disrupts oxygen transfer and impacts aquatic 

organisms. The ongoing release of surfactants into water systems are mainly from household 

sewage, laundering, industrial cleaning processes, textile processes and personal care 

products
17

 . They are persistent and potentially toxic, therefore requiring effective removal 

strategies. 

The use and ongoing release of personal care products and pharmaceuticals in water has led to 

their being a new class of contaminants of concern in recent years. These include antibiotics, 

analgesics, hormones, antiseptics and other bioactive compounds which are frequently found in 

very low concentrations, but have strong ecological effects 
18,19

. They are derived from human 

and animal excretion of drugs, from the misuse of unused drugs, from effluents in 

pharmaceutical production industries and from hospital wastewater. These compounds have 

been linked to the emergence of antimicrobial resistance and endocrine disruption in aquatic 

organisms in water bodies 
20

. 

Modern agricultural practices involve heavy usage of pesticides and herbicides that are also 

major sources of water pollution. The chemicals are intended to be biologically active, and can 

be persistent in the environment, causing long term contamination of soil and water systems 
21

. 

They are mainly distributed in aquatic environments via agriculture runoff, particularly during 

periods of rain or irrigation, and can also enter the groundwater 
22

. Other sources include poor 

handling, improper storage and use of pesticides, and spray drift when pesticides are used. The 

concentration of these can cause serious effects on aquatic life and can adversely impact 

humans due to drinking water sources. 

Another important group of contaminants are industrial organic pollutants such as phenolic 

compounds, polycyclic aromatic hydrocarbons (PAHs) and chlorinated hydrocarbons. They are 

generally harmful, cancer-causing and are not easily removed from the environment. They are 

mainly emitted from the petrochemical, oil refinery, plastic/ polymer production plants, and 

coal processing industries 
23–25

. These pollutants are hydrophobic, chemically stable, and 

remain in the environment and are concentrated in sediments and biota. 
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   Fig. 1 Sources and causes of Water pollution. 

 

2. Carbon Dioxide Pollution: Sources, Impacts, and Challenges 

The gaseous phase pollution is an important aspect of environmental degradation and mostly 

occurs in the form of polluting gases being released into the air from human and natural 

sources. CO2 is considered one of the most important gaseous pollutants worldwide due to its 

large contribution to the global warming potential and climate change. CO2 is a naturally 

occurring part of the Earth’s atmosphere, and has been a necessary part of the planetary energy 

balance, but is now being piled up in excess of natural levels due to human activities, thus 

contributing to severe environmental consequences 
26

.  

CO2 is a major greenhouse gas that can absorb and re-emit infrared radiation and therefore is a 

heat trapper in the atmosphere 
27

. Since pre-industrial times, the unusual increase in the 

concentration of CO2 in the atmosphere has been accentuating this effect, leading to a gradual 

rise in global average temperatures. This has led to a chain reaction of environmental 
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consequences such as melting of polar ice caps, sea-level rise, extreme weather events, and 

changes in ecosystems (Fig. 2). 

CO2 emissions come from a number of sources, but most of them are anthropogenic, most 

notably fossil fuel combustion. Energy generation, transportation and industrial use of coal, oil 

and natural gas emits huge amounts of CO2. One of the greatest CO2 point sources is power 

plants, especially those that are coal-fired 
28

. Furthermore, cement plants make significant 

contributions to CO2 emissions from the calcination of limestone, which also produces CO2 as 

a by-product 
29

. Additional sources of CO2 emissions to the atmosphere are associated with 

other industrial processes such as steel-making and chemical production 
30

. 

Changes in land use and deforestation are also important contributors to an increase in CO2 

levels in the atmosphere. Forests serve as a natural carbon sink, which means that they absorb 

CO2 via photosynthesis and store it in biomass. However, the clearance of forests at large scale, 

due to agriculture, urbanization, and logging, decreases the earth’s ability to store carbon, thus 

contributing to the increase of CO2 in the atmosphere 
31

. Biomass burning (agricultural clearing 

or from wildfires) also releases large quantities of stored carbon into the atmosphere. 

In addition to anthropogenic sources, the atmosphere also contains CO2 from natural sources 

like volcanic eruptions, decomposition of organic matter and respiration by living organisms. 

The natural emissions are generally compensated for by natural sinks, however, such as oceans 

and terrestrial vegetation 
32

. The present environmental concern is based on the imbalance due 

to the number of emissions that we humans have added to the environment, which is higher 

than what the environment can naturally take off. 

The rising levels of CO2 in the air have implications beyond just climate change. The additional 

CO2 can cause the oceans to become more acidic, since the CO2 is transformed into carbonic 

acid when it enters the sea and the pH will drop. This has a negative impact on marine life, 

especially those animals that depend on the formation of their shells and skeletons from 

calcium carbonate like corals and mollusks 
33

. In addition, higher concentrations of CO2 in the 

atmosphere may affect the physiology and dynamics of the ecosystem, which can impact 

agricultural productivity and biodiversity. Due to the rising concerns of CO2 emissions, 

considerable efforts have been put in developing efficient carbon capture and sequestration 

technologies.  

The challenge of reducing both aqueous and gaseous pollutants require innovative, efficient 

and sustainable remediation strategies. While effective to a certain degree, conventional 
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treatment technologies have some drawbacks like high operations cost, incomplete removal of 

contaminants, secondary pollution, and limited applicability under different environmental 

conditions. As such, attention must be paid to finding alternatives to this material and technique 

that are environmentally friendly and can overcome these drawbacks. 

 

 

Fig. 2. Major sources of CO2 Pollution. 

 

3.  Water treatment technologies 

To remove pollutants from wastewater and contaminated water sources, a variety of physical, 

chemical and biological treatments have been developed. There are many differences between 

each technology, including mechanism, efficiency, operating conditions, and advantages and 

disadvantages. 
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3.1 Sedimentation 

One of the oldest and most widely used physical process for wastewater treatment is 

sedimentation. In this process, suspended particles present in water are removed due to the 

action of gravity. In a sedimentation pond, heavier particles settle, lighter particles remain in 

suspension or float on the water’s surface, if they are not disturbed. The sediments that settle 

down are called sludge and are removed for additional processing or disposal. The primary or 

preliminary treatment process which is mostly employed is sedimentation, which is used to 

reduce the number of suspended solids that is present in the water prior to the advanced 

systems compared to many modern treatment technologies 
34

. Sedimentation is commonly 

applied in municipal water treatment plants, industrial wastewater treatment systems and 

sewage treatment plants. The efficiency of sedimentation relies on the particle size, detention 

time, water flow rate and tank design. Settling is a good method to remove large and dense 

particles, but will not remove dissolved contamination, microorganisms and fine colloidal 

particles completely. Hence, it is frequently used in conjunction with coagulation and/or 

filtration or other advanced treatment technologies for purposes of enhancing overall treatment 

efficiency and water quality 
35,36

. 

 

3.2 Filtration 

The filtration is an important physical treatment process in which the suspended solids, fine 

particles, microorganisms, and impurities are removed from water. This technique involves 

filtering water through sand, gravel, activated carbon or membranes to remove impurities and 

purify the water 
37,38

. The secondary or tertiary treatment of drinking water plants and 

wastewater plants is generally performed by filtration. Slow sand filters, rapid sand filters, 

pressure sand filters and membrane filters are all types of filtration systems.  Rigobello et. al. 

reported granular activated carbon (GAC) filtration for the removal of diclofenac 
39

. The 

effectiveness of the filtration is dependent on the size, media, flow rate and concentration of 

contaminants that are being filtered 
40,41

. Sand filters are popular for their low cost and ease of 

operation, and membrane filters are more effective at removing small microorganisms. The 

filtration process can help to clarify the water, decrease turbidity, and eliminate pathogens from 

dirty water. Filters, however, can only be cleaned or replaced periodically because over time 

the filter becomes blocked by particles. Moreover, dissolved pollutants and toxic chemicals 

may not be totally filtered out of water. Hence, it is frequently employed in combination with 
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coagulation, adsorption and/or disinfection processes, resulting in better water cleaning and 

assuring safe water quality for domestic, industrial and environmental uses 
42

. 

 

3.3 Coagulation-Flocculation 

The coagulation-flocculation is the most extensively used of the chemical treatment processes 

for removal of suspended particles, colloids, turbidity and organic matter from water and 

wastewater 
43

. During the coagulation process, chemicals such as alum (aluminium sulphate), 

ferric chloride or polyaluminum chloride are introduced into the water, breaking the bonds on 

fine particles that have been held up by their electrical charge 
44

. These particles are 

destabilized and start to come together during the flocculation stage, where gentle stirring 

brings them together to form larger particles known as flocs. These flocs can then readily be 

taken off by sedimentation or filtration. Coagulation-flocculation process is widely applied in 

the municipal drinking water treatment plants and industrial wastewater treatment plants. This 

process is extremely effective in removing turbidity, colour, microorganisms and some 

dissolved contaminants. Also facilitates more efficient subsequent treatment processes like 

filtration and disinfection. Coagulation-flocculation is influenced by water quality 

characteristics, pH, coagulant dosage, water mixing speed, etc 
45

. The process is effective and is 

applied widely, but it has some drawbacks, such as the generation of high volume of sludge and 

chemical handling and disposal requirements. Effective sludge management is crucial to 

prevent environmental pollution and ensure sustainable operations of sludge treatment. 

 

3.4 Chemical Precipitation 

Dissolved contaminants, particularly heavy metals in wastewater can be effectively removed 

with chemical precipitation, which is also widely used 
46

. During this process, chemicals are 

introduced to the wastewater and make the dissolved contaminants insoluble and form solid 

particles, called precipitates. The precipitates can then be removed from water by 

sedimentation, filtration or flotation. Common chemicals used for precipitation are lime, 

sodium hydroxide, sulphides and carbonates. The method is commonly used in several 

industries including electroplating, mining, battery production, metal processing and others 

where wastewater contains toxic metal ions, including lead, chromium, cadmium, and nickel. 

Chemical precipitation is a proven, easy and cost-effective method of treating high levels of 

metal contaminants. Factors affecting the efficiency of the process include pH, temperature, 
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chemical dosage, and mixing conditions 
47

. A good pH control is especially significant because 

the solubility of metals changes with pH. Chemical precipitation can give high level of 

removal, but also generate substantial quantity of sludge which needs further treatment and safe 

disposal. Moreover, if the precipitations aren’t completed, it is possible that the treated water 

contains residual contaminants.  

 

3.5  Ion Exchange  

Ion exchange is an important water treatment process and is widely used to remove ionic 

impurities from water. This process is based on the principle of replacing the ions of the 

unwanted substances in water with the desired one with the help of special ion exchange resins. 

In general, positively charged ions like calcium and magnesium ions are exchanged with cation 

exchange resins and negatively charged ions like chlorides and sulphates are exchanged with 

anion exchange resins 
48,49

. The method is very effective in softening hard water and obtaining 

demineralized water for industrial, pharmaceutical and domestic uses 
50

. The process also has 

some drawbacks, such as high operation and maintenance costs, need to replace resin regularly, 

sensitivity to suspended impurities and organic matter, and not being able to remove 

microorganisms effectively. Also, chemical waste produced during regeneration could pose 

environmental issues 
51

. 

 

3.6  Adsorption 

Of all the water and wastewater treatment technologies, adsorption is one of the most effective 

and popular treatment methods employed for the removal of pollutants from contaminated 

water. Adsorption is a surface phenomenon, which is the process of accumulation of 

contaminants in the liquid or gaseous phase on the surface of solid material called the 

adsorbent. It takes place because of the physical or chemical interaction between the surface of 

the adsorbent and the adsorbate 
52

. There are a number of adsorbents that have been tested 

extensively for environmental remediation applications including activated carbon
53

, biochar 
54

, 

zeolites 
55

, clay minerals 
56

, and nanomaterials 
57

. 

Adsorption technology has been attracting considerable interest due to its simplicity in design, 

ease of operation, high removal efficiency and economy. The sludge production and the 

requirement of large amounts of chemicals are minimal in adsorption compared to chemical 

precipitation and coagulation-flocculation processes. Advantages of adsorption are that it is 
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more energy efficient and less expensive than membrane separation technologies and does not 

suffer from membrane fouling. The biological treatment process is not useful for non-

biodegradable pollutants, or for heavy metals, while the adsorption process can effectively 

remove both organic and inorganic pollutants, even at low concentrations . In addition, 

adsorption systems are flexible, can be used in an environmentally friendly manner and are 

applicable for large-scale as well as small-scale treatment applications 
58,59

. 

 

4. CO2 Capture Technologies 

Carbon dioxide (CO2) capture technology is gaining on the list of most promising technologies 

for reducing greenhouse gas emissions and mitigating global climate change. There are several 

types of CO2 capture technologies developed, and they can be classified as follows: Absorption 

method, Membrane Separation, Cryogenic separation, Chemical looping, Adsorption 

technology. They all have unique effects on the CO2 source and concentration, along with 

strengths and weaknesses.  

 

4.1 Absorption Method 

The most advanced and commercial CO2 capture technology is absorption technology. During 

this process, CO2 is selectively dissolved in a liquid absorbent, usually aqueous amine 

solutions, e.g., monoethanolamine (MEA), diethanolamine (DEA), etc. The absorbent is fed 

into the flue gas inside an absorption column, during the operation when CO2 is chemically 

absorbed 
60

. The CO2 enriched solvent is then sent to a regeneration unit where it is heated, 

liberating the captured CO2 and the solvent is then returned for further use. The absorption 

technology has high capture efficiency and is widely used in industry; however, the main 

disadvantages are high energy consumption for the solvent regeneration, degradation of the 

solvent, corrosion problems and high operational costs. 

 

4.2 Membrane Separation Method 

 The principle of membrane-based CO2 capture is based on the selective permeation of the gas 

molecules through a semipermeable membrane. This separation is caused by the different 

diffusivity and solubility of gases in the material of the membrane. Several polymeric, 

inorganic and mixed-matrix membranes have been made to improve the separation efficiency 

61
. The main advantages of membrane technology are compact design, the ease of operation, 
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reduced energy consumption and no chemical additives. Membrane systems typically have 

several drawbacks, including membrane fouling, high sensitivity to the gas composition (low 

selectivity for some mixtures) and low efficiency for low concentration CO2 streams 
62

.  

 

4.3 Cryogenic Separation Method 

Cryogenic separation is the liquefaction/solidification of CO2 at very low temperatures. The 

process is a cooling method where the gas mixture is cooled down to the point that CO2 

condenses or turns to dry ice, enabling the separation of CO2 from other gases. The cryogenic 

method is well suited for CO2 containing gas streams containing very high CO2 concentration 

and can yield very high-grade CO2 products 
63

. Although these benefits exist, it is economically 

less attractive for dilute flue gas applications because it requires significant energy 

consumption for cooling and compression. Therefore, the cryogenic separation is usually used 

in a small scale in specific industrial applications and not in the post-combustion CO2 capture.  

4.4 Chemical Looping Method 

Chemical looping is a new CO2 capture technology, where metal oxides are used as oxygen 

carriers. The process is carried out in two coupled reactors: fuel reactor and air reactor. The 

metal oxide releases oxygen to the fuel in the fuel reactor, forming CO2 and water, but there is 

no direct contact between fuel and air. The metal oxide is then regenerated in the air reactor and 

returned to the system. Nitrogen from the air is excluded to the fuel reactor, leaving a 

concentrated CO2 stream which aids in simpler capture and storage 
64

. Although chemical 

looping is highly efficient and has low energy penalties, issues of oxygen carrier stability, 

reactor design and scale-up are still being studied. 

  

4.5 Adsorption Method 

Adsorption appears to be a promising and eco-friendly technology for CO2 capture, and has 

been investigated intensely. In this, the CO2 molecules are selectively trapped at the surface of 

porous solid adsorbents by physical or chemical attractions 
65

. Various adsorbents materials 

such as activated carbon, zeolites, silica-based materials, metal-organic frameworks (MOFs), 

porous polymers and bio-based adsorbents have been investigated for CO2 capture 
66–68

. The 

adsorption process has a number of benefits including low energy consumption, ease of 

operation, high selectivity, ease of regeneration and low environmental impact. The efficiency 

of the adsorption depends upon the surface area, pore structure, surface functionality, and 
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affinity of the adsorption material towards CO2 molecule 
69

. These benefits make adsorption 

CO2 capture an attractive option compared to conventional capture methods and research on 

sustainable and cost-effective CCS is still a primary research focus on this process. 

5. Adsorbents for Pollutant Removal 

The materials that can be used in water remediation may be divided into natural, synthetic, and 

nanostructured materials. These are considered to be the most popular natural adsorbents as 

they are cheap, have a high surface area, and are environmentally friendly. Activated carbon, 

clay minerals, zeolites, agricultural wastes, and biochar are reported in literature for heavy 

metal, dye, pharmaceutical, and organic pollutant removal from wastewater 
70,71

. By using 

synthetic adsorbents such as polymeric resins, metal-organic frameworks (MOFs), and 

functionalized silica materials researchers achieved improved selectivity and adsorption 

capacity 
72,73

. Nanomaterials like carbon nanotubes, graphene oxide, magnetic nanoparticles 

and nanocomposites have been studied in recent years due to their high adsorption capacity, 

fast adsorption rate, and ease of regeneration 
74–76

. The use of these adsorbent materials is 

significant in the context of sustainable water treatment technologies, as they are effective in 

removing contaminants and enhancing water quality. 

Among all the biopolymer-based adsorbents researched extensively for water remediation 

applications, chitosan has emerged as one of the most promising materials for use in water 

remediation because of its biodegradability, non-toxicity, biocompatibility, and good adsorption 

properties 
77

. Chitosan is obtained from chitin through deacetylation, which is a chemical 

process. It is made up mainly of glucosamine and N-acetyl-D-glucosamine residues linked by 

β-(1→4) glycosidic bonds (Fig. 3) 
78

. Chitosan, a biodegradable and biocompatible material, is 

one of the most abundant renewable organic materials after cellulose, and has been the focus of 

great interest. Shell waste from crustaceans (shrimp, crab, lobster and other species) is the main 

raw material for chitosan production 
79,80

. The world’s shrimp-processing industries generate 

around 3.4 million tonnes of waste each year, of which almost 60% is comprised of shells and 

other waste products that can be used for chitin extraction 
81

. Furthermore, the efficient 

utilization of these seafood processing residues can mitigate environmental pollution and 

provide a sustainable and cost-effective method for producing valuable products based on 

chitosan for various industrial, biomedical, and environmental applications. Chitosan contains 

many active binding groups, such as amino (-NH2) and hydroxyl (-OH) groups on its surface, 

that allow the adsorption of a variety of contaminants from the wastewater 
82

.  
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Fig. 3 Chitosan Structure. 

So far, chitosan has been widely reported to remove some heavy metals such as lead (Pb
2+

), 

cadmium (Cd
2+

), chromium (Cr
 
(VI), copper (Cu

2+
), mercury (Hg

2+
), and arsenic (As(III)) from 

aqueous solutions 
83–87

. The amino groups present in chitosan have strong affinity towards 

metal ions and can be effectively used for heavy metal adsorption even at low concentration. 

Chitosan also has an ability to remove dyes, pesticides, pharmaceutical residues, fluoride, 

nitrate and other organic pollutants from industrial and municipal wastewater. The polycationic 

character of chitosan is useful under acidic conditions to attract negatively charged 

contaminants, thus increasing adsorption efficiency. 

A number of chitosan adsorbents have been developed to improve the physicochemical 

properties and practical applications of chitosan. These include chitosan beads, hydrogels, 

membranes, fibres, nanoparticles, aerogels and composites. The researchers have also 

chemically and/or physically modified the chitosan to achieve better mechanical strength, 

thermal stability in acidic environments, adsorption capacity and reusability 
88

. Common 

modifications include the use of crosslinking agents such as glutaraldehyde or epichlorohydrin, 

grafting of functional groups, and the incorporation of activated carbon, graphene oxide, 

biochar, magnetic nanoparticles, zeolites and metal oxides with chitosan.  

Several operation and physicochemical parameters such as pH, adsorbent dosage, initial 

pollutant concentration, contact time, temperature, and ionic strength is known to influence the 

adsorption performance of chitosan-based adsorbents 
89

. The pH is of significant importance as 

it would affect the electrostatic attraction, repulsion and other interactions between the amino 

groups of chitosan and the target pollutant, which in turn would affect the speciation or surface 

charge of the target pollutant. The dosage of the adsorbent will influence the percentage of the 

pollutants removed and it has been indicated that increase of dosages will increase the 

percentage of removal, however it can be seen that the adsorption capacity as a function of the 

active mass of the adsorbent will actually decrease at higher dosages due to site 

underutilization or aggregation of the particles. The contact time is also important, as the 

adsorption is normally fast in the initial period, as a large number of vacant active sites are 
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available, but the rate becomes slower as these sites are filled up, leading to adsorption 

equilibrium. Hence, the efficiency of the process of adsorption is not linear with time, and does 

not always get better with the passage of time. Temperature can affect the adsorption process 

by changing the diffusion of the pollutants, the interaction between the pollutant and the 

adsorbent and the energetic parameters of the adsorption process, while ionic strength can 

affect the adsorption through competition for the active sites and electrostatic screening. 

Pollutant concentration is used to determine the driving force for mass transfer, but can also 

cause saturation of available adsorption sites at higher concentrations 
90

.  

The main benefits of chitosan are that it has a renewable and environmentally friendly source, 

thus providing sustainable water treatment technologies. Moreover, desorption processes of 

chitosan-based adsorbents with appropriate eluents can let them be reused, which greatly 

decreases the operation cost. But chitosan has some drawbacks, such as low mechanical 

properties, unstable properties in acid, and lack of large-scale application. In order to address 

these shortcomings, considerable research is underway to create new chitosan composites and 

hybrid materials that are more high-performance, specifically with greater adsorption efficiency 

and durability 
91

. 

Even though using chitosan as adsorbents is beneficial, there are a number of limitations that 

must be taken into consideration when using these materials. An important issue to consider is 

management and disposal of spent adsorbents, in which the adsorbed contaminants can be 

transferred to the solid phase and may cause a secondary environmental problem if the 

adsorbent is not properly regenerated, recovered or disposed. Regeneration can enhance the 

reusability of chitosan-based adsorbents but the reusability depends on the type and 

concentration of the regenerating agent, the efficiency of the regeneration, loss of adsorption 

capacity with repeated use, and the energy and chemical needs. Additionally, adsorption 

performance from laboratory solutions containing just one component may not necessarily 

reflect actual performance in real wastewater where other ions, dissolved organic matter, 

suspended solids, and multiple contaminants may affect the availability of the active sites and 

adsorption interactions. Competitive adsorption or synergistic effects between the various 

pollutants may thus not be observed when dealing with a single component system. The 

potential environmental effects of chemical modification should also be taken into account. 

Any leaching or residual crosslinking agents, e.g. glutaraldehyde, that are not removed from the 

modified product can cause toxicity concerns 
92

. In addition, while chitosan is a renewable 

product, the overall environmental and economic benefits of chitosan cannot be determined just 
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from the fact that it is a renewable product. The significance of comparison with traditional 

adsorbents like activated carbon needs to take into account raw material availability, synthesis 

and activation requirements, chemical consumption, regeneration, service life, adsorption 

capacity, waste management and life cycle impacts. Hence, the use of chitosan-based 

adsorbents in large-scale applications should be further strengthened by conducting studies 

under realistic wastewater conditions such as: long-term regeneration, multi-contaminant 

systems, leaching and toxicity evaluation, life-cycle and cost evaluation. 

Besides aqueous-phase remediation, chitosan-based materials have been explored for CO2 that 

can be captured by adsorption. The primary amino groups in the structure of chitosan offer 

interaction sites for CO2 and make chitosan a suitable precursor for developing materials that 

capture CO2 
93

. Chitosan, however, has relatively low CO2 uptake and so several modification 

methods of chitosan (chemical modification, carbonization, activation and incorporation of 

inorganic or carbonaceous components) have been investigated to improve the adsorption 

capacity 
94

. Chitosan-based composites of SiO2 
95

, zeolites 
96

, graphene oxide
97

  and other 

functional materials have been found to exhibit better CO2 uptake than unmodified chitosan. 

Specifically, porous and amine functionalized chitosan derived materials can be developed to 

enhance the number of active sites and adsorption of CO2 by nitrogen containing functional 

groups 
98

. In a recent literature, CO2 uptake of up to about 7.84 mmol g
-1

 for Chitosan-

bleaching earth clay composite was obtained, indicating the promising role of these materials 

as renewable adsorbents for CO2 capture 
99

. Surface area, pore size distribution, density of 

functional groups, pressure, temperature and moisture content have a strong effect on the 

adsorption performance. 

In summary, chitosan has proven to be an excellent, cheap, and eco-friendly adsorptive material 

for water purification as well as CO2 capture. Its excellent adsorption capacity, high 

modification potential and environmentally friendly property makes it a promising material for 

wastewater treatment and contaminated water remediation applications in the environment. 

Although several reviews have addressed chitosan-based adsorbents for pollutant removal, their 

primary focus has been on hazardous pollutants in aqueous solutions, modification strategies 

for pollutant adsorption, or dye removal from water and wastewater. In contrast, the present 

review provides an integrated perspective on the sequestration of both aqueous and gaseous-

phase pollutants using chitosan-based biomaterials.  
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5.1. Fundamentals of Adsorption: Isotherms and Kinetics 

The adsorption performance is typically assessed by adsorption isotherms, and kinetic models 

give complementary information about the adsorption interactions between the adsorbate and 

adsorbent and the rate of pollutant adsorption. The relationship between the equilibrium 

concentration of the pollutant in solution and the amount of pollutant adsorbed per unit mass of 

adsorbent at a constant temperature is called adsorption isotherms. The Langmuir and 

Freundlich isotherms are important and widely used models. The Langmuir model assumes that 

the adsorption occurs at a limited number of equivalent sites, there is no interaction between 

the molecules that are adsorbed, and that the coverage is monolayer. It’s non-linear equation 

can be represented by: 

                                                      𝑞𝑒 =
𝑞𝑚×𝐾𝐿×𝐶𝑒

1+𝐾𝐿×𝐶𝑒
                                   .………..(1) 

 

Here, Ce (mg L
-1

) is the equilibrium concentration. qe (mg g
-1

) is the equilibrium adsorption 

capacity, qm (mg g
-1

) is the theoretical maximum monolayer capacity and KL (L mg
-1

) is the 

Langmuir constant. Unlike the Freundlich model which is an empirical model widely used to 

describe adsorption on energetically heterogeneous surfaces. It is expressed as, 

                                            𝑞𝑒 = 𝐾𝐹(𝐶𝑒 )
1/𝑛                         …………...(2) 

 

Here, KF is the adsorption capacity-related constant and 1/n shows the adsorption intensity and 

surface heterogeneity. The value of 1/n as  0<1/n<1  is frequently reported as being favourable 

for the adsorption range studied. None of these models can, however, be considered as proof of 

the adsorption mechanism and their fitness must be assessed by the use of adequate statistical 

parameters. 

Adsorption kinetics refers to the adsorption rate to reach the equilibrium and it can be used to 

evaluate the effect of the contact time and mass transfer processes. An integrated linear form of 

the pseudo-first-order (PFO) model is typically written as, 

 

                                     𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡)           …………. (3) 
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Here, qt (mg g
-1

) represents the capacity for adsorption at a specified time, t, and qe is the 

equilibrium capacity; k1 (min
-1

) is called the PFO rate constant. The pseudo-second-order 

(PSO) model is described as, 

                               𝑞𝑡 =
𝑘2×𝑞𝑒

2×𝑡

1+𝑘2×𝑞𝑒×𝑡 
                  …………. (4) 

 

where k2 (g mg
-1

 min
-1

) is the PSO rate constant. These models are widely used for comparison 

of experimental kinetic data. The adsorption process can also be affected by external mass 

transfer, pore diffusion and interactions with surface functional groups. Hence, it is important 

to rely on several models of isotherms and kinetic models together with material 

characterization, mechanistic information and experimental conditions to better understand the 

pollutant sequestration by chitosan-based biomaterials. 

6. Chitosan modification methods 

 

6.1 Crosslinking Modification 

One of the most common ways to modify chitosan for adsorption purposes is by crosslinking. 

This is done by chemically bonding the chitosan chains together with a crosslinking agent like 

glutaraldehyde, epichlorohydrin or tripolyphosphate 
100–102

. The crosslinking process enhances 

the mechanical, thermal and chemical resistance of chitosan, particularly in acidic condition 

where pure chitosan tends to dissolve. This modification also increases the reusability and 

durability of the adsorbent in the wastewater treatment process. 

 

6.2  Grafting Modification 

The functional groups or polymer chains are introduced to the chitosan backbone, grafting, to 

enhance the adsorption properties 
103

. To maximize the number of available binding site, the 

chitosan is often grafted with functional groups like amino, carboxyl, sulphonic, and thiol 

104,105
. Grafted chitosan has better selectivity and adsorption capacity for heavy metals, dyes 

and organic pollutants 
106

. This approach also allows to optimize chitosan for a particular 

contaminant in water remediation. 
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6.3  Impregnation 

Impregnation is a modification method that involves the addition of other materials (e.g., 

activated carbon, metal oxides, graphene oxide, biochar, clay minerals, or magnetic 

nanoparticles) to chitosan 
107

. The surface area, porosity, adsorption capability and mechanical 

strength of chitosan are enhanced by incorporation of these materials. The magnetic chitosan 

composites have a high potential of particular importance due to the possibility of simple 

separation of the adsorbent from the treated water with an external magnetic field. 

6.4  Membrane Formation 

For membrane formation, chitosan is treated to form membranes or thin film which can be 

employed in filtration and separation technologies. Chitosan membranes have high 

permeability, high adsorption capacity and antimicrobial properties, which are suitable for 

applications in wastewater treatment. These membranes are capable of filtering dyes, heavy 

metal ions, micro-organisms and organic pollutants from water 
108

. Chitosan materials with 

membranes have also been extensively investigated in the field of desalination and high-end 

purification
109

. 

 

6.5  Surface Functionalization 

Surface functionalization is the process of chemically modifying the surface of chitosan to 

generate desired functional groups related to the adsorption behaviour. The uses of this method 

involve mechanisms of interaction between chitosan and target pollutants, including chelation, 

ion exchange and electrostatic attraction 
110,111

. Functionalized chitosan materials exhibit 

greater affinity to toxic metal ions and complex organic contaminants and therefore are very 

effective materials for environmental remediation. 

 

7. Recent Literature 

The comparative assessment of the reported chitosan-based adsorbents shows that chitosan is a 

versatile functional platform for the removal of various environmental contaminants such as 

heavy metal ions, synthetic dyes, residues of pharmaceuticals, anionic surfactants and carbon 

dioxide. The adsorption capacity of these materials not only depends on the properties of the 

materials such as specific surface area and pore structure of the material, but also depends on 

the properties of the pollutants to be adsorbed, including chemical functionality, degree of 

modification, stability of the adsorbent, and physicochemical properties of the adsorbent, as 
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summarized in Table 1. Magnetic particles, carbonaceous materials, metal-organic frameworks 

(MOFs) and other functional groups have been incorporated yielding adsorbents with 

properties that suit the various treatment needs. The maximum capacities that are listed should 

however be viewed in conjunction with the experiments used and performance indicators, and 

should not be taken on their own. Saberi-Zare et al. reported that the adsorption capacities of 

chitosan-grafted magnetic biochar for the removal of Pb(II) and Cd(II) were 394 and 391mg g
-1

 

respectively. The effect of the high uptake was ascribable to the availability of amino and 

hydroxyl groups and the magnetic component allowed the adsorbent to be recovered. Likewise, 

the malic acid modified chitosan hydrogel beads reported by Zhang et al. showed 383.2 and 

183.8 mg g
-1

 capacities for Cr(VI) and Cu(II) respectively. The results show the need to adjust 

surface functionality with regard to pollutant chemistry. The reported capacity of Pb(II) of 934 

mg g
-1

 by chitosan extracted from T. dichotomus is also remarkable. However, interpretation of 

such high capacities is always demanding careful consideration of the starting concentration of 

the pollutant, pH, equilibrium conditions and analytical validation.  

The GO/MnO2/chitosan nanocomposite is promising for the removal of dyes, as it shows the 

ability of chitosan to be combined with inorganic materials. The surface functionalization of 

graphene oxide can enhance the surface properties, and the properties of the final composite 

can be enhanced in terms of structural properties.  The MSe-MOF loaded chitosan/alginate 

hydrogel beads and Fe₃O₄@CS-P(AM-DMDAAC) composite have been evaluated for the 

removal of ciprofloxacin and doxycycline hydrochloride, respectively. MOFs, magnetic 

particles, and modified polymer matrices can be combined to enhance the surface functionality, 

ease of separation and interaction between pollutants and MOFs. The use of chitosan 

derivatives for a number of pharmaceutical products also indicates that the adsorption property 

is a function of the chemical structure and charge of each contaminant. However, the selectivity 

that can be achieved using individual pharmaceutical solutions cannot be confirmed under 

realistic conditions where pharmaceutical products are found in co-existence with other natural 

organic matter, inorganic ions and other organic contaminants. Further studies of mixed-

contaminant solutions, real wastewater matrices and continuous-flow systems are therefore 

required to determine real-world applicability of these materials. 

Chitosan-based adsorbents have also been shown to be effective in removing anionic 

surfactants. It has been reported that primary amino crosslinked chitosan microspheres 

(ACCMs) could be used to effectively adsorb anionic surfactants due to interaction between the 

protonated amino groups of the microspheres and the anionic sulfonate groups of the anionic 
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surfactants. This mechanism highlights the importance of surface charge and protonation in 

adsorption control with respect to pH. In surfactant adsorption, however, there are analytical 

difficulties because micelle formation, aggregation and variations in the concentration of the 

surfactant can affect the adsorption measured. The initial surfactant concentration relative to its 

CMC, solution composition, and analytical method should therefore be taken into consideration 

when making comparisons. In addition, the ability to reduce the adsorption of surfactants in 

complex industrial effluents with competing organic matter and electrolytes is not reflected by 

adsorption capacity. 

It is notable that chitosan derived porous carbon materials are a class of adsorbents that is 

different from those used in aqueous pollutants removal for CO2 capture. Here chitosan can be 

used as a carbon precursor with nitrogen and extra heteroatom doping or amine impregnation 

can alter the surface chemistry of the resulting carbon. For the N-doped microporous carbon 

based on chitosan, Fan et al. reported 169.87 mg g
-1

 CO2 uptake at 1 bar and 298K. Other 

reported systems are heteroatom-doped porous carbon synthesized from shrimp-shell waste, 

porous carbon synthesized from chitosan and impregnated with pentaethylenehexamine, and N-

doped porous carbon synthesized using NaNH2. The results indicate that CO2 capture involves 

the synergistic effect of pore accessibility, micropore volume, presence of nitrogen-containing 

surface groups, and CO2 affinity to the adsorbent surface.However, it is not appropriate to 

compare the maximum CO2 uptake without taking into account the pressure and temperature 

under which it was measured. CO2 adsorption on many porous materials is exothermic and 

therefore adsorption capacities measured at low temperatures could be higher than those 

measured at high temperature. Likewise, the capacity measured at relatively high CO2 

pressures may not be representative of the performance in dilute flue-gas.  

Although the research on adsorption properties of chitosan is advanced, there are still some 

deficiencies. First, most studies have been batch experiments that involve only one-pollutant 

solution, restricting the predictability of treatment performance under realistic treatment 

conditions. Secondly, the relationship between surface area and adsorption capacity is by no 

means linear because the accessibility and chemical nature of the active sites also influence the 

capacity of adsorption. Thirdly, the long-term environmental safety of modified adsorbents, 

such as the release of the incorporated metals and/or crosslinkers or functionalizing agents, 

must be investigated.  

In general, the literature suggests that chitosan-based materials are a versatile medium for 

creating adsorbents for water and gas pollutants. Their major benefits are that surface 
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functionality, structure and composition can be customized to the desired pollutant. But high 

adsorption capacity must be taken as a preliminary assessment parameter rather than a criteria 

for practical use. Standardized performance comparison, multicomponent adsorption, flow-

through studies, regeneration over multiple cycles and techno-economic and environmental 

evaluations should be considered as future research priorities. These measures would allow for 

a more suitable assessment of the viability of chitosan materials for use on a larger scale for 

water treatment and CO2 capture. 

 

Table 1.  Reported chitosan-based materials for the adsorption of pollutants  and CO2 capture. 

Adsorbent  Adsorbate Adsorption 

Capacity 

(mg g 
-1

) 

Operating 

conditions 

Reference 

Chitosan-grafted magnetic biochar Pb(II) 394 pH:7.0 

Time: 60 min 

112
 

Chitosan-grafted magnetic biochar Cd(II) 391 pH:7.0 

Time: 60 min 

112
 

GO/MnO2/CS nanocomposite Cr(VI) 179.28 

 

pH:2.0 

Time:180 

min 

113
 

Crosslinked chitosan beads Reactive 

Black 5 dye 

379.90 pH:3.6 

Time: 480 

min 

114
 

MSe-MOF-loaded chitosan/alginate hydrogel 

beads (MSCA) 

Ciprofloxacin 440 pH: 8.0 

Time:60 min 

115
 

Fe3O4@CS-P(AM-DMDAAC) composite Doxycycline 

hydrochloride 

566.82 pH:9.0 

Time: 90 min 

116
 

Primary amino crosslinked chitosan 

microspheres (ACCMs) 

SDS  888 pH:3.0 

Time 48 h 

117
 

Malic acid-crosslinked chitosan-based hydrogel 

 

 

Cr(VI) 427
 

 

pH:2.0 

18 min 

118
 

Malic acid-enhanced chitosan hydrogel beads 

(mCHBs) 

Cr(VI) 383.2 pH:3.0 

2 h 

119
 

Malic acid-enhanced chitosan hydrogel beads 

(mCHBs) 

Cu(II) 183.8 pH:5.0 

24 h 

119
 

Chitosan sourced from Trypoxylus dichotomus 

larvae/adults 

Pb(II) 934 500 min  
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Chitosan sourced from Trypoxylus dichotomus 

larvae/adults 

Cu(II) 462 500 min  

Chitosan-derived nitrogen-doped microporous 

carbon 

CO2 169.87 298K 

1 atm 

120
 

Boron-doped chitosan-derived porous carbon CO2 335.36 273K 

1bar 

121
 

ZIF-67/chitosan composite beads CO2 53.25 273K 

1bar 

122
 

Shrimp-shell-waste-derived (N, S, O)-doped 

chitosan-based porous carbon 

CO2 236.8 273K 

1bar 

123
 

Chitosan-derived mesoporous carbon 

impregnated with pentaethylenehexamine 

(PEHA/CDMC composite) 

CO2 163.71 373K 

1 bar 

124
 

Chitosan-derived N-doped porous carbon 

prepared using NaNH₂  

CO2 278.58 273K 

1bar 

125
 

Chitosan-based three-dimensional nitrogen-

doped porous carbon (3D-NPCs) 

CO2 260.54 273K 

1bar 

126
 

 

8. Conclusion 

Water resources contamination and greenhouse gases emission is a serious environmental issue 

that needs effective and environment-friendly treatment measures. Of the different methods 

available, adsorption provides flexibility of operation, has the potential for relatively low 

energy consumption and is one of the few methods that is easily regenerable when using an 

adsorbent, although the overall performance and sustainability of the process will depend on 

the properties of the adsorbent and conditions under which the process is operated. Chitosan 

has been gaining great interest in this context due to its novel properties such as being a 

renewable, biodegradable and chemically modifiable biopolymer that has amino and hydroxyl 

functional groups that can interact with a large variety of pollutants. 

The literature search revealed that surface chemistry, porosity, stability, and adsorption can be 

modified by chemical modification, crosslinking, grafting, blending and incorporation of 

organic, inorganic and carbonaceous components of chitosan-based materials. These changes 

have demonstrated the possibility to enhance the elimination of a number of different aqueous 

pollutants such as metal ions, dyes or other pollutants. Their efficacy, however, relies on the 

nature of the pollutant, pH, dosage of the adsorbent, contact time, competing species and 

composition of the material to be adsorbed. Thus, the adsorption activity of the system should 
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be evaluated per pollutant and per adsorbent. Issues of adsorbent stability, regeneration, co-

occurring contaminants and spent adsorbent management still apply to real-world water 

treatment applications. The use of chitosan-based materials in CO2 capture has also been 

explored, such as preparation of functionalized sorbents and porous carbonaceous materials 

from chitosan. They are influenced by the availability and chemical characteristics of the 

adsorption sites, the pore structure, the operating pressure and temperature, the composition of 

the gases to be adsorbed and the requirements for regeneration. However, positive laboratory 

CO2 uptake results do not imply suitability for industrial carbon capture.  

Evaluation of modified chitosan adsorbents in real wastewater and multicomponent systems 

must be further carried out and systematic investigations concerning the selectivity and 

material durability must be conducted in the future. Studies of CO2 capture should consider gas 

compositions and operating conditions, and the effects of humidity and relevant impurities, in 

realistic conditions and evaluate both the uptake and selectivity. The literature reviewed 

indicates that chitosan-based biomaterials are a potential platform for aqueous pollutant 

removal and emerging option for CO2 capture. These are, however, to be validated on a case-

by-case basis by a proper application-specific performance evaluation, long-term testing, and 

full sustainability assessment. To assess the applicability of these materials for future 

environmental remediation and carbon capture applications, it will be critical to demonstrate 

these attributes under realistic conditions. 
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