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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Chitosan with highly reactive functional 
groups is effective for contaminant 
removal. 

• Bentonite is a desirable composite con
stituent for contaminant removal due to 
its surface area and anionic nature. 

• Biochar in the composite increases sur
face area for contaminant adsorption. 

• Composite synthesis procedures vary 
depending on the application. 

• Contaminant removal by composites 
varied widely due to the variability in 
materials.  
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A B S T R A C T   

This study critically appraises employing chitosan as a composite with bentonite, biochar, or both materials as an 
alternative to conventional barrier materials. A comprehensive literature review was conducted to identify the 
studies reporting chitosan-bentonite composite (CBC), chitosan amended biochar (CAB), and chitosan-bentonite- 
biochar composite (CBBC) for effective removal of various contaminants. The study aims to review the synthesis 
of these composites, identify fundamental properties affecting their adsorption capacities, and examine how 
these properties affect or enhance the removal abilities of other materials within the composite. Notably, CBC 
composites have the advantage of adsorbing both cationic and anionic species, such as heavy metals and dyes, 
due to the cationic nature of chitosan and the anionic nature of montmorillonite, along with the increased 
accessible surface area due to the clay. CAB composites have the unique advantage of being low-cost sorbents 
with high specific surface area, affinity for a wide range of contaminants owing to the high surface area and 
microporosity of biochar, and abundant available functional groups from the chitosan. Limited studies have 
reported the utilization of CBBC composites to remove various contaminants. These composites can be prepared 
by combining the steps employed in preparing CBC and CAB composites. They can benefit from the favorable 
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adsorption properties of all three materials while also satisfying the mechanical requirements of a barrier ma
terial. This study serves as a knowledge base for future research to develop novel composite barrier materials by 
incorporating chitosan and biochar as amendments to bentonite.   

1. Introduction 

Climate change has been linked to various extreme events, such as 
flooding, sea level rise, and saltwater intrusion (Reddy et al., 2019; 
IPCC, 2021). Floods are one of the most common natural disasters in the 
US, affecting almost every state and county (NRDC, 2021). They pose 
not only an immediate threat to lives and properties but also present 
risks of exposure to contaminants which can have long-term effects 
(USGAO, 2021). Flood water often carries undesirable objects and 
harmful contaminants. Coastal flooding brings the risks of saltwater 
intrusion. At the same time, inland contaminated flood waters increase 
the risk of surface water bodies such as stormwater retention ponds and 
of groundwater contamination due to seepage from stormwater reten
tion ponds and recharging the aquifers from surface water bodies. 

One traditional approach to mitigating seepage of contaminated 
stormwater and containing groundwater contamination is the use of 
engineered barriers, such as low-permeability soil liners, placed at the 
base of stormwater retention ponds or vertical barriers (commonly 
known as slurry walls) constructed around the polluted groundwater in 
the subsurface. Low-permeability liners may include soil liners, admixed 
soil liners, or geosynthetic clay liners (GCLs). Slurry walls comprise 
backfill consisting of soil, bentonite, and water in excavated trenches as 
an engineered slurry for stability. The low permeability of the liners 
controls infiltration from retention ponds, while slurry wall backfill 
controls the passage of contaminated groundwater across the slurry 
wall. 

In general, barrier materials, specifically for pond liners or backfills 
for the slurry walls, are selected based on the type of contaminants 
prevalent at the site and subsurface conditions (Rowe, 2001). However, 
the physicochemical properties of stormwater or groundwater, such as 
alkalinity, ionic strength, pH, temperature, dissolved oxygen, and dis
solved organic matter, may be highly variable due to flooding events 
(Pitt et al., 1995). Hence, there is a need to develop effective barrier 
systems with sustainable and resilient materials that are compatible 
with a wide range of contaminants and adaptive to changing climatic 
conditions. 

Developing novel materials for flood water containment and reme
diation requires a vast variety of contaminants to be considered. Thus, 
an engineered barrier material must be compatible with a wide range of 
key characteristics of contaminants, such as molecule size, binding 
mechanisms, and charge. Desired properties of engineered containment 
and remediation materials are chemical and thermal stability, micro- 
and mesoporous structure, large surface area, presence of many func
tional groups on the surface, and a high potential for regeneration. In 
addition, the materials should be economical, have low production 
costs, be scalable to address a wide range of conditions, and have high 
removal efficiencies (Aizat and Aziz, 2019; Wan Ngah et al., 2011). 

In this regard, composites composed of alternative materials, such as 
chitosan and biochar, may fill the need for robust liner materials. The 
combined characteristics of chitosan, biochar, and bentonite may create 
a unique composite that will not only be able to control seepage but also 
retard or degrade a wide range of contaminant types, thereby protecting 
the physical and functional integrity of the barrier systems. 

Chitosan is derived from chitin, the most abundant naturally 
occurring biopolymer after cellulose (Muzzarrelli, 1977). While there 
are many natural sources of chitin (e.g., sea animals, insects, fungi), the 
main source of chitin is crustacean shells (Rinaudo, 2006; Pal et al., 
2021), which are often the waste products of the seafood industry and 
therefore available at low-cost. Crustacean shells comprise a significant 
portion of seafood processing waste, ~50–70% (Kumar et al., 2018), and 

shrimp and crab processing wastes comprise 13–27% chitin by dry 
weight (Ashford et al., 1977). Chitosan is a widely available natural 
resource with abundant presence in nature and is less cost-intensive. It is 
cationic under slightly acidic conditions, biocompatible with human and 
animal tissue, biodegradable, non-toxic, and easily combined with other 
constituents to synthesize customized adsorption materials. Further
more, chitosan has a high adsorption capacity and can readily adsorb 
contaminants ranging from low to high concentrations (Kumar, 2000; 
Synowiecki and Al-Khateeb, 2003; Sudha, 2010). Chitosan complexes 
have also been used for environmental remediation applications such as 
treating metal-laden waste streams (Robinson-Lora and Brennan, 2010). 
Chitosan serves as an electron donor, which may support biological 
processes or bioremediation of contaminants (Robinson-Lora and 
Brennan, 2009). Moreover, chitosan is available in particulate form, 
which makes it ideal for addition to liner and slurry wall backfill. 

Biochar is a solid carbonaceous material produced from waste 
biomass through pyrolysis or gasification under oxygen-deficient con
ditions. Biochar is characterized by unique properties such as high 
moisture retention, high microporosity, and surface area, and high ab
sorption potential for liquid and gaseous compounds (Yargicoglu et al., 
2015). Biochar has been extensively used in environmental applications 
such as stormwater and wastewater treatment, landfill methane miti
gation, and carbon sequestration (Reddy et al., 2014; Xie et al., 2015; 
Chetri et al., 2022). In a potential composite that includes chitosan and 
biochar, chitosan can contribute to the contaminant remediation process 
due to its amine and hydroxyl functional groups, which interact with 
contaminants through ion exchange, electrostatic, and hydrogen 
bonding, among other reactions. On the other hand, biochar enhances 
the opportunities for contaminant adsorption and other reactions by 
increasing the available number of reaction sites. Furthermore, 
chitosan-amended bentonite can have similar advantages with the in
crease in available surface area due to the bentonite and the increase in 
active functional groups due to the chitosan, which contribute to 
contaminant adsorption. This work is a comprehensive literature review 
of studies employing chitosan-bentonite, chitosan-biochar, or 
chitosan-bentonite-biochar composites to remove different types of 
contaminants to critically evaluate the potential of a novel composite 
derived from these materials. 

2. Chitosan 

Chitosan – a deacetylated biopolymer derivative of chitin (Fig. 1) – is 
the preferred form of chitin for adsorption applications. Deacetylation 
removes the acetyl group, CH3CO, from the chitin polymer chain. This 
removal process increases the number of active sites and, thus, the 
adsorption capacity. For example, chitosan has been shown to adsorb 5 
to 6 times the amount of dissolved metals compared to chitin (Yang and 
Zall, 1984). The chitin-to-chitosan conversion process consists of a series 
of steps: deproteinization, demineralization (e.g., calcium carbonate 
removal), color removal (bleaching), and finally deacetylation with 
sodium hydroxide (Kumar, 2000; Rinaudo, 2006; Pal et al., 2021). De
gree of deacetylation (DD) refers to the average number of D-glucos
amine units per 100 monomers expressed as a percent (Sabnis and Block, 
1997). The product is termed chitosan when the DD is at least ~50%– 
75% (Darder et al., 2003; Rinaudo, 2006; Li et al., 2020). Deacetylation 
increases the number of potential adsorption sites – amine (–NH2) 
functional groups and hydroxyl (-OH) groups – along the polymer chain 
compared to chitin. Chitosan is insoluble in water but soluble in low pH 
(pH < 6.5) solutions such as dilute organic acidic solutions and hydro
chloric acid (Kurita, 2001). The chitosan molecular weight, and thus the 
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potential number of adsorption sites, depends on the chitin source and 
procedure used to convert the chitin to chitosan. The average molecular 
weight of chitosan may range from 3.8 × 103 Da to 2 × 106 Da (Kumar, 
2000; Sudha et al., 2017). Chitosan can also be processed into different 
forms, such as flakes, powder, gel beads, fibers, membranes, nano-fibers, 
and nano-particles. Both chitin and chitosan are biodegradable, 
biocompatible, nontoxic, and have significant adsorption properties (Pal 
et al., 2021). On the other hand, the hydrophobicity of chitosan can be 
addressed through crosslinking and by modifying the chitosan to form 
hydrogels (Cohen and Poverenov 2022; Guan et al., 1996; Calvo et al., 
1997). 

2.1. Chitosan for contaminant removal 

The versatility of chitosan and its many derivatives for removing 
various contaminant species from water and wastewater has been 
demonstrated in many studies. Previous researchers have shown the 
effectiveness of chitosan and its derivatives in removing pharmaceuti
cals (Liakos et al., 2021), proteins (Cheng et al., 2017), dyes (cationic 
and anionic) (Sadeghi-Kiakhani et al., 2013), endocrine-disrupting 
compounds (Krupadam et al., 2011), herbicides and pesticides (de Mo
raes et al., 2013), organic material and suspended solids (dairy waste) 
(Geetha Devi et al., 2012), phenols (Cheng et al., 2020), fluoride 
(Davila-Rodriguez et al., 2009), fungicides, humic acid (Dehghani et al., 
2018), and hydrocarbons from aqueous solutions (Gentili et al., 2006). 

Chitosan and its derivatives can also adsorb a wide range of heavy 
metals and other cationic and anionic species, including mercury 
(Ramachandra Nair and Madhavan, 1984; Peniche-Covas et al., 1992), 
iron (Reiad et al., 2012), zinc (Moghimi, 2014), lead (Aliabadi et al., 
2014), nickel (Wang and Kuo, 2008), copper (Wan Ngah et al., 2011), 
vanadate (Guzman et al., 2002), sulfate, molybdate (Moret and Rubio, 
2003), and arsenic (Kwok et al., 2009, 2014) among many others. 
Several mechanisms by which chitosan removes heavy metals from 
surrounding fluids have been proposed: ion-pairing, ion exchange, metal 
chelation, and electrostatic interactions (Aizat and Aziz, 2019; Boddu 

et al., 2008). Chitosan contains amine (–NH2) and hydroxyl (–OH) 
functional groups along the main chain of the polymer molecule and can 
remove metal ions from the surrounding fluid through adsorption onto 
these active sites (Pal et al., 2021; Upadhyay et al., 2021). Furthermore, 
the hydroxyl and amino groups may act as electron donors, a mechanism 
called chelation (Muzzarelli, 1983). The metal ion interacts with two 
amino groups from glucosamine residues on the polymer chain. The 
amino group acts as the active site at which adsorption takes place due 
to its lone pair of electrons (Boddu et al., 2008). Chitosan’s ability to 
adsorb metal ions depends on the DD and surrounding fluid pH. The DD 
determines the number of free amino groups and the hydrophilicity due 
to the breakdown of the crystalline structure (Kurita, 2001). Metal ion 
adsorption is a function of pH and increases as pH increases. When the 
surrounding fluid pH becomes more acidic, positively charged metal 
ions must compete with hydrogen ions for remaining active sites as the 
amino groups become protonated (Boddu et al., 2008; Bhatnagar and 
Sillanpää, 2009). 

While chitosan has many advantages for use in adsorption applica
tions (non-toxic, high adsorption capacity, etc.), it also has several un
desirable properties. Chitosan has relatively weak mechanical properties 
(Dotto et al., 2013), typically forming a soft gel-like structure at pH <
5.5 and consequently reducing its material strength (Chiou and Li, 2003; 
Crini and Badot, 2008). The specific surface area (SSA) is a critical 
parameter that determines the adsorption capacity of an adsorbent since 
the adsorption process is a surface phenomenon (Worch, 2012). Chito
san SSA depends on the source, processing, and form (e.g. flake or 
powder) and is relatively low (Rorrer et al., 1993; Crini and Badot, 
2008) with many measured values reported in the literature (e.g., 0.03 
m2/g - 7.3 m2/g; Cestari et al., 2004; Wan Ngah et al., 2005; Uzun, 2006; 
Vanamudan and Pamidimukkala, 2015; Ardila et al., 2017). Chitosan 
has low porosity (El-Dib et al., 2016; Wang et al., 2005; Rorrer et al., 
1993), and so is not ideal for use in remediation applications in isolation. 
Countermeasures include physical modification, chemical modification, 
and/or composite synthesis (Bhatnagar and Sillanpää, 2009; Wan Ngah 
et al., 2011; Vanamudan and Pamidimukkala, 2015; Upadhyay et al., 

Fig. 1. Structure of (a) chitin and (b) chitosan (after Sudha et al., 2017).  
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2021). Many chitosan derivatives/composites are chemically modified 
using crosslinking agents to improve the mechanical properties and 
chemical stability in acidic or alkaline conditions. However, crosslinking 
has been reported to reduce chitosan’s adsorption capacity. Wan Ngah 
et al. (2005) reported that chitosan crosslinked with epichlorohydrin 
(ECH), glutaraldehyde (GLA), and ethylene glycol di glycidyl ether 
(EDGE) had Fe (II) adsorption capacities of 57.47, 45.25 and 38.61 mg/g 
respectively, compared to 64.1 mg/g for unmodified chitosan. The study 
also reported a decrease of Fe (III) adsorption capacity for chitosan from 
90.09 mg/g to 72.46 mg/g, 51.55 mg/g, and 46.30 mg/g when cross
linked with ECH, GLA and EDGE respectfully. Cadmium adsorption 
capacity on GLA crosslinked chitosan decreased from 250 mg/g to 100 
mg/g compared to unmodified chitosan (Hsien and Rorrer, 1997). 
Jóźwiak et al. (2013) observed a reduced adsorption of capacity of 
cationic basic green dye upon crosslinking chitosan with GLA from 
35.64 mg/g to 19.53 mg/g at pH 3, from 476.80 mg/g to 56.10 mg/g at 
pH 5 and 415.74 mg/g to 137.86 mg/g at pH 9. 

3. Chitosan-bentonite composites (CBC) 

A cost-effective approach for overcoming the disadvantages associ
ated with unmodified chitosan is binding chitosan to a readily available, 
low-cost material such as montmorillonite, bentonite, or sand (Zhang 
et al., 2016). Clay minerals are often selected due to their high 
adsorption capacity, low cost, wide availability, and mechanical and 
thermal stability. Their high adsorption capacity stems from the com
bination of high SSA and ion exchange capacity; adsorption capacity 
increases with increasing SSA (Ngulube et al., 2017; Upadhyay et al., 
2021). Composites are often created to combine the desirable charac
teristics of chitosan and those of the support material, such as higher 
strength and increased SSA (Wang et al., 2005; Wan Ngah et al., 2011; 
Nesic et al., 2012; Ngulube et al., 2017). For example, the tensile 
strength of a CBC film is 40.5 ± 1.6 MPa compared to 28.3 ± 1.2 MPa for 
a similarly synthesized chitosan-only film (Dotto et al., 2013, 2016). 
Montmorillonite or bentonite is often used to bind chitosan as it provides 
structural support, improves chemical stability, improves accessibility to 
active sites, increases thermal stability, and has high SSA with many 
available sorption sites (Wang et al., 2005; Wan Ngah et al., 2011). One 
key advantage of chitosan-clay composites is the ability to adsorb both 
cationic and anionic species, such as heavy metals and dyes, given the 
cationic nature of chitosan and anionic nature of montmorillonite par
ticles (Varma et al., 2004; Moussout et al., 2018; Dotto et al., 2016). 
Additionally, the increased accessible surface area provided by the clay 
particle broadens the range of the contaminant types that can be 
removed. 

Previous researchers have synthesized many types of chitosan- 
bentonite composites (CBC). CBCs are typically synthesized as custom 
adsorbents for removing a specific contaminant, e.g., one type of anionic 
dye, from aqueous solutions. Multisolute systems are rarely studied 
(Worch, 2012). These studies also highlight adsorption limitations 
under various conditions, such as the dependency on contaminant 
concentration, pH, ionic strength, temperature, and the presence of 
competing molecules and ions (Crini and Badot, 2008; Ngulube et al., 
2017). In addition to the relatively simple production process, 
chitosan-intercalated montmorillonite forms a stable composite struc
ture. The chitosan is essentially irreversibly adsorbed onto the clay 
particle surfaces. Furthermore, the composite is thermally stable up to 
~500 K, which is the combustion temperature of the intercalated chi
tosan (Darder et al., 2003). 

Many other studies include additional synthesis steps to modify the 
CBC properties to remove selected contaminants. For example, Liu et al. 
(2015) utilized a cross-linking reaction between chitosan and GLA to 
enhance the adsorption of an anionic dye (Amido Black 10B). Zhang 
et al. (2016) modified this cross-linked CBC by mixing the composite in a 
zirconium oxychloride solution to synthesize a Zr (IV) 
surface-immobilized cross-linked CBC for increasing the removal of 

Amido Black 10B. Nagarpita et al. (2017) grafted chitosan with sodium 
acrylate and acrylamide, followed by mixing with montmorillonite clay, 
forming a composite to adsorb one cationic and two anionic dyes. Per
eira et al. (2017) utilized a modified clay, montmorillonite KSF, to form 
chitosan-KSF-montmorillonite beads with sodium tripolyphosphate as a 
crosslinking agent. The beads were used to remove an anionic dye from 
the solution. While many studies utilize cross-linking agents and other 
enhancements to synthesize specialized forms of CBC, this review fo
cuses on the synthesis of unmodified CBC and their applications in 
contamination removal. 

3.1. Materials and synthesis procedures 

CBCs are formed by intercalating montmorillonite particles with 
chitosan molecules. CBCs (Fig. 2) can be readily formed by combining 
commercially available chitosan and montmorillonite-based clay 
(bentonite) through solution intercalation techniques. While the specific 
steps of the synthesis processes found in the literature vary with the 
goals of the individual studies, common general steps were identified 
(Darder et al., 2003; Wang et al., 2005; Wang and Wang, 2007; Liu et al., 
2015; Dotto et al., 2016). Chitosan is first dissolved in a dilute acidic 
solution, typically a 1% or 2% acetic acid solution. Under acidic con
ditions (≲pH 5), most of the chitosan amine groups are likely to be 
protonated (Darder et al., 2003). Montmorillonite is mixed with distilled 
or deionized water at low solids content to produce a slurry. As the 
montmorillonite particles swell during this hydration step, the interlayer 
distances increase. The chitosan solution pH is raised to ~pH 5 to 
minimize mineral dissolution and/or crystalline structure alteration of 
the clay particles. The two solutions are then slowly mixed. The resulting 
composite material is separated from the supernatant, washed with 
distilled/deionized water, and dried. The dried material is then ground 
to a selected maximum sieve size. A summary of CBC synthesis methods 
found in the literature is given in Table 1. CBCs may be customized for 
different applications by varying the (1) chitosan and bentonite types, 
(2) chitosan: bentonite mass ratio, (3) initial chitosan solution pH, (4) 
mixing temperature, (5) chitosan-bentonite mixture stirring time, and 
(6) drying time and temperature. 

3.2. Composite material interactions 

Researchers have used a variety of techniques to investigate the 
chitosan-bentonite interaction mechanisms as well as to verify the for
mation of CBCs. These techniques include Fourier transform infrared 
spectroscopy (FTIR), X-ray diffraction (XRD), transmission electron 
microscopy (TEM), and scanning electron microscopy (SEM) (Wang 
et al., 2005; Darder et al., 2003; Hu Chao et al., 2016; Wang and Wang, 
2007; Xiang et al., 2020; Yang et al., 2020). 

Utilizing these techniques, two key interactions have been identified 
as the primary bonding mechanisms between chitosan and montmoril
lonite, electrostatic interactions and hydrogen bonding. Chitosan is 
cationic under acidic conditions due to the protonation of the primary 
amine groups to –NH3

+ at pH below the amine pKa. The protonation of 
the amine groups also contributes to the ability of acidic solutions to 
dissolve chitosan. The pKa can vary, ranging from 6.17 to 6.51, 
depending on the chitosan source, the molecular weight, DD, and sur
rounding fluid chemistry (solvent, ionic concentration, pH, temperature, 
etc.) (Wang et al., 2006). Under moderately acidic conditions, the 
positively charged chitosan amine groups (–NH3

+) interact with the 
negatively charged sites on the montmorillonite particle outer and 
interlayer surfaces through electrostatic interactions. In addition, chi
tosan N–H and hydroxyl groups can form hydrogen bonds with the sil
icate termination sites (Si–O–Si) on the montmorillonite layer surfaces 
(Darder et al., 2003; Wang et al., 2005; Nesic et al., 2012; Topcu et al., 
2018; Yang et al., 2020). Darder et al. (2003) further specified that the 
initial intercalation of the first layer of chitosan into bentonite is pri
marily due to electrostatic interactions (chitosan –NH3+ and negative 
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sites on clay surface), while further adsorption in the interlayer space is 
primarily due to hydrogen bond formation (chitosan amino and hy
droxyl groups with clay mineral surface). 

FTIR is often used to identify the chitosan-montmorillonite surface 
interaction mechanisms by isolating specific bond types. As listed in 
Table 2, observed characteristic peaks for pure montmorillonite clay are 
typically attributed to O–H stretching, H–O–H bending, Al–O stretching, 
Al–OH and Mg–OH vibration, Si–O stretching, Si–O deformation and 
bending, and O–Si–O asymmetric bending. Chitosan characteristic peaks 
have been observed due to N–H and O–H stretching, C–H stretching, 
C–O stretching, O–H bending, and N–H bending (Sellaoui et al., 2018; 
Jimtaisong and Sarakonsri, 2019; Devi and Dutta, 2017; Yang et al., 
2020; Topcu et al., 2018; Darder et al., 2003). 

Pure material FTIR spectra are then compared with CBC. Shifts in the 
characteristic peaks compared to the pure materials indicate bond for
mation. For example, Jimtaisong and Sarakonsri (2019) compared the 
FTIR spectra of pure chitosan and CBC. They observed the shift of 
several peaks from the chitosan spectra to the composite spectra: 3437 
cm−1 to 3396 cm−1, 1635 cm−1 to 1630, and 1441 cm−1 to 1530 cm−1. 
They attributed these observed shifts to the interactions between the 
chitosan –NH and –OH groups and the bentonite surface –OH groups. 
Sellaoui et al. (2018) observed shifts in characteristic peaks of –OH 
stretching for both bentonite and chitosan from 3600 cm−1 (bentonite) 
and 3456 cm−1 (chitosan) to 3453 cm−1 for the composite. Topcu et al. 
(2018) observed a shift in the N–H bending vibration from 1560 cm−1 to 
1550 cm−1 corresponding to pure chitosan and CBC, respectively. They 
attributed this shift to the electrostatic interaction between the pro
tonated amine groups and negative sites on the montmorillonite mineral 
surface. The composite spectra also showed that the frequency bands 
associated with montmorillonite shifted toward lower frequencies in the 
composite, which was attributed to electrostatic interactions between 
the mineral and the chitosan. 

X-ray diffraction is commonly used to confirm the intercalation of 
chitosan molecules into montmorillonite. Yang et al. (2020) observed 

that chitosan is a crystalline material with maximum intensity peaks for 
the pure material at 2 θ = 20.4◦, while peaks for pure bentonite occurred 
at 2 θ = 19.7◦, 26.6◦, 29.4◦, 35.1◦, 54.0◦, 61.8◦, 73.1◦, and 76.4◦. 
Observed shifts in the XRD diffractogram peaks for the CBC – maximum 
intensity at 2 θ = 20.0◦ – were attributed to the intercalation of 
bentonite by chitosan. A decrease in the peak intensity (2 θ values) with 
increasing chitosan-bentonite ratio (increasing the amount of chitosan 
relative to bentonite) has also been observed by several researchers. This 
increase in basal spacing was used to confirm the intercalation of 
bentonite by chitosan (Darder et al., 2003; Wang et al., 2005; Wang and 
Wang, 2007; Yang et al., 2020). 

Scanning electron micrographs reveal differences in the surface 
morphology of bentonite particles and CBCs. Yang et al. (2020) observed 
that the CBC appears like bentonite particles with “cotton-like” irregular 
shapes attached to the outer surfaces. Xiang et al. (2020) also observed 
rough, irregular surfaces of the CBC compared to pure bentonite. 
Morphology analysis can be further refined using TEM. Wang et al. 
(2005) observed individual chitosan intercalated montmorillonite par
ticles ranging in size from 400 to 600 nm. Furthermore, these individual 
composite particles formed edge-to-edge flocculated at higher mont
morillonite mass ratios, which is attributed to hydrogen bond formation 
between the chitosan amino and hydroxyl functional groups and the clay 
silicate layers. 

3.3. Composite properties 

Chitosan-bentonite interactions and composite properties result from 
the synthesis conditions and procedures. The pH of the chitosan solution 
before mixing with the bentonite solution, the chitosan: bentonite mass 
or molar ratio (C:B), and mixing temperature are among the most 
commonly studied variables for CBC synthesis. 

pH: One step in the CBC synthesis is acidifying the chitosan solution 
to promote dissolution. Acidification results in chitosan protonation, 
promoting chitosan adsorption onto bentonite surfaces. The maximum 

Fig. 2. Intercalation of chitosan into montmorillonite (after Wang et al., 2005).  

B. Nagaraja et al.                                                                                                                                                                                                                               



Chemosphere 359 (2024) 142285

6

amount of chitosan on the montmorillonite surface can be estimated 
based on the percentage of protonated amine groups at a given pH 
(known pKa) and the montmorillonite cation exchange capacity, 
assuming primarily electrostatic interactions between the chitosan and 
montmorillonite. Darder et al. (2003) estimated the adsorption capacity 
of bentonite clay (Clay Minerals Society) with commercially available 
chitosan by theoretically calculating the cation exchange sites on the 
clay surface and the equivalent -NH3+ of the polymer that could be 
adsorbed and found it to be 107.2 meq/100 g at pH 5. However, the 
Langmuir fit for the adsorption studies at pH 5 showed the adsorption 
capacity to be greater, 187.4 meq/100 g. The excess chitosan adsorption 
was attributed to multilayer adsorption in the clay particle interlayer 
space. Wang et al. (2006) reported that the pKa value of chitosan is 
around 6.51 to 6.39, regardless of molecular weight. Hu Chao et al. 
(2016) found that at a pH of 5.5, the quantity of low and 
medium-molecular-weight chitosan adsorbed onto montmorillonite was 
0.203 mg/mg and 0.190 mg/mg, respectively. Dotto et al. (2016) found 
that the swelling of CBC composite with a C:B mass ratio of 5:1 increased 
with decreasing pH (pH 9-3) up to 1100% at pH 3. This was attributed to 
the repulsion between protonated chitosan amino groups under acidic 
pH conditions, which allowed for more fluid to enter the interlayer 
space. Further, swelling occurred rapidly, with maximum swelling 
reaching less than 20 min. They hypothesized that this swelling response 
contributes to the adsorption capability of the composite. 

3.3.1. Chitosan: bentonite mass/molar ratio 
Several studies have reported the effect of C:B (mass or molar ratio) 

on composite properties (Wang and Wang, 2007; Koutsopoulou et al., 
2020; Darder et al., 2003, among others). Increasing C:B results in 
increased adsorption of chitosan by bentonite, increased intercalation, 
and at lower C:B ratios (relatively high masses of bentonite), increasing 
flocculation of the composite particles (Wang et al., 2005; Wang and 
Wang, 2007). In addition, the final composite volume, density, and SSA 
tend to decrease with increasing chitosan percentage, while the pore size 
tends to increase with increasing chitosan percentage (Darder et al., 
2003; Wang and Wang, 2007). 

3.3.2. Temperature 
Yu et al. (2018) studied the effect of temperature on chitosan 

adsorption in bentonite. Their results showed that increasing tempera
ture (30–50 ◦C) decreased the chitosan loading from 121.48 to 55.98 
mg/g. The movement of chitosan molecules increases due to increasing 
temperature in the solution, which may result in chitosan desorption 
and loading of chitosan on bentonite surfaces. 

3.4. Contaminant removal – capacities and mechanisms 

While both unmodified and modified CBCs have been studied to 
investigate the potential for contaminant removal from waste and 

Table 1 
Chitosan-bentonite composite synthesis methods based on selected studies.  

Application Chitosan Bentonite Chitosan solution preparation Bentonite suspension 
preparation 

Chitosan-Bentonite 
composite preparation 

Reference 

Congo Red 
(anionic dye) 
removal 

Chitosan 
(LMW) 
Source: NS 
MW: 9 ×
105 g/mol 
DD: 85% 

Montmorillonite 
(MMT) 
CEC: 76.4 mequiv/ 
100 g  

⁃ Chitosan dissolved in 1% 
(v/v) acetic acid solution.  

⁃ Solution pH adjusted to 
4.90 using 20 wt% NaOH  

⁃ MMT hydrated in 100 mL 
distilled water.  

⁃ Chitosan solution slowly 
added to MMT suspension 
and stirred at 60 ◦C for 6 h.  

⁃ Composite is washed with 
distilled water until pH of 
the supernatant reaches 
7.00.  

⁃ Composite is dried at 60 ◦C 
for 12 h. 

Wang and 
Wang 
(2007) 

Composite 
Synthesis 

Chitosan 
(MMW) 
Source: NS 
MW: 9.27 
× 105 g/ 
mol 
DD: 82.5% 

Montmorillonite 
CEC: 92.7 mequiv/ 
100 g  

⁃ Chitosan dissolved in 2% 
(v/v) acetic acid solution at 
2 wt % and centrifuged to 
remove insoluble material.  

⁃ Montmorillonite hyudrated in 
distilled water.  

⁃ MMT suspension added to 
chitosan solution and 
stirred at 60 ◦C for 6 h.  

⁃ MMT-chitosan solution 
kept at 60 ◦C for 48 h.  

⁃ After drying, the film is 
soaked in 1 M NaOH for 5 h 
to neutralize acid.  

⁃ Film rinsed with distilled 
water and dried at 60 ◦C 
for 24 h. 

Wang et al. 
(2005) 

Chitosan-based 
electrode 
synthesis for 
detection of 
anions. 

Chitosan 
(HMW) 
Source: NS 
MW: 3.4 ×
105 g/mol 
DD: 75% 

Sodium 
montmorillonite CEC: 
76.4 mequiv/100 g  

⁃ Chitosan dissolved in 1% 
(v/v) acetic acid and stirred 
for 4 h.  

⁃ Solution pH of the solution 
adjusted to 4.90 using 
NaOH.  

⁃ Sodium Montmorillonite 
hydrated in bi-distilled water.  

⁃ Chitosan solution slowly 
added to MMT suspension, 
stirred for 2 days.  

⁃ Composite washed with 
distilled water until the 
free from acetate.  

⁃ Composite air-dried at 
50 ◦C. 

Darder et al. 
(2003) 

Anionic and 
cationic dye 
removal from 
wastewater 

Chitosan 
Source: NS 
MW: 9 ×
105 g/mol 
DD: 80% 

Bentonite 
CEC: NS  

⁃ 1 g chitosan is dissolved in 
100 mL of 1% (w/v) acetic 
acid solution and stirred at 
45 ◦C for 2 h.  

⁃ Solution pH adjusted to 5.0 
using 0.1 mol/L−1 NaOH.  

⁃ 1 g bentonite hydrated in 100 
mL deionized water under 
magnetic agitation at 60 ◦C 
for 5 min.  

⁃ Chitosan solution and 
bentonite suspension 
mixed and stirred at 60 ◦C 
for 4 h.  

⁃ Composite oven-dried at 
60 ± 2 ◦C for 20 h. 

Dotto et al. 
(2016) 

Adsorbent of 
Bezactiv Orange 
V-3R dye 

Chitosan 
Source: NS 
MW: (1–3) 
× 105 g/ 
mol 
DD: 80% 

Montmorillonite  ⁃ Chitosan (1 wt%) dissolved 
in 0.2 M acetic acid at 
50 ◦C.  

⁃ MMT dissolved in 0.2 M acetic 
acid at 50 ◦C with continuous 
stirring for 30 min.  

⁃ Chitosan solution and 
MMT suspension are mixed 
while stirring for 30 min.  

⁃ Resulting solution poured 
onto petri dishes and 
allowed to evaporate at 
room temperature for 24 h. 

Nesic et al. 
(2012) 

Note: Abbreviation used: MW - molecular weight; DD - degree of deacetylation; MMT - montmorillonite; CBC - chitosan-bentonite composite; CEC - cationic exchange 
capacity; HMW - high molecular weight; LMW - low molecular weight; MMW - medium molecular weight; NS - not specified. 
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ground waters (Syafalni et al., 2012; Tan et al., 2015; El-Dib et al., 2016; 
Aizat and Aziz, 2019; Cheng et al., 2020; Binaeian et al., 2020), heavy 
metals (Wan Ngah et al., 2004, 2005, 2011; Budnyak et al., 2016; 
Muliwa et al., 2018; Foroutan et al., 2020; Jia et al., 2021); adsorption of 
dyes (Wang and Wang, 2007; Liu et al., 2015; Zhang et al., 2016; Tan 
et al., 2015; Dotto et al., 2016; Hu Chao et al., 2016; Pereira et al., 2017; 
Nagarpita et al., 2017; Vanamudan and Pamidimukkala, 2015) removal 
of humic acid (Dehghani et al., 2018), and remediation of metal 
contaminated soil (Kumararaja et al., 2018), this review focuses on 
unmodified chitosan-bentonite composites (CBC) for contaminant 
removal and the corresponding interaction mechanisms. 

3.4.1. Dye removal 
Many studies have focused on removing dyes from solution (usually 

water) using CBCs. The most common dye pollutants are water soluble 
and have a net charge, either cationic or anionic, which contributes to 
the difficulty in their removal. Removal of Congo Red, an anionic dye, is 
one example of investigating the efficacy of CBC for remediation of 
contaminated water since its anionic nature inhibits adsorption onto 
negatively charged clay mineral surfaces. Wang and Wang (2007) 
studied the potential of CBC for absorbing Congo Red and reported that 
the average absorption capacity for CBC is higher than either chitosan or 
bentonite alone. They observed that Congo Red adsorption increased 
with increasing chitosan percentage (C:B = 1:10 to 1:1), decreasing pH 
(pH 4–9), increasing temperature (30◦-50 ◦C), and increasing contact 
time (0–600 min). They attributed the interaction between the Congo 
Red molecules and CBC to electrostatic interactions (chitosan –NH3

+

groups interacting with negative clay mineral sites at acidic pH), 
chemisorption, and endothermic adsorption. Xiang et al. (2020) inves
tigated the removal of Methyl Red, an anionic dye, with CBC. They 
found that for 2.5 mg/L Methyl Red, adsorption increased with 
decreasing pH (pH 1–6) and increasing composite loading (20–70 mg 
CBC). However, the removal rate increased with increasing C:B mass 
ratio (0.04–0.12 w/w) up to a maximum value of 0.08 and then 
decreased at higher mass ratios. However, Nesic et al. (2012) observed 
different trends. They studied the absorption of Bezactiv Orange V-3R 
(anionic) dye on chitosan-montmorillonite membranes. The membranes 
were created with varying percentages of clay, ranging from 10% to 
50%. At a concentration of 80 mg/L dye, adsorption capacity increased 
with increasing clay content, increasing pH (pH 4–7.5) up to pH 6, and 
decreasing temperature (8◦-55 ◦C). 

Dotto et al. (2016) developed a CBC with a C:B mass ratio of 5:1 to 
remove an anionic dye, Amaranth Red, and a cationic dye, Methylene 
Blue, from aqueous suspensions. Solution pH had different impacts on 
the adsorption of the two dyes due to their opposite charge. While 
increasing pH (pH 2–10) resulted in increasing adsorption of Methylene 
Blue (maximum adsorption capacity at pH 10 496.5 mg/g) by the CBC, 
decreasing adsorption was observed for Amaranth Red with optimum 
adsorption conditions at pH 2 (362.1 mg/g). For both dyes, increasing 
solution temperature (25◦-55 ◦C) decreased adsorption, with the 
adsorption capacity of Methylene Blue exceeding that of Amaranth Red. 
Another significant observation made by Dotto et al. (2016) was that 
their CBCs exhibited recharge capability – adsorption of Amaranth Red 
was possible for three cycles and Methylene Blue for two cycles. 

Wang and Wang (2007) listed two potential mechanisms for the 
adsorption of anionic dye on CBCs: (1) electrostatic attraction between 
protonated chitosan groups in the CBC and the dye and (2) chemical 
reactions between the adsorbate and adsorbent. Below pH 6.3, the pKa 
of amine groups (-NH2) in the chitosan structure becomes protonated as 
-NH3+, facilitating the anionic dye adsorption. At lower pH values, the 
adsorption is primarily controlled by the ion exchange mechanism. Yang 
et al. (2020) stated that at pH < 6, chitosan in the CBCs becomes pro
tonated, forming −OH2+ and −NH3+, which leads to electrostatic 
attraction between the CBC composite and negatively charged ions. 
Dotto et al. (2016) suggested that for cationic dyes at higher pH, the 
Si–O groups become Si–O-, which interacts with the positively charged 
sites on the cationic dye molecule. 

3.4.2. Heavy metal removal 
Moussout et al. (2018) compared the Cr (VI) removal capacity of a 

CBC synthesized at a very low percentage of bentonite (45:1 C:B) with 
pure chitosan. The optimum adsorption capacities for Cr (VI) ions 
occurred at a pH of 5 and a temperature of 25 ◦C (304 mg/g for pure 
chitosan and 223 mg/g for CBC). Under acidic pH conditions, the amino 
groups (–COONH2) and –OH groups become protonated as –COONH3

+

and H+ in the CBC composite, which interact with negative CR(VI) 
species (HCrO4

−, CrO4
−, C2rO7

2−) through Coulombic attraction. Liu et al. 
(2022) investigated Cr(VI) removal from contaminated soil with CBCs. 

Table 2 
Wave numbers corresponding to bentonite, chitosan, and chitosan-bentonite 
interactions obtained with FTIR.  

Surface Group Wavenumber(s) (cm−1) 

Bentonite Chitosan CBC 

O–H stretching 3600, 3466, 3621, 
3742, 3440, 3627, 
3630 

3456, 3437, 3446, 
3445-3284, 3440, 
3451, 3449, 3450, 
3300 

3453, 3397, 3440, 
3388, 3445, 3622, 
3621 

O–H bending 919 1646  
H–O–H bending 1636, 1633, 1640, 

1641   
Al–O stretching 918, 619, 618  917, 914 
Al–OH, Mg–OH 

vibration 
848, 729, 913, 
3635, 843, 793  

915, 624, 842, 
792 

Al–O–Si 
deformation 

515   

C–H stretching  2924, 2921, 2920, 
2868, 2890, 2929, 
2874, 2900 

2923, 2856 

C–H bending  1379, 1385, 1425, 
1401 

1300, 1450, 1425 

C–H 
deformation 
vibrations  

1416, 1374, 1312, 
1400 

1419, 1375 

C–O stretching  1150, 1054, 1023, 
1150-1000, 1633, 
1645, 1138, 1095 

1630, 1634 

Amide and 
C––O 
stretching  

1625, 1635, 1655, 
1650, 1740, 1540, 
1650, 1535, 1540, 
1650 

1638, 1630, 1644, 
1640, 1645, 1519, 
1524 

N–H stretching  1441, 3437, 3446, 
1420, 3445-3284, 
3370, 3300 

1530, 3397, 3388, 
1531–1541, 1550 

N–H bending  1560, 1540, 1651, 
1560, 1590 

1550, 1560, 1612, 
1566 

C–N stretching  1485 1503 
C–O–C bending  1149, 1152  
C–OH 

stretching  
1081  

Si–O stretching 1044, 1191, 1039, 
1006, 1000, 1118- 
1040, 1080, 1087, 
1035, 1000  

1048, 1089, 1004, 
1044, 1050, 1086, 
1034 

O–Si–O 
asymmetric 
stretching 

825  817, 819 

Si–O, 
deformation 
and bending 

709, 526, 746, 507, 
515, 450, 523, 520, 
467  

715, 701, 520, 
467 

O–Si–O 
asymmetric 
bending 

503  510, 505 

Selected data from Darder et al. (2003), Sellaoui et al. (2018), Jimtaisong and 
Sarakonsri (2019), Devi and Dutta (2017), Topcu et al. (2018), Yang et al. 
(2020), Wang and Wang (2007), Nesic et al. (2012), Moussout et al. (2018), Hu 
Chao et al. (2016), Dotto et al. (2016), Günister et al. (2007), Devi and Dutta 
(2017), Celis et al. (2012). 
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They observed a significant reduction in the levels of exchangeable 
fraction and oxidizable fraction in the soil. The concentration of residual 
fraction increased from 0.24 mg/kg to 49.82 mg/kg, resulting in a 
decreased availability of chromium for biological processes. Şenol and 
Şimşek (2022) studied the adsorption of Pb2+ ions on chitosan-bentonite 
beds. They found the removal rate to be 95% at pH of 4.5. The –OH, 
–NH2, and –NH–CO–CH3 groups also work as chelating agents for 
capturing other heavy metals (Kumararaja et al., 2018). 

3.4.3. Groundwater and wastewater treatment 
Many types of contaminants may exist in groundwater and waste

water, including heavy metals, ionic dyes, and humic acid. Chitosan- 
clay composites are particularly effective for contaminant removal 
from wastewater due to their ability to adsorb contaminants through 
physical and chemical mechanisms (Biswas et al., 2021). Bleiman and 
Mishael (2010) synthesized CBCs to remove selenium from well water. 
The composites were able to remove 98% of the selenium present in the 
well water (initial Se concentration = 1.396 mg/L). Syafalni et al. 
(2012) investigated using chitosan and bentonite as coagulants for raw 
water treatment. They found that at pH 6.8, the treatment removed 98% 
of turbidity, resulting in high-quality water with 10 TCU color units, 
1.38 NTU turbidity, 0.01 mg/L chlorine and aluminum. Yee et al. (2019) 
studied the potential of chitosan-coated bentonite for arsenic removal 
from groundwater. They found the temperature of 55 ◦C to be favorable 
for As(V) removal. The maximum adsorption capacity of 
chitosan-coated bentonite for arsenic was found to be 1.47 mg/g. The 
negatively charged bentonite can enhance flocculation to bind individ
ual composite particles forming larger flocs (Pan et al., 1999). In 
groundwater, arsenic may be present in several forms such as H2AsO4

−, 
HAsO4

−, and AsO4
3−. The adsorption of As (V) is facilitated by –OH and 

–NH2 groups of the CBC composite (Yee et al., 2019). 

4. Chitosan-biochar composites 

4.1. Materials and synthesis procedures 

Biochar, a carbonaceous material, is used extensively in environ
mental applications. The applicability and the capacity of contaminant 
removal of biochar depend on its properties such as SSA, pore volume, 
and functional groups on the surface of the biochar. These properties of 
biochar vary vastly based on the source feedstock used, production 
conditions, and pre-and post-production treatments, if any (Oni et al., 
2019). Generally, biochars are produced by pyrolysis of waste biomass 
in oxygen deficient conditions at high temperatures and employing 
different heating rates. The properties of the composite produced from 
biochar and chitosan thus vary depending on the type of chitosan and 
biochar used and the synthesis procedure followed. These differences in 
properties affect the contaminant removal capacities of the composites. 
Thus, the material properties and synthesis procedure of 
chitosan-amended biochar (CAB) are crucial in understanding the 
contaminant removal capacities. Properties of chitosan and biochar used 
in different studies, reporting the use of CAB for contaminant removal 
applications, are presented in Table 3. 

CABs have previously been synthesized and studied for use in 
contaminant adsorption applications. The synthesis steps followed by 
different studies to synthesize CABs are summarized in Table 3. The 
composite synthesis procedure, followed in many of these studies, 
consists of four common steps: (1) A chitosan solution is prepared by 
dissolving chitosan in acetic acid (2) biochar is then mixed with the 
chitosan solution to create a suspension (3) the suspension pH is then 
adjusted using NaOH and (4) the solids are separated from the suspen
sion and dried for further experiments. A schematic of the general 
synthesis procedure followed in most of the studies reviewed is pre
sented in Fig. 3. 

Chitosan in its original form is not soluble in water. Hence, a weak 
acid, such as acetic acid, is typically used as a solvent. The suspension 

pH is typically increased by adding NaOH to minimize chitosan disso
lution. The suspended solids are then filtered out and washed with 
deionized water/distilled water to remove any excess NaOH. In addition 
to these steps, several other studies have used additional steps in pre
paring the composite to obtain composites of desired properties. 
Crosslinking agents such as dimethyl formamide (DMF), ethylene 
diamine tetra-acetic acid (EDTA), and ECH, have been used to enhance 
the functionality of the resulting composite (Zheng et al., 2020; Many
atshe et al., 2022). In several studies, biochar was modified with metal 
amendments such as ferric chloride (FeCl3) for synthesizing a composite 
with magnetic properties for immobilizing heavy metal contaminants 
(Palansooriya et al., 2021). This review focuses on studies that synthe
sized CAB using chitosan and biochar only. 

4.2. Composite material interactions 

Few studies have performed the microstructural and morphological 
characterizations to understand the interactions between chitosan and 
biochar in CAB. The CAB’s external morphology was rougher when 
compared to biochar alone (Afzal et al., 2018). SEM images of the 
composite indicated some crystalline substances on the surface and in 
the pores of the biochar, which was reported to indicate that chitosan is 
not only deposited on the surface of the biochar but entered the biochar 
pores as well, affecting its pore structure (Shi et al., 2020). FTIR studies 
on the composites indicate changes in the functional groups due to the 
deposition of chitosan onto the biochar surface. Introducing of new 
bands in the CAB FTIR spectra produced from pomelo biochar compared 
to biochar alone was reported to stretch C–H, C–O, and C–O–C bridges. 
Greater peaks corresponding to –NH2 were inferred as increased amine 
groups on the biochar surface (Afzal et al., 2018). Dewage et al. (2018) 
observed similar stretching for composite produced from pyrolyzed 
pinewood biochar. Pinewood biochar produced from gasification had 
bond stretching that indicates the addition of C–H, –CH, and CH2 from 
the chitosan. Bond stretching corresponding to unhydrolyzed amide 
functional groups remaining in chitosan has also been reported (Burk 
et al., 2020). In the composite produced from the biochar of moringa 
oleifera seeds, Roy et al. (2022) observed peaks that were attributed to 
–NCO and –CN bonds. These bonds are reportedly formed between the 
amine group on the chitosan and the carboxyl groups on the biochar 
surface. Song et al. (2021) performed XRD analysis to confirm the in
teractions between chitosan and sludge-based biochar. They observed a 
decrease in the location of the peaks (2θ) in the composite compared to 
chitosan alone, indicating the success of composite synthesis. 

4.3. Composite properties 

Adding chitosan to biochar alters several key properties that influ
ence the adsorption capacity. These properties include surface area, 
surface charge, and the available functional groups. The adsorption 
characteristics of biochar are mainly attributed to oxygen functional 
groups on the surface and the negative surface charge (Dai et al., 2021). 
Chitosan adds amine and hydroxyl groups on the biochar surface, 
further enhancing the biochar contaminant adsorption characteristics. 
In addition, the total surface area and charge are also altered. These 
changes in biochar properties relevant to contaminant adsorption when 
combined with chitosan, as reported in the literature, are presented in 
the subsequent sections. 

4.3.1. Surface area 
The surface area of an adsorbent significantly influences the 

adsorption capacities and adsorption mechanisms (Gao et al., 2022). 
Typically, biochar has a large surface area, making it suitable for 
adsorption of various contaminants. Despite minimal functional groups 
on its surface, biochar has high adsorption capacity due to its SSA and 
pore volume (Qiu et al., 2021). However, when combined with chitosan 
as a composite, the biochar surface area reportedly decreased. Burk et al. 
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Table 3 
Chitosan-biochar composites synthesis methods based on selected studies.  

Application Chitosan Biochar 
feedstock 

Biochar preparation Chitosan-biochar composite preparation Reference 

Pre- 
treated 

Pyrolysis/ 
Gasification 
conditions 

Post- 
treated 

Chitosan 
Solution 
Preparation 

Biochar and 
Chitosan 
Mixing 

pH Adjustment and 
Extraction  

Ciprofloxacin 
adsorption 

Commercially 
acquired 
DD: NR 
MW: NR 

Pomelo peels Yesa Temperature 
increased to 
450 ◦C and 
maintained for 15 
min. 

Yes1 1 g of chitosan 
in 60 mL 
acetic acid 
(2%) 

1 g of the 
biochar added 
to the solution. 
Stirred for 30 
min. 

Suspension added 
dropwise into 200 mL 
of NaOH (2.5%) and 
kept for 12 h. 
Washed and dried. 

Afzal et al. 
(2018) 

DOM removal 
from 
wastewater 

Commercially 
acquired 
chitosan 
DD: 95% 
MW: NR 

Wheat straw  700 ◦C for 1hr 
under N2 

environment 

Yes2 3 g of chitosan 
in 250 mL 
acetic acid 
(2%) 

5 g of the 
biochar added 
to the solution. 
Stirred at 200 
rpm for 30 
min. 

NaOH (2 M) added 
dropwise to the 
mixture until the pH 
reached 8. 
The mixture was kept 
for 12 h. Washed with 
ultrapure water. 
Dried in oven at 70 ◦C. 

Shi et al. 
(2020) 

Phloridzin 
adsorption 

Commercially 
acquired 
chitosan 
DD: 95% 
MW: NR 

Apple 
branches 

Yesb 300 ◦C at a 
heating rate of 
10 ◦C/min for 2 h 
N2 environment 

No 3 g of chitosan 
in 500 mL 
acetic acid 
(2%) 

Prepared 
biochar added 
to the solution. 
Stirred for 1.5 
h. 

NaOH (1 M) added to 
the mixture until the 
pH reached 9. 
Stirred for 1 h. 
Oven dried at 80 ◦C. 

Ma et al. 
(2021) 

Sorption of 
metals from 
oils sands 
process water 

Commercially 
acquired 
chitosan 
DD: NR 
MW: NR 

Sewage 
treatment 
sludge 

No 600 ◦C for 2h at 
the rate of 10 ◦C/ 
min under N2 

environment 

Yes3 1.05 g of 
chitosan in 50 
mL acetic acid 
(2%) 

0.45 g of 
biochar added 
to the mixture. 
Stirred for 30 
min. 

20 mL of NaOH 
solution (2 M) added 
dropwise to the 
mixture and stirred for 
2 h and kept at 140 ◦C 
for 10 h. 
Washed with DI water 
and dried at 70 ◦C. 

Song et al. 
(2021) 

Removal of 
cadmium 
from aqueous 
solution 

Commercially 
acquired 
chitosan 
DD: 90% 
MW: NR 

Kiwi branch Yesc 500 ◦C in a 
vacuum tube 
furnace under N2 

environment 

Yes4 5.0 g of 
chitosan in 
250 mL acetic 
acid (2%) 

5.0 g of 
biochar added 
to the mixture. 
Stirred for 60 
min. 

1500 mL NaOH (1%) 
solution was added 
dropwise into the 
suspension, kept for 
24 h. 
Washed and dried. 

Tan et al. 
(2022) 

Methylene blue 
adsorption 

Commercially 
acquired 
chitosan 
DD: NR 
MW: NR 

Moringa 
Oleifera seeds 

Yesd 350 ◦C with a 
heating rate of 
5.8 ◦C/min at 2 
bar pressure for 3 
h under N2 

environment 

Yes5 1 g of chitosan 
in 180 mL 
acetic acid 
(2%) 

3 g of the 
prepared 
biochar added 
to the solution. 
Stirred for 30 
min. 

Suspension added 
dropwise into a 900 
mL NaOH (1.2 %) 
solution and kept in 
the solution for 12 h. 
Washed with 
deionized water. 
Oven-dried for 24 h at 
105 ◦C. 

Roy et al. 
(2022) 

Cadmium 
adsorption 

Commercially 
acquired 
chitosan 
DD: NR 
MW: NR 

Bamboo Yese 900 ◦C for 4 h at 
an N2 flow of 100 
mL/min. 

Yes6 0.4 g of 
chitosan 
mixed with 2 g 
biochar in 30 
mL of water. 

The mixtures 
stirred with 
sonication for 
2 d at 30 ◦C 
and 75% 
relative 
humidity. 

Separated by vacuum 
filtration. 
Oven dried at 100 ±
5 ◦C. 

Huang 
et al. 
(2022) 

Heavy metal 
sorption 

Commercially 
acquired 
chitosan 
DD: NR 
MW: 100–300 
kDa 

Bamboo, 
Sugarcane 
bagasse, 
Hickory 
wood, and 
Peanut hull 

No 600 ◦C at 2 h 
under N2 

environment 

Yes7 3 g of chitosan 
in 180 mL 
acetic acid 
(2%) 

3 g of the as-is 
biochar added 
to the solution. 
Stirred for 30 
min. 

Suspension containing 
chitosan and biochar 
is added dropwise into 
a 900 mL NaOH 
(1.2%) solution and 
kept for 12 h. 
Washed with 
deionized water to 
remove the excess of 
NaOH. 
Oven-dried for 24 h at 
70 ◦C. 

Zhou et al. 
(2013) 

Lead sorption Commercially 
acquired 
chitosan 
DD: 85% MW: 
NR 

Pinewood No 425 ◦C for 20–30 s Yes8 3 g of chitosan 
in 180 mL 
acetic acid 
(2%) 

3 g of the as-is 
biochar added 
to the solution. 
Stirred for 30 
min. 

Suspension containing 
chitosan and biochar 
is added dropwise into 
a 900 mL NaOH 
(1.2%) solution and 
kept for 12 h.Washed 
with deionized water 
to remove the excess 
of NaOH.Oven-dried 
for 24 h at 70 ◦C. 

Dewage 
et al. 
(2018) 

(continued on next page) 
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(2020) observed a significant reduction in surface area from 34.1 to 
4.61 m2/g of biochar compared to the CAB. The surface area reduction 
depends on the biochar type and the fraction of chitosan in the com
posite (Zhou et al., 2013; Loc et al., 2022; Zheng et al., 2020). This 
decrease is generally attributed to chitosan filling the biochar pores 
(Burk et al., 2020; Zhou et al., 2013). However, a composite produced 
from bamboo biochar was reported to have no significant change in the 
surface area compared to pure biochar (Huang et al., 2022). Except in a 
few cases among the studied literature, most studies that reported 
changes in surface area reported a decrease in the surface area in CAB 
composite compared to biochar alone. Yet, this decrease in surface area 
had no adverse effect on the adsorption capacities due to the additional 
chitosan functional groups in most of the studies based on the reported 
capacities. 

Few studies included additional steps in synthesizing CAB, such as 
cross-linking and magnetizing the composite, to increase the surface 
area. For example, Manyatshe et al. (2022) observed an increase in 
sugarcane bagasse biochar-chitosan composite surface area compared to 
pure biochar. They attributed this increase to ECH used as a crosslinking 
agent in the composite synthesis since the composite produced without 
the crosslinking agent saw no change in the surface area. 

4.3.2. Carbon to nitrogen ratio 
The composite carbon-to-nitrogen(C/N) ratio indicates the amount 

of chitosan deposited onto the biochar surface. The ratio is reportedly 
significantly lower for CAB than biochar alone (Zhou et al., 2013). Burk 
et al. (2020) used the increase in nitrogen content to determine the 
weight ratio of the chitosan to composite. They found that the composite 
consisted of only 25% chitosan even though it was synthesized at a ratio 
of 1:1 chitosan: biochar. This result is also consistent with other studies, 
which reported only a percentage of the added chitosan in the synthesis 
remaining on the biochar surface (Dewage et al., 2018; Zhou et al., 
2013). 

4.3.3. Surface charge 
Contaminants with charge are adsorbed predominantly by electro

static interactions. Surface charge of the adsorbent dictates the 
adsorption capacity in such cases. The pH at which the surface charge of 
the adsorbents becomes zero is the point of zero charge (PZC). For 
chitosan, when the pH of the surrounding aqueous solution is lower than 
the PZC, protonation of the hydroxyl and amine groups renders the net 
surface charge positive (Loc et al., 2022). The PZC for chitosan depends 
on the type of chitosan. Kwok et al. (2014) reported a PZC of 8.3 and 
9.03 for various chitosan types. For the biochar, the PZC is generally in 
the acidic range (pH < 7), implying the surface charge of biochar is 

Table 3 (continued ) 

Application Chitosan Biochar 
feedstock 

Biochar preparation Chitosan-biochar composite preparation Reference 

Pre- 
treated 

Pyrolysis/ 
Gasification 
conditions 

Post- 
treated 

Chitosan 
Solution 
Preparation 

Biochar and 
Chitosan 
Mixing 

pH Adjustment and 
Extraction  

Cadmium 
sorption 

Commercially 
acquired 
chitosan 
DD:NR 
MW: 190 kDa 

Peanut shell Yesf Slow pyrolysis at 
450 ◦C for 4 h at a 
heating rate of 
10 ◦C/min 

No 3 g of chitosan 
in 180 mL 
acetic acid 
(2%) 

3 g of the as-is 
biochar added 
to the solution. 
Stirred for 30 
min. 

Suspension containing 
chitosan and biochar 
is added dropwise into 
a 900 mL NaOH 
(1.2%) solution and 
kept for 12 h.Washed 
with deionized water 
to remove the excess 
of NaOH.Oven-dried 
for 24 h at 70 ◦C. 

Shabani 
et al. 
(2019) 

Cadmium and 
copper 
removal from 
water 

Commercially 
acquired 
chitosan flakes 
DD: 85% 
MW: NR 

Pine wood 
biochar 

No Gasification at 
700–900 ◦C under 
nitrogen flow 
with a residence 
time of 5–10 s 

No 3 g of chitosan 
in 180 mL 
acetic acid 
(2%) 

3 g of the as-is 
biochar added 
to the solution. 
Stirred for 30 
min. 

Suspension containing 
chitosan and biochar 
is added dropwise into 
a 900 mL NaOH 
(1.2%) solution and 
kept for 12 h.Washed 
with deionized water 
to remove the excess 
of NaOH.Oven-dried 
for 24 h at 70 ◦C. 

Burk et al. 
(2020) 

Methyl Orange 
adsorption 

Chitosan 
prepared in lab 
from shrimp 
shell waste 
DD: NR 
MW: NR 

Raw rice husk 
from local 
rice-milling 
factory in the 
Mekong Delta 

No 500 ◦C, with a 
heating rate of 
10 ◦C/min for 2 h 

Yes9 3 g of chitosan 
in 180 mL 
acetic acid 
(2%) 

3 g of the as-is 
biochar added 
to the solution. 
Stirred for 30 
min. 

Suspension containing 
chitosan and biochar 
is added dropwise into 
a 900 mL NaOH 
(1.2%) solution and 
kept for 12 h.Washed 
with deionized water 
to remove the excess 
of NaOH.Oven-dried 
for 24 h at 70 ◦C. 

Loc et al. 
(2022) 

Note: Chitosan sources not reported in all but one cited study listed here. All the concentrations are reported on volume to volume basis; Abbreviations: NR – not 
reported, DOM – Dissolved organic matter, DD – Degree of deacetylation, MW – Molecular weight; Pre-pyrolysis/gasification treatment of biochar: aCut into small 
pieces and placed in the muffle furnace; bDried branches were ground, passed through sieve #80; cBranched were chopped, washed, and dried; dDried and washed with 
pure ethanol to wash the inorganic impurities. Dried at 50 ◦C for 12 h; eWashed with deionized water three times to remove the dirt contained in the samples. Air-dried, 
chopped into a particle size 1.0 × 1.0 × 1.0 cm. Oven-dried at 100 ± 5 ◦C for 8 h before use; fWashed, dried, and crushed, passed through a 1 mm sieve; Post- 
pyrolysis/gasification treatment of biochar:1Ground to make a fine powder, sieved through a uniform size of 0.3 mm. Washed with 0.1 M HCl to remove ash; 
2Washed with 0.1 M HCl to remove ash; 3Washed with deionized water and dried at 70 ◦C; 4Biochar was broken to maintain a uniform size of 0.053–1 mm; 5Mixed with 
15% nitric acid (HNO3) solution under stirring at 40 ◦C for 4 h for chemical activation of the biochar surface. The sample was then washed with DI water until 
neutralized and dried at 105 ◦C; 6Ground and passed through a standard 200 mesh sieve to obtain a particle size of about 75.0 μm; 7Crushed and sieved to 0.5–1 mm 
size. Washed with deionized water to remove ash. Samples were oven-dried (80 ◦C); 8Washed with DI water several times to remove salt impurities and ash. Biochar 
was ground and sieved to a uniform particle size distribution between 0.1 and 0.6 mm. Oven dried at 110 ◦C for 12 h; 9The biochar obtained was crushed and sieved 
(grain size <0.075 mm). The sieved biochar was washed with a solution of 0.1 M HCl and distilled water until the pH was between 6.0 and 7.0. Dried overnight at 80 ◦C. 
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negative at neutral pH. For CAB, adding the amine and the hydroxyl 
groups from chitosan generally decreases the negative surface charge of 
biochar, thus increasing the PZC. The increase in PZC also indicates that 
the adsorption of the chitosan onto the surface of biochar is through 
electrostatic interactions (Huang et al., 2022). 

A major factor affecting the surface charge of biochar is the pH as 
discussed above. The pH of CAB composites as reported by Zhou et al. 
(2013), was observed to be higher than the biochar pH from which the 
composites were derived. Composites synthesized from chitosan and 
bamboo biochar (pH 7.9 to pH 8.2), sugarcane bagasse biochar (pH 7.5 
to pH 8.1), hickory wood biochar (pH 8.4 to pH 8.6), and peanut hull 
biochar (pH 6.9 to pH 7.3) were reported to have an increase in pH when 
compared to their corresponding biochars (Zhou et al., 2013). The in
crease in pH is also due to the deposition of amine groups on biochar. 
Such increases in pH can also alter the surface charge of the composite 
affecting the adsorption of various ions by the composite. 

4.4. Contaminant removal – capacities and mechanisms 

Past studies on CABs evaluated their removal efficiencies of heavy 
metals, dyes, and dissolved organic matter, among other contaminant 
types, as shown in Table 3. This section briefly summarizes the results 
obtained from these studies regarding adsorption capacities and pre
dominant adsorption mechanisms. 

4.4.1. Heavy metal removal 
Heavy metal adsorption by the CAB depends on the properties and 

types of chitosan and biochar used for the composite synthesis and the 
heavy metal type. The adsorption capacities of the biochar and the 
corresponding CABs, as reported, are shown in Fig. 4, and the mecha
nisms involved, as presented in the literature, are discussed below. 

Cadmium: Several studies reported a greater cadmium adsorption 
capacity for CAB than for biochar alone. CAB from bamboo biochar had 
a cadmium adsorption capacity of 45 mg/g compared to 11 mg/g for the 
biochar alone (Zhou et al., 2013). Another chitosan-bamboo biochar 
composite reported a maximum adsorption capacity of 37.74 mg/g for 
biochar alone and 93.46 mg/g for the composite (Huang et al., 2022). 
The Cd2+ adsorption capacity of a composite synthesized from sugar
cane bagasse biochar increased from 17 mg/g for biochar alone to 27 
mg/g for the composite. The adsorption capacity of a hickory wood 
biochar composite was reported to be 23 mg/g compared to 16 mg/g for 
biochar alone (Zhou et al., 2013). A composite synthesized from pine 
wood biochar (produced from gasification) also reportedly had an in
crease in the adsorption capacity of cadmium from 70.5 mg/g for bio
char alone to 80.8 mg/g for the composite (Burk et al., 2020). The 
Cd2+adsorption capacity of a kiwi branch biochar composite was re
ported to increase from 4.24 mg/g for biochar alone to a maximum 
adsorption capacity of 118.43 mg/g for the composite (Tan et al., 2022). 
A peanut shell biochar composite had a decrease in adsorption capacity 
as reported from 12 mg/g for biochar alone to 2 mg/g for the composite 
(Zhou et al., 2013). Conversely, a peanut shell biochar prepared using a 
different method reportedly increased in capacity from 40 mg/g for 
biochar alone to 58.82 mg/g for the composite (Shabani et al., 2019). 

The dominant interaction mechanism of cadmium ion (Cd2+) 

Fig. 3. Synthesis process for chitosan-amended biochar commonly followed in the reviewed studies.  
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adsorption on CAB has been attributed to electrostatic interactions 
(Zhou et al., 2013; Huang et al., 2022). The positively charged Cd2+ ions 
are thought to adsorb to the electron-rich amine and oxygen containing 
groups on the CAB surface. Cadmium ions are also thought to exchange 
ion with metals such as Na+, Mg2+, K+ on the composite surface. The 
contaminant heavy metal ion replaces ions from the surface of the 
composite depending on the affinity towards the metal (Shabani et al., 
2019; Tan et al., 2022). Other mechanisms have been attributed to 
cadmium ion removal, including physical adsorption on the CAB surface 
(Zhou et al., 2013; Huang et al., 2022), interactions with the amine and 
hydroxyl groups on the chitosan molecules and oxygen-containing 
functional groups on the biochar surfaces, Cd+2 complexation on the 
CAB surface (kiwi branch biochar) and precipitation of cadmium in the 
form of cadmium carbonate in the presence of calcium carbonate 
available on the CAB surface (Tan et al., 2022), metal ion chelation, and 
covalent bonding with the chitosan polymer molecule (Zhou et al., 
2013). 

Most studies found in the literature reported an increase in the 
cadmium adsorption capacities for CAB when compared to biochar 
alone. However, the decrease in the adsorption capacities in some 
studies was explained by the significant decrease in the surface area and 
pore volume (Zhou et al., 2013). 

Copper: Copper removal from aqueous solution was reported in 
different studies using CAB composites obtained from sugarcane 
bagasse, bamboo, hickory wood, peanut hull, sludge-based biochar, and 
gasified pine wood biochar. As reported by Zhou et al. (2013), the 
changes in adsorption capacities for different types of CABs when 
compared to biochar alone are as follows: bamboo biochar composite 
adsorption capacity increased significantly from 16 mg/g for biochar 
alone to 53 mg/g for the composite; adsorption capacity of sugarcane 
bagasse biochar composite increased from 8 mg/g for biochar alone to 
58 mg/g for the composite; adsorption capacity of hickory wood biochar 
composite was 48 mg/g compared to 4 mg/g for biochar alone; and 
peanut hull biochar composite adsorption capacity was 32 mg/g 
compared to 10 mg/g for biochar alone. Sludge-based biochar com
posite was reported to have an adsorption rate of 97.5% at 0.5 g/L of 

adsorbent dosage and a contaminant concentration of 0.06185 mg/L, 
higher than that of biochar alone (Song et al., 2021). Gasified pine wood 
biochar when combined with chitosan had an increase in the adsorption 
capacity from 89.2 mg/g for biochar alone to 112 mg/g for the com
posite (Burk et al., 2020). Adsorption mechanisms involved in the 
removal of copper, as reported or hypothesized in these studies are as 
follows: intraparticle diffusion when metal ions become trapped in the 
pores of the composite; chelation of copper metal ions with the chitosan 
of CAB; π-π interactions with overlapping of electron orbitals of the 
metal and the amine group from the chitosan; hydrogen bonding or 
ion-dipole interactions with amine and oxygen-containing groups of the 
CAB; hydrophobic interactions with the amine group and 
oxygen-containing groups along with surface adsorption and electro
static interactions. 

Lead: Different studies reported increased lead adsorption capacities 
with CAB when compared to biochar alone. However, sugarcane bagasse 
biochar composite and peanut hull biochar composite were reported to 
have a decrease in adsorption capacity for lead adsorption. The reduc
tion for sugarcane bagasse biochar composite was reported to be from 
36 mg/g for biochar alone to 19 mg/g for the composite and from 35 
mg/g for biochar alone to 4 mg/g for the composite. The reduction was 
attributed to decreased composite surface area and pore volume when 
compared to biochar alone. The CAB composites of bamboo biochar, 
hickory wood biochar, sludge-based biochar, and pine wood biochar 
were reported to increase adsorption capacity compared to their corre
sponding biochar. For bamboo biochar composite, the increase was re
ported to be from 20 mg/g to 52 mg/g; for hickory wood biochar 
composite the increase was from 19 mg/g to 38 mg/g (Zhou et al., 
2013), the adsorption rate of sludge-based biochar composite for lead 
was reported to be 94.3%, higher than that of biochar alone (Song et al., 
2021). The maximum adsorption capacity of pine wood biochar was 
48.2 mg/g which increased to 134 mg/g for the CAB (Dewage et al., 
2018). Zhou et al. (2013), performed FTIR studies of bamboo biochar 
composite post-adsorption tests with lead, which were utilized to 
investigate the possible sorption mechanisms. The predominant mech
anism responsible was reported to be electrostatic interactions of the 

Fig. 4. Heavy metal adsorption capacities of biochar and corresponding chitosan-biochar composites as reported in the reviewed studies.  
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positively charged metal ions with the electron-rich amine group and 
oxygen containing hydroxyl groups. Chelation of the metal ions, intra
particle diffusion into the pores of the CAB, π-π interactions, and 
hydrogen bonding are some of the other mechanisms reported or hy
pothesized to have played a role in lead removal. The increase in the 
adsorption capacity of CAB composites compared to biochar alone in 
these studies was attributed to adding amine groups from chitosan. 

Chromium and Selenium: A sludge-based biochar composite was 
investigated for the adsorption of chromium and selenium from oil sand 
process water (OSPW) (Song et al., 2021). The OSPW contained initial 
concentrations of 0.02914 mg/L and 0.008 mg/L of chromium and se
lenium, respectively. The OSPW was treated with 0.5 g/L of adsorbent. 
The adsorption rates were reported as 83.9% for chromium and 87.9% 
for selenium, higher than the adsorption rates for the biochar alone. 
Based on X-ray Photoelectron Spectroscopy (XPS) studies on the com
posite after adsorption, Song et al. (2021) concluded that 
oxygen-containing functional groups and the amine groups predomi
nantly influenced the composite adsorption rates through electrostatic 
interactions with electron-rich amine groups and hydroxyl groups. In 
addition to the electrostatic interactions, π-π interactions, hydrogen 
bonding, and hydrophobic interactions between metals and 
oxygen-containing functional groups were also reported to affect the 
adsorption of metals onto the CAB (Song et al., 2021; Afzal et al., 2018). 
Some of these mechanisms involved in removing heavy metals are 
illustrated in Fig. 5. 

4.4.2. Drugs, dyes, and organics 
Drugs: CAB produced from pomelo peel was used for adsorption of 

the drug ciprofloxacin (Afzal et al., 2018). The adsorption capacity of 
the composite produced was reported to be 36.72 mg/g when 1 g of the 
composite was exposed to a contaminant concentration of 50 mg/L, and 
a total volume of 200 mL. The adsorption capacity of pure biochar was 
reported as 3.31 mg/g under similar conditions. The mechanisms 
responsible for removal were reported as ciprofloxacin forming 
hydrogen bonds with the amine groups of chitosan and the hydroxyl 
groups on the biochar surface and covalent interactions between cip
rofloxacin and the amine groups of chitosan. FTIR studies on the com
posite after adsorption found peaks associated with the bonds between 
carbon and nitrogen of the composite and the antibiotic. 

Dyes: CAB produced from raw rice husk biochar was used to remove 
methyl orange, an organic dye, from an aqueous solution (Loc et al., 
2022). Methyl orange is anionic, and thus its adsorption is 
pH-dependent with higher adsorption at acidic pH. Protonation of the 
composite amine and hydroxyl groups in acidic pH has a higher affinity 
to the negatively charged methyl orange molecules. The adsorption 
capacity increased from 31.63 mg/g for the biochar alone to 38.75 mg/g 
for the composite (Langmuir model). Complexation of the dye on the 
composite surface, along with electrostatic interactions between the 
negatively charged methyl orange molecule sites and the protonated 
groups on the biochar surface and chitosan were the reported mecha
nisms involved in the adsorption of methyl orange dye (Loc et al., 2022). 

Roy et al. (2022) synthesized CAB from Moringa oleifera seed biochar 
to investigate the adsorption of cationic methylene blue dye. The bio
char alone had an adsorption capacity of 78 mg/g which increased to 
180 mg/g for the composite. Pore diffusion was the dominant mecha
nism attributed to the adsorption of biochar alone. However, the surface 

Fig. 5. Heavy metal adsorption mechanisms with chitosan-biochar composites, as reported in the reviewed studies.  
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area and the pore volume of the composite were found to be lower than 
that of the pure biochar. Hence, the contribution from pore diffusion was 
lower in the composite case. The predominant adsorption mechanisms 
for the composite were likely electrostatic interactions between the 
electron-dense amine groups of chitosan with the cationic dye as well as 
hydrogen bonding between the oxygen-containing functional groups on 
the composite surface and the nitrogen in the dye. 

Other Organic Contaminants: CAB synthesized from wheat straw 
biochar was investigated for removing dissolved organic matter (DOM) 
from biotreated cooking wastewater (Shi et al., 2020). The removal ef
ficiency for the composite (52%) was higher than that of biochar alone 
(12%). XPS studies of the composite after adsorption indicated that the 
removal mechanisms involved were electrostatic interactions between 
the negatively charged organic molecules with the amine groups from 
chitosan and hydrogen bonds with the hydroxyl groups of the biochar 
and nitrogen of the amine group of the chitosan. The measured com
posite pore volume and surface area decreased after the adsorption tests 
indicating the entry of the DOM into the pores of the composite. 
Acid-base reactions with the acidic groups of the DOM and the proton
ated amine groups of chitosan were also reported to contribute to the 
DOM removal (Shi et al., 2020). 

5. Chitosan-bentonite-biochar composites 

5.1. Synthesis 

Chitosan-biochar-clay composites are a less studied area as only two 
studies focusing on the composite synthesized from all three materials 
were found in the literature (Arabyarmohammadi et al., 2018a; b). 
These studies produced the biochar from Mazandaran wood and paper 
plant bark chips by pyrolysis at 600 ◦C for 2 h under nitrogen conditions 
with a heating rate of 10 ◦C/min. The resulting biochar was then rinsed 
with deuterium-depleted water and oven-dried at 80 ◦C. 

The composite was then synthesized according to the following 
steps. (1) A chitosan solution was prepared by dissolving 5 g of 
commercially obtained chitosan powder in 250 mL acetic acid (2%). (2) 
A nano clay suspension with 5% clay content in 10 ml acetic acid (2%) 
was prepared. (3) The chitosan solution was gradually added into the 
nano clay suspension and stirred for 24 h (4) 5 g of biochar was added to 
the mixture and stirred for 30 min (5) The biochar/chitosan/clay sus
pension was then added dropwise into 1000 ml NaOH solution (1.2%) 
and kept in solution for 12 h (6) The composite solids were filtered out 
and washed with deuterium-depleted water to remove any excess NaOH, 
followed by oven drying at 70 ◦C (Arabyarmohammadi et al., 2018a; b). 

5.2. Interactions 

FTIR was used to identify functional groups in the CBBC (Arabyar
mohammadi et al., 2018a; b). When compared with the pure chitosan, a 
shift in the peak that corresponds to N–H was observed. This indicates 
the interaction of the negatively charged clay surface with the proton
ated amine groups of chitosan. The bands corresponding to C–H groups 
also shifted, indicating the interaction between the chitosan and clay 
mineral surfaces. 

5.3. Properties 

FTIR analysis on the CBBC indicated the stretching of O–H, N–H, and 
C–H bands due to interactions between chitosan and the negatively 
charged clay particles. XRD and TEM studies investigated the mode of 
engagement between the clay and the chitosan molecules. XRD of the 
clay had a reflection at 2θ = 8.88◦, whereas the composite had none. 
This difference was hypothesized to indicate the intercalation and 
exfoliation of clay into the chitosan matrix. The TEM images of the 
composites reportedly confirmed this. PZC of the CBBC affects its net 
surface charge and thus affects the adsorption capacities and 

mechanisms of contaminants. The CBBC’s PZC (pHzpc) was reported as 
pH 6.8, indicating a negative net surface charge in the neutral pH, 
indicating possible electrostatic interactions with positively charged 
heavy metal contaminants. 

5.4. Contaminant removal – capacities and mechanisms 

Arabyarmohammadi et al. (2018a,b) investigated their CBBC to 
remove heavy metals copper, zinc, and lead. The adsorption tests were 
conducted at 12 initial concentrations for each contaminant and at three 
different temperatures (25 ◦C, 40 ◦C, 60 ◦C). The maximum adsorption 
capacities were found to be 121.5, 134.6, and 336 mg/g for copper, zinc, 
and lead, respectively, at 25 ◦C. The mechanisms involved in the 
removal were hypothesized to be chemical reactions between the 
functional groups of the CBBC and the metals, and physical diffusion 
into the composite pores. FTIR analysis on the composite after the 
adsorption tests indicated bonding between the amine groups of chito
san and the metals. Multi-element adsorption tests were conducted, and 
the composite had a higher affinity for lead than copper and zinc. 
Elemental mapping results post-adsorption agreed with a denser map for 
lead (Arabyarmohammadi et al., 2018a). The study also compared the 
composite adsorption capacity of the selected three metals with biochar 
alone and chitosan alone from other studies by different researchers. The 
composite had an over 10-fold increase in copper and zinc adsorption 
capacity when compared to biochar alone (Chen et al., 2011) and more 
than double the capacity when compared with chitosan alone (Shoba
nardakani et al., 2014). 

Arabyarmohammadi et al. (2018)b conducted column tests to 
investigate the leachability of those metals from soil amended with the 
CBBC composite. The reduction in leaching of lead, copper, and zinc was 
reported as 100%, 100%, and 52.29%, respectively. 

6. Future Research directions 

Several studies demonstrate the efficiency of chitosan-based com
posites with bentonite (CBC) and biochar (CAB) for the removal of 
diverse contaminants. However, chitosan may have limitations 
regarding mechanical strength and permeability that may limit its ap
plications in barrier systems. Combining chitosan with other materials, 
such as biochar and bentonite, might overcome these performance 
limitations. However, very few studies on CBBC for contaminant 
removal applications are available. Additionally, the performance of 
these composites under mixed contamination conditions has received 
limited attention. 

Furthermore, chitosan and biochar are derived from waste materials 
and thus possess inherent uncertainties in their material properties and 
adsorption capacities. Hence, carefully considering these uncertainties is 
crucial before employing these materials in containment barriers. The 
future prospects for utilizing chitosan-based composites, specifically 
CBC, CAB, and CBBC, in barrier systems depend on addressing these 
limitations through comprehensive studies. These studies should include 
investigations into different sources of materials and their efficacy 
against various contaminants, along with pilot-scale and field-scale as
sessments, and finally the development of effective composite materials. 

Additionally, cost assessments specific to the proposed area are 
needed to understand the economic viability of the proposed barrier 
system made with these materials. Furthermore, a comprehensive 
resilience and sustainability assessment can help in the critical evalua
tion of a potential barrier system resulting from these materials. Our 
ongoing research studies aim to address these limitations and develop 
the most effective chitosan-based composites for mixed contaminant 
applications. 

While there is variability in chitosan, bentonite, and biochar prop
erties, these uncertainties can be minimized by creating engineered 
composites. These novel composite materials can be proportioned to 
remain cost-effective and applied to surface and groundwaters 
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containing various contaminants. 

7. Summary 

Numerous methods have been explored to address subsurface 
contamination through barrier systems made from various materials. 
The contaminants of concern are diverse and pose a unique challenge for 
mitigation. Bentonite is commonly used in barrier systems due to its low 
permeability but is limited in its adsorption capacities and compatibility 
with contaminants. Chitosan, on the other hand, has amine and hy
droxyl groups along the polymer chain that can interact with a wide 
range of contaminants through various mechanisms but is limited by its 
undesirable physical properties and biodegradability. A composite 
synthesized from chitosan and bentonite potentially combines the 
desired properties of both materials, enhancing contaminant removal. 
Similarly, biochar, with its high porosity and specific surface area when 
combined with chitosan in composite form, is used to remove organics, 
dyes, heavy metals, drugs, etc. 

Different procedures have been employed to prepare chitosan-based 
composites of bentonite and biochar, which are used to remove various 
contaminants. The adsorption capacities of these composites depend on 
the surface chemistry and the mechanisms involved in the contaminant 
removal. Given the wide range of contaminants in the surface water 
runoffs, investigating the possible adsorption mechanisms is crucial. The 
surface chemistry and properties of the composites heavily depend on 
the properties of the raw materials used and their interactions. Hence, a 
detailed analysis of synthesis procedures used in preparing chitosan 
bentonite composites (CBCs), and chitosan biochar composites (CABs) 
provides an understanding of the properties of the composites. These 
procedures aid in understanding the changes in properties associated 
with the preparation conditions. Furthermore, comparing FTIR, XRD, 
and SEM analyses of the composites with those of pure materials offers 
insights into the interactions among the composite components. 

The adsorption capacities of the composites CBCs and CABs against 
contaminants like heavy metals, organics, dyes, drugs, and water 
turbidity, particularly in groundwater treatment, are identified to be an 
improvement over the pure materials from the literature available. 

Chitosan bentonite biochar composites (CBBCs), on the other hand, 
have received very little attention, with only two studies thus far 
focusing on their contaminant removal capabilities. The synthesis pro
cedure of CBBC mirrors that of CBC, with biochar added as an extra step. 
The FTIR analysis of the composite and the pure materials indicate clay- 
chitosan interaction. The composite, tested for heavy metal adsorption, 
reveals the potential of CBBCs in this application. Upon comparison with 
similar studies on pure materials, the adsorption capacities of the 
composite reportedly show enhanced capacity. 

In all, this review discusses various bentonite and biochar-based 
composites of chitosan, their contaminant removal capacities against a 
wide range of contaminants and the mechanisms involved in the pro
cess. Furthermore, this study presents the potential of the composite 
synthesized from all three materials, chitosan, bentonite, and biochar, 
for enhanced removal of diverse contaminants. Finally, this study dis
cusses the challenges associated with the uncertainties with the material 
properties of chitosan and biochar and future research directions in the 
synthesis and use of CBBCs in contaminant removal. 
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