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1 Introduction

Seafood processing waste is a potentially rich source of several useful products
including chitin (Meanwell and Shama 2008), and has long been generated in large
tonnages worldwide (Chang et al. 2007). Chitin is economical and is the second
most abundant bio-waste material after cellulose (Shahidi et al. 1999). Annual
worldwide chitin production from arthropods (e.g., crustaceans and insects), mol-
luscs (e.g., squid and cuttlefish) and fungi is estimated at about 100 x 10° t
(Tharanathan and Kittur 2003). A steady supply of chitinous waste materials
from the seafood processing industry has been the major source of commercial
products such as chitin and chitosan (Hayes 2012). The increasing consumption of
krill oil and mushrooms has also been an additional source for commercial chitin
(Nicol and Hosie 1993; Vetter 2007).

Chitin is a polysaccharide compound dominated by hydroxyl (~OH) and amide
(R-CO-NH,) groups. Chitosan is a by-product of the alkaline deacetylation of
chitin, wherein the amide group in chitin is hydrolyzed to a primary amine group
(R—NH,) to produce chitosan. Unlike chitin, chitosan is soluble in acidic solution,
but precipitates into solids at a higher pH. Treating chitosan solution at higher pH
has been used to transform it into various physical forms (i.e., membranes,
nanoparticles, nanofibres, etc.). Even though the high -NH, content of chitosan
gives the molecule an antimicrobial property (Rabea et al. 2003), it is non-toxic to
plants, animals or humans (Baldrick 2010; Kean and Thanou 2010). This lack of
toxicity, coupled with its rapid degradability, makes chitosan suitable for several
environmental and agricultural uses (Uthairatanakij et al. 2007). Some applications
of chitosan include drug delivery in the human gastrointestinal tract (Cook
et al. 2013), a role in food processing (Dutta et al. 2009; Romanazzi et al. 2012),
biomedical use (Dash et al. 2011; Jayakumar et al. 2010; Khor and Lim 2003; Kim
et al. 2007; Muzzarelli 2009), an ingredient in cosmetics (Desbrieres et al. 2010),
enzyme immobilization (Krajewska 2004), serving as a heterogeneous catalyst
(Guibal 2005), a sorbent for organic and inorganic contaminants (Guibal
et al. 2006; Wan Ngah et al. 2011; Wu et al. 2010; Yong et al. 2012), a component
of antimicrobial products (Kong et al. 2010), and as an agent to help recover
uranium (Muzzarelli 2011).
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Soil and water pollution by organic and inorganic contaminants, including metal
(loid)s, is of growing concern, because of their potential detrimental effects on
human health and the environment (Adriano 2001). With the exception of As, Cr,
Hg and Se, most metal(loid)s do not undergo biological or chemical transformation
and therefore persist in soils for long periods (Aucott et al. 2010; Bolan et al. 2014).
Several methods have been employed to remediate wastewater that is contaminated
with toxic metal(loid)s, including chemical precipitation, electrodeposition, ion
exchange, membrane separation, and sorption (Geremias et al. 2003). However,
these methods are limited by high operational costs (Demirbas 2008) and/or
inefficiency for remediation of some toxic metals that exist at trace levels (Juang
and Shao 2002).

Renewable chitinous waste materials derived from plants or animals may be a
cost-effective approach to remediate wastewater (Niu and Volesky 2007). Crab
shells have effectively been used to decontaminate metals (e.g., Pb, Cd, Cu, and Cr)
in wastewater (An et al. 2001; Kim 2003). Fungus mycelium biomass has recently
emerged as a promising new source of chitinous material to potentially remediate
contaminated wastewater (Kamari et al. 2011a, b; Tay et al. 2011a, b, 2012). The
commercial value of employing chitosan for environmental applications may be
enhanced considerably by modifying its structure and chemical functionalization.
For example, by applying a crosslinking process on chitosan both its resistance to
acidic solubilization (Hsien and Rorrer 1995) and to microbial degradation are
enhanced (Yamamoto and Amaike 1997).

Pillai et al. (2009) and Roberts (2008) have previously described the general
applications to which chitin and chitosan have been put. However, to the best of our
knowledge, the environmental applications of chitosan or its derivatives have not
previously been reviewed in detail. Therefore, it is our aim in this review to close
this gap by addressing the latest developments made with chitosan for environmen-
tal applications. In particular, we emphasize chitosan’s use for mitigating heavy
metals and organic contaminants in soil and wastewater. In addition, we cover
chitosan’s general properties, its limitations and prospects for chemically modify-
ing it in ways that enhances its performance and utility for environmental
applications.

2 Production and Properties of Chitosan

2.1 Production of Chitosan

Chitosan is derived from chitin through a deacetylation process, whereby, the
acetamide group is hydrolyzed to produce acetate ions and an —NH, group
(Fig. 1). Production of chitosan from raw shells involves four major steps, viz.,
deproteination, demineralization, bleaching and deacetylation. Chitin is produced
by removing protein and calcium carbonate from the raw shells and cuticles via
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Fig. 1 Process for
producing chitosan from Raw shells
shrimp shell wastes
Primary Alcalase (0.5% viw)
deproteination 40°C, 2 hours
Protein
Partially deproteinized shells hydrolysate and
astaxanthin

Demineralization Dilute HCI
/— room temperature

Decalcified shells

Deproteination 1-2 M NaOH
100 °C

Y

Deproteinized shells

Bleaching /— NaOCI solution

Chitin

Deacetylation 40 % NaOH
100 °C

Chitosan

deproteination and demineralization processes, respectively. The amount of
chemicals and reaction time needed to produce chitosan depends on the origin of
the raw chitinous materials. Harsher reaction conditions are required to demineral-
ize crab and lobster shells (due to their higher calcium carbonate content) than are
needed for prawn shells or squid pen.

Crab shells are deproteinized by incubation in a solution of 1 M sodium
hydroxide (NaOH) at 90 °C for 24 h, followed by demineralization in 1 M
hydrochloric acid (HCI) for 24 h (Peniche et al. 2008). Usually, a complete
demineralization of shrimp shells at room temperature is achieved within 15 min
by using 0.25 M HCI at a liquor ratio of 40:1. The amount of HCI required for
demineralization must be accurately calculated (i.e., from the calcium carbonate
content of prawn shells) to minimize the hydrolysis of chitin molecules by residual
HCI. The subsequent deproteination stage is relatively mild, and involves incuba-
tion in 1 M NaOH at 70 °C for 24 h. A lower NaOH concentration (0.3 M) has also
been used to deproteinize various marine chitinous materials at 80-85 °C; however,
using NaOH during deproteination may cause browning of chitinous materials
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(Rhazi et al. 2000). Carotenoids in prawn or shrimp shell may also impart an
unwanted reddish color to chitin. Hence, an optional bleaching process may be
added prior to deacetylation to decolorize chitin. A simple, but less effective
decoloration process is to irradiate chitin with sunlight (Youn et al. 2007). Tradi-
tionally, organic solvents (e.g., acetone, ethanol, chloroform and ethyl acetate) and
oxidizing agents (e.g., sodium hypochlorite and hydrogen peroxide) have been used
to decolorize chitin. Although oxidizing agents are more effective than organic
solvents for bleaching chitin, they may decrease the molecular weight of chitin via
oxidative depolymerization.

The final step for chitosan production is deacetylation. To date, most chitin
deacetylation processing has been conducted through a thermo-chemical reaction,
using a 40% (wt/wt) NaOH or KOH solution at 100 °C. The degree of deacetylation
of chitosan increases with increasing NaOH concentration, temperature and heating
time during the deacetylation process (Methacanon et al. 2003; Santhosh
et al. 2010). However, excessive use of NaOH and energy in the thermo-chemical
deacetylation process makes it unsustainable due to high cost and its potential
adverse impact on the environment. Sodium ions in wastewater from the thermo-
chemical deacetylation process may adversely impact soil quality. In addition, the
harsh conditions in the thermo-chemical process may degrade chitosan and thereby
decrease its molecular weight. To reduce reaction time, temperature and consump-
tion of NaOH, a thermo-chemical deacetylation process has been utilized that
employs either microwave (Goycoolea et al. 1997), gamma ray (Tahtat
et al. 2007) or ultrasound irradiation treatments (Delezuk et al. 2011). However,
such methods still consume a significant amount of energy and NaOH, and may not
be economically viable, given that additional energy and wastewater treatment
further increase chitosan production costs.

Recently, enzymatic and microbiological fermentation processes have emerged
as a promising alternative pathway to produce chitosan economically. In these, the
thermo-chemical process is replaced with either enzymatic reactions or fermenta-
tion with enzyme-producing microbes (Wang et al. 2011). The latter process
utilizes acidic by-products of cheese whey fermentation (i.e., lactic acid and acetic
acid) as substitutes for HCI in the demineralization process (Mahmoud et al. 2007).
Lactic acid bacteria have also been used to demineralize crab shells (Jung
et al. 2005) and prawn shells (Rao and Stevens 2005). A protease enzyme, which
is co-produced by lactic-acid-producing bacteria during fermentation, may further
deproteinize chitin. Fungi (i.e., Aspergillus niger) have also been used to
deproteinize chitin (Mahmoud et al. 2007). The advantages of using enzymatic
and microbiological fermentation processes over the conventional thermo-chemical
deacetylation process include lower energy consumption, reduced production of
wastewater and reduced hydrolysis of the chitosan structure. The milder reaction
conditions of the enzymatic and microbiological processes allow preservation of
protein by-product, which can then be processed as a value-added food product for
human (Coral-Hinostroza and Bjerkeng 2002) or animal consumption (Hirano
et al. 1990).
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Another small-scale chitosan production method has been employed by utilizing
fungal proteolytic enzymes to demineralize and deproteinize prawn shell powder
(Teng et al. 2001). Compared to the conventional chitosan production methods, this
approach offers two advantages: (a) it provides an additional source of chitin from
the mycelium biomass of the fungi, and (b) it utilizes protein in prawn shell waste as
a source of nitrogen for fungal growth.

The enzymatic deacetylation process of chitin utilizes chitin deacetylase, which
is produced by fungi (e.g., Mucor rouxii, Saccharomyces cerevisiae, etc.), marine
bacteria (i.e., Vibrionaceae cholerae) and some insects. A powdered sample of
chitin is treated with chitin deacetylase or is fermented with chitin-deacetylase-
secreting-microbes. The enzymatic process yields chitosan that possesses a low
degree of deacetylation and depolymerization (Tsigos et al. 2000). Araki and Ito
(1975) reported that enzymatic deacetylation alone of glycol chitin released about
30% of acetyl groups. However, compared to the thermo-chemical process, the
enzymatic deacetylation efficiency of the crystalline chitin substrate to produce
partially-deacetylated-chitin is still low. Hence, further treatment of partially-
deacetylated-chitin is necessary to obtain chitosan that has a high degree of
deacetylation (>60%). Moreover, the enzymatic process produces a mixture of
partially-deacetylated-chitin, calcium salts and hydrolyzed protein, which needs
further isolation. In reality, enzymatic deacetylation may be more practical when
applied to the more water soluble amorphous chitin substrate (i.e., partially
deacetylated chitin, chitin oligomers or glycol chitin). Currently, it is still not
economically feasible to deacetylate chitin by using enzymatic processes (Zhao
et al. 2010).

2.2 Properties of Chitosan

In general, chitin and chitosan are polysaccharides that have multiple hydroxyl
(-OH) and amide (R—-CO-NH,) or amine (R—NH,) functional groups. Chitin and
chitosan are both co-polymers of glucosamine and N-acetylglucosamine units with
varying molecular weights, depending on the extent of degradation of chitin and
chitosan polymer. Chitin primarily consists of N-acetylglucosamine units with
>40% amide groups, whereas chitosan is mostly glucosamine with >60% amine
groups (Roberts 1992). The structures of chitin and chitosan are presented in Fig. 2.
The physical and chemical properties of chitosan depend on its molecular weight
and degree of deacetylation (Wang et al. 2006). The extensive number of -NH, and
—OH groups causes intermolecular interactions, such as hydrogen bonds and other
non-specific interactions between chitosan molecules. Compared to chitin, chitosan
is more soluble in acidic solution. Bulk chitosan molecules dissolve in monoprotic
acids such as formic, acetic, hydrochloric and nitric acids. In acidic solution,
chitosan becomes positively charged, when an -NH, group accepts a proton to
form a protonated amine group (-NH;3"). Consequently, the positively charged
chitosan particles are separated through repulsive force and become suspended in
aqueous acidic solution. The solubility of chitosan increases with the increase in
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Fig. 2 Structures for chitin and chitosan

—NH, groups (Sannan et al. 1976). An acidic chitosan solution, with a concentration
of up to 15 g/L has been successfully prepared using 0.2 M acetic acid (Barreiro-
Iglesias et al. 2005).

The acidic chitosan solution can be precipitated by a phase inversion process,
wherein the solution pH is increased to >6.5 by adding alkali solution (e.g., NaOH,
KOH or NH4OH). The hydroxide ions deprotonate the —NH3* group of the
dissolved chitosan to form a chitosan precipitate. This technique has been applied
to produce porous hydrogel (Dang et al. 2011), beads (Rorrer et al. 1993), fibers
(Suzuki 1993) (1992, patent appl date), membranes (Uragami et al. 1983), and
sponges (Denkbas and Odabasi 2000). The acidic chitosan solution can be
converted to semi-solid phase through a gelation process. Chitosan ionic gel has
been produced by mixing chitosan with polyprotic acids such as sulfuric and
phosphoric acids. Larger polycarboxylates (e.g., oxalate, malonate, succinate, cit-
rate, and alginate) are also used to engineer chitosan ionic gels (Hamdine
et al. 2005). The ionic gelation mechanism relies on forming a strong
intermolecular interaction (i.e., ionic bonds) between —NH5" in chitosan and the
anions of polyprotic acids.

Chitosan is an excellent sorbent for trace metals due to the excess of —OH and
—NH, groups that it possesses, and the high flexibility of its structure (Miretzky and
Cirelli 2009). Sorption of trace metals by chitosan is selective and independent of
the size and hardness of metal ions, or the physical form of chitosan (e.g., film,
powder and solution) (Rhazi et al. 2002). The metal affinity sequence of the
chitosan film was in the order: Cu(II) > Hg(II) > Zn(II) > Cd(II) > Ni(II) > Co(II)
~Ca (II) for divalent cations; and Eu (IIT) > Nd (IIT) > Pr(III) for trivalent cations
(Muzzarelli 1973). Kim (2004) reported a similar order of metal affinity sequences
for chitosan: Cu(Il) > Fe(II) > Zn(II) > Cd(II). Vold et al. (2003) used the selectiv-
ity coefficient, k®  (Eq) to compare binding of two different metal ions (represented
by A and B) to chitosan:

kBA ZXB X CA/XA X CB

where X4 and X are the mole fractions of A and B, respectively (X5 +Xg = 1); and
Ca and Cg are the molar concentrations for A and B at equilibrium. Chitosan
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showed greater selectivity for Cu(II) with k%, values ranging from 100 to 1,000,
when compared to other metals such as Zn(Il), Cd(II) and Ni(II) (Vold et al. 2003).
Initially, it was proposed that the interaction between metal ions and chitosan was
due to ion exchange, sorption and chelation (Muzzarelli et al. 1986). However,
Vold et al. (2003) suggested that the metal sorption selectivity of chitosan did not
depend upon the ionic strength and pH of the solution. Sorption of uranyl ions by
chitosan is independent of pH (Piron and Domard 1998), which indicates that the
sorption mechanism of metal ions with chitosan is inclined to complexation, rather
than electrostatic attraction. Metal ions are coordinated to the —-NH, groups of
chitosan to form a pendant-like metal-chitosan complex (Lii et al. 2008). The
stability of metal-chitosan complexes is further enhanced by chelation, whereby
the metal ion is coordinated to two —OH groups and two —NH, groups to form a
bridge-like metal-chitosan complex (Klepka et al. 2008).

Solubilization of chitosan using strong and concentrated acid at high tempera-
ture may cause glycosidic hydrolysis (Sklyar et al. 1981), producing smaller
chitosan fragments having low molecular weight (i.e., chito-oligosaccharide and
glucosamine). Thermo-chemical deacetylation also decreases the average molecu-
lar weight of chitosan from 1.03 x 10°-2.5 x 10° g/mol to 1 x 10°-5 x 10° g/mol
(Austin et al. 1981). Chito-oligosaccharide and glucosamine have low viscosity and
are more soluble than chitosan at relatively neutral pH conditions. Both chito-
oligosaccharide and glucosamine are bioactive (e.g., anti-microbial, anti-inflam-
matory, anti-oxidant, etc.) (Xia et al. 2011), and have applications in medicine
(Hirano 2000), textiles (Lim and Hudson 2003) and food preservation (Dutta
et al. 2009). The -NH;" group of dissolved chitosan particles bind with the
negatively charged cell walls of microbes, eventually causing leakage of their
intracellular constituents (Rabea et al. 2003). However, such leakage is not of
concern because chitosan is not persistent in the biosphere and is biodegraded to
chito-oligosaccharide and finally to carbon dioxide (Ratajska and Boryniec 1998).
In another study, an increase in the degree of deacetylation of chitosan reduced the
in vivo (i.e., rats) and in vitro (i.e., egg white lysozyme) biodegradation rates of
chitosan film (Tomihata and Ikada 1997).

Chitosan is non-toxic to higher organisms such as animals and humans. The
median lethal dose (LDsg) of orally administered chitosan for rats and mice is
>1,500 mg/kg and 16,000 mg/kg, respectively. The LDsq of orally administered
chito-oligosaccharide is >10,000 mg/kg for mice (Baldrick 2010). However, intra-
venous administration of a high-dose chitosan (50 mg/kg) may be lethal due to
blood cell aggregation (Kean and Thanou 2010). Dogs injected with 200 mg/kg of
chitosan suffered severe haemorrhagic pneumonia and died after 8 days (Minami
et al. 1996). The oral LDs of chitosan for humans is estimated to be 1,330 mg/kg
(Prajapati 2009). Even with the administration of high oral doses (6.75 g daily per
human subject for 84 days), no clinically significant adverse symptoms were
observed other than mild to transitory nausea and constipation (Baldrick 2010).
However, chitosan may possibly be allergenic to humans. Marine chitosan (sourced
from crabs and prawns) is likely to cause allergic reactions from the presence of
antigens that trigger release of immunoglobin E antibodies (IgE). However,
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Muzzarelli (2010) suggested that neither chitin nor chitosan is allergenic to humans.
To date, there has been no direct evidence that marine chitosan products cause
allergic reactions in humans. Results from two pilot studies on shrimp-derived
glucosamine supplements (Gray et al. 2004) and a chitosan bandage (Waibel
et al. 2011) produced no evidence of allergic reaction in human subjects. Rather,
chitosan has been a popular weight management supplement for animals and
humans (Walsh et al. 2013), which further suggests that chitosan is safe for
environmental applications.

2.3 Chitosan Modification

Attempts have been made to chemically modify chitosan to overcome the issue of
its acid instability (due to solubility). Such modification would not change the
fundamental skeleton of chitosan, but rather would bring new or improved proper-
ties. Guibal et al. (1998) found that enhancing the solubility of chitosan in acidic
wastewater (e.g., due to acidic mine drainage) results in low porosity, low hydraulic
conductivity and low permeability that can clog pore structures in a wastewater
treatment. Acidic wastewater may also cause dissolution of chitosan, resulting in a
loss of mass that could lead to structural failure of the chitosan sorbent (Oshita
et al. 2002). Hence, the structure and functional groups of chitosan must be
optimized to enhance its stability and metal sorption capacity.

Chitosan’s instability under acidic conditions has adversely affected its practical
use, particularly when using an acidic eluent to regenerate spent sorbent. Introduc-
ing crosslinks to the chitosan structure has successfully enhanced its durability in
acidic environments. Crosslinking of chitosan was achieved by using various
crosslinking agents, such as glutaraldehyde (GA) (Guibal et al. 1998), epichloro-
hydrin (ECH) (Baba et al. 1994), ethylene glycol diglycidyl ether (EGDE) (Kamari
et al. 2009), and hexamethylene diisocyanate (HMDIC) (Choudhari et al. 2007)
(Fig. 3; see Table 1 for a list of abbreviations and acronyms used in this paper). The
enhanced durability from crosslinked chitosan was attributed to its enhanced
resistance to structural changes under hydrated or acidic conditions (Berger
et al. 2004). Hsien and Rorrer (1995) reported that the surface area of chitosan
beads increased after crosslinking, although, crosslinking may block sorption sites
(i.e., -NH, groups) and cause a significant decrease of metal sorption capacity
(Milot et al. 1998). For example, Cu (II) sorption capacity of GA-crosslinked
chitosan was lower than that of non-crosslinked chitosan (Osifo et al. 2008). A
crosslinking process that prevents loss of -NH, groups in chitosan is crucial to
maintain high sorption capacity for metal ions. Shin et al. (2011) used benzaldehyde
to protect -NH, groups in chitosan, prior to crosslinking with ECH. The resulting
ECH crosslinks were formed at the Cqs —OH group in chitosan. Subsequent treat-
ment of the crosslinked chitosan with ethanol hydrochloride decomposed the Schiff
base derivative to -NH, groups, thereby, maintaining the -NH, group content for
metal-ion binding (Sahin et al. 2011).
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Fig. 3 Crosslinking of chitosan with glutaraldehyde (GA), epichlorohydrin (ECH), ethylene
glycol diglycidyl ether (EDGE) and hexamethylene diisocyanate (HMDIC)

The stability of complexed metals in chitosan’s structure also affects metal
sorption capacity. The Hard Soft Acid Base (HSAB) theory (Pearson 1963) predicts
that the -NH, and —OH groups in chitosan are borderline and hard Lewis bases,
respectively. However, any sorbed soft Lewis acids (e.g., Cd(II), Pd(IT), Pt(II), etc.)
may produce unstable metal-chitosan complexes that decrease the sorption capacity
for these metals. To reverse this instability, chitosan has been chemically modified
to introduce soft Lewis bases (e.g., sulfide, dithiocarbamate, thiourea, etc.). For
example, grafting of chitosan with thiourea derivatives increased sorption capaci-
ties for Pt(Il), Pd(IT), Au(IIl) (Bratskaya et al. 2011), and Cd(II) (Yong et al. 2013).
Similarly, grafting increased the number of negative charged functional groups for
metal complexation. Chloroacetic acid has been used to introduce carboxymethyl
groups (-CH,COOH) to —-NH, or —OH groups to increase the number of chitosan
metal-binding sites (Muzzarelli and Tanfani 1982). Polyprotic acid (i.e., citric acid)
has been grafted to create more negatively charged binding sites for metals to
improve Pb(II) sorption capacity (Li et al. 2010).

Chitosan has been modified to enhance sorption selectivity for specific metal
ions, whereby the intended metal ion is used as a template to create specific cavities
in the chitosan structure. The metal templates are removed from the chitosan
structure by rinsing with diluted acid solution, leaving specific cavities that are
only accessible to the intended metal ions. For example, Ga(IIl) (Inoue et al. 1996),
Cu(II) (Cao et al. 2004) and Pb(II) (Sun et al. 2006; Wang et al. 2010a) ions have
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Table 1 List of abbreviations and acronyms used in this paper

AChE Acetylcholinesterase

ALP Alkaline phosphatase

2,4-D 2,4-Dichlorophenoxyacetic acid
2.4,5-T 2,4,5-Trichlorophenoxyacetic acid
BPA Bisphenol A

CuCH Copper-chitosan

DCB 2,2’-Dichlorobiphenyl

DCP 2,4-Dichlorophenol

DD Degree of deacetylation

DTPA Diethylene triamine penta acetic acid
ECH Epichlorohydrin

EDDS Ethylenediamine-N, N'-disuccinic acid
EDGE Ethylene glycol diglycidyl ether
EDTA Ethylene diamine tetra acetic acid
GA Glutaraldehyde

HDACS Hexamethylene-1, 6-diaminocarboxysulfonate
HMDIC Hexamethylene diisocyanate

HRP Horseradish peroxidise

HSAB Hard soft acid base

LDH Layered double hydroxides
MCM-chitosan Monocarboxymethylated-chitosan
MWNT Multiwall carbon nanotube

NTA Nitrilotriacetic acid

OPH Organophosphorous hydrolase
PAH Polyaromatic hydrocarbon

POME Palm oil mill effluent

PPO Polyphenol peroxidise

PRB Permeable reactive barrier

PTAA Polythiophene-3-acetic acid

SA Salicylic acid

SCTA-I Thiol-modified chitosan

SPR Surface plasmon resonance

TCE Trichloroethylene

TCP 2,4,6-Trichlorophenol

TPP Tripolyphosphate

TYR Tyrosinase

VOME Vegetable oil mill effluent

been used as templates to form metal-specific chitosan sorbents for wastewater
remediation. Cao et al. (2001) further introduced GA crosslinks to the structure of
Cu(II)-templated chitosan resin, producing stable chitosan resins in acidic solution
that also possess high sorption capacity for Cu(Il), Ni(II) and Co(II) ions.
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Chitosan has been blended with other materials to form composites that enhance
sorption properties (Wan Ngah et al. 2011). Materials with negative surface charge
are generally used in chitosan composites, not only to increase binding sites for
sorption of metal ions, but also to form a stable ionic composite with the -NH;*
group of chitosan. Alginic acid was blended with chitosan and then crosslinked with
GA to produce sorbent beads (Gotoh et al. 2004). Chitosan was also used to coat a
montmorillonite clay sorbent for remediation of tungsten (W) from drinking water
(Gecol et al. 2006).

3 Chitosan Applications

Chitosan is generally regarded as a non-toxic and biocompatible material for
humans and animals, and has been widely used in the fields of agriculture, phar-
maceuticals, and industrial food processing. Chitosan has also been used for several
environmental applications, including remediation of both organic (e.g., colored
dyes, residual oil/solid from palm oil mill effluent) and inorganic contaminants
(e.g., toxic trace metal(loid)s) from wastewater and soil. However, there are several
challenges when using chitosan for environmental applications, particularly in
terms of maintaining its stability and efficacy for remediating contaminated waste-
water and soil.

3.1 Remediation of Inorganic Contaminants in Aqueous
Systems

Chitosan has been evaluated for remediating heavy metals, such as Cu
(II) (Ng et al. 2002), Pb(II) (Ng et al. 2003), Hg(II) (Shafaei et al. 2007), Cd
(II) (Rorrer et al. 1993) and Zn(II) (Karthikeyan et al. 2004). It is regarded as one
of the best natural chelators for trace metals (Chui et al. 1996). The chitosan
molecule is sufficiently flexible to form a helical structure around metal ions
(Ogawa et al. 1993), which forms multiple coordination bonds with each ion
(Wu et al. 2010). Metal sorption can be augmented by physically modifying the
chitosan sorbent. For example, a phase inversion process can be used to produce
porous chitosan beads, which may lead to increased metal sorption capacity,
possibly from increased surface area (Rorrer et al. 1993).

Sorption of metal ions by chitosan is usually optimum at pH values higher than
chitosan’s pKa value (>6.5) (Guzman et al. 2002; Navarro et al. 2003). A high
sorption pH value (<6.5) induces deprotonation of -NH;* to -NH, groups, thus
enabling coordination of metal cations and increasing sorption capacity (Jeon and
Ho11 2003). Physical optimization of chitosan has also been conducted by mixing it
with negatively charged substances. Qi and Xu (2004) precipitated chitosan-
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tripolyphosphate composite nanoparticles (CS-TPP) (mean sizes =40-100 nm)
from chitosan hydroacetate solution using aqueous sodium tripolyphosphate solu-
tion. The CS-TPP was found to have high Pb(II) sorption capacity (398 mg/g),
owing to the low crystalinity of CS-TPP and the presence of the TPP ion (Qi and Xu
2004).

Chitosan has been used to economically remediate wastewater resulting from
electroplating activities (Coughlin et al. 2006), and to recover precious metals from
mining wastewater (Benavente et al. 2011). The abundance of —NH, groups in
chitosan allows it to successfully remediate toxic metal oxyanions (e.g., chromate
and arsenate) from wastewater. Metal oxyanions are adsorbed to -NH;"* ions on
chitosan through an ion exchange mechanism (Navarro et al. 2003), although the
arsenate ion sorption from aqueous systems using chitosan beads was low
(<12 mg/g) (Chassary et al. 2004). Mixing chitosan with montmorillonite (Assaad
et al. 2007) and alginate (Wan Ngah and Fatinathan 2010) enhanced sorption of
metal ions from wastewater. The sorption mechanism involved metal chelation by —
NH, groups, as well as coordination/coagulation of metal ions by polar groups of
montmorillonite (i.e., silanol and aluminol) and alginate (i.e., carboxylate) (Assaad
et al. 2007; Qi and Xu 2004; Wan Ngah and Fatinathan 2010).

Modifying chitosan with molybdate ions enhanced the sorption capacity of
arsenate ions from complexation of arsenate ions to the modified chitosan (Dambies
et al. 2002). Similarly, composites of Fe(IIl) and chitosan were synthesized to
enhance sorption of arsenate ions (Gupta et al. 2009; Gupta and Sankarara-
makrishnan 2010). Pulverized Fe(Ill)-chitosan nanocomposite was chemically
reduced to produce zero-valent iron, which further enhanced sorption of arsenate
ions. Arsenate ions were reduced by zero-valent iron to arsenite ions, and were
subsequently complexed by the oxidized iron (Fe(IIl)) (Gupta et al. 2012). Simi-
larly, remediation of chromate-contaminated wastewater may also involve a reduc-
tion mechanism. At low pH (4.5), sorbed chromate ions may be partially reduced by
chitosan (Dambies et al. 2001). The reduction of chromate ions was possible
because of their high reduction potential (E, = (—1.33 V) under acidic conditions.

These observations have inspired numerous chitosan modifications, specifically
designed to reduce chromate ions in wastewater, such as introduction of xanthate to
chitosan (Sankararamakrishnan et al. 2006), synthesis of chitosan nanoparticles
with zero-valent iron (Geng et al. 2009a, b) and entrapment of zero-valent iron
nanoparticles in chitosan beads (Liu et al. 2010). GA-crosslinked chitosan also
enhanced reduction of chromate ions, possibly from the presence of free aldehyde
groups of GA (Vieira et al. 2011). The reduction process helps alleviate the
pollution impact by converting toxic Cr(VI) ions to relatively less toxic Cr(III) ions.

Chitosan has also been used to remediate water resources contaminated with
non-metal anions (i.e., nitrates, nitrites, phosphates and fluoride). Similar to the
mechanism by which nitrate and orthophosphate are sorbed, the -NH;3" ions in
chitosan also sorb fluoride ions. Such sorption would be enhanced at low pH, where
the amount of -NH3* groups is high (Chatterjee and Woo 2009). Even though
acidic conditions increase the amount of -NH;" groups, fluoride ions may form
hydrofluoride vapor at pH levels <5, which would decrease fluoride ion sorption
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from wastewater (Miretzky and Cirelli 2011). However, as chitosan is physically
unstable at low pH values, sorbent made from chitosan would normally be stabi-
lized by treatment with a crosslinking agent (e.g., GA (Jaafari et al. 2004) or ECH
(Chatterjee et al. 2009)). Huang et al. (2012) demonstrated that the protonated form
of the GA-crosslinked chitosan particle (CCP) enhanced fluoride ion sorption
capacity and stability of chitosan as compared to the deprotonated form of
GA-crosslinked chitosan. The enhanced stability of CCP in acid enables regener-
ation using a 0.1 M HCI solution (Huang et al. 2012). Lanthanum ion (La(III)) has
also been chelated to the -NH, groups of chitosan flakes (Rayalu et al. 2007) and
chitosan beads (Bansiwal et al. 2009) that successfully enhanced fluoride sorption.
Chitosan has been used to immobilize symbiotic microorganisms for bioreme-
diation of orthophosphate and nitrate ions. For example, chitosan was utilized to
form aggregates with microalgae Phormidium (Chitosan: Phormidium = 1:2, dry
wt basis) to remove 98% of nitrogenous compounds and 88% of phosphate com-
pounds from a secondary effluent during a 24 h period (De La Noue and Proulx
1988). The reduction of orthophosphate and nitrate ion levels in effluent resulted
from direct assimilation of orthophosphate and inorganic nitrogen ions by
Phormidium, while the presence of chitosan protected the algae from abrasion.

3.2 Remediation of Metal-Contaminated Soils and Sediments

Remediation methods for metal-contaminated soils can be roughly classified into
three types: physical, chemical and biological (including phytoremediation) (Zhou
and Song 2004). Metal-contaminated soil can be remediated with chitosan either by
(1) active removal of metal ions from the contaminated soil through extraction of
metal complexes, or (2) immobilization of metal ions (Peng et al. 2009). Generally,
treatment of contaminated soil with organic matter (i.e., chitin and chitosan) helps
immobilize metals by precipitation, sorption or complexation (Mench et al. 1994;
Park et al. 2011). Addition of acid-dissolved, positively charged chitosan changes
the physicochemical properties of soil, eventually immobilizing heavy metals
therein. Chitosan-coated sand, which had been pre-treated with NaOH, improved
the sorption capacity of Cu(Il) and reduced its leachability (Wan et al. 2004). This
shows that the metal-retention properties of chitosan is only significant when the —
NH, group is not protonated. Conversely, in another study, a sand-packed column
had low Cu(Il) sorption capacity and high leachable Cu(Il) content with the
addition of an acidic chitosan solution (Etemadi et al. 2003). Bulk density, cationic
exchange capacity (CEC) and pH decreased when an acidic chitosan solution was
added to soil, whereas the electrical conductivity (EC) increased (Hu et al. 2006).
This appears to be a more realistic scenario, given that Cu and other metal cations
tend to sorb onto negative charged surfaces (Srivastava et al. 2005).

Chitosan has been used to treat metal-containing leachate after active remedia-
tion of contaminated soil. Bassi et al. (2000) used a citric acid solution as a
complexing agent to leach metal ions from contaminated soil. The leachate was
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then treated with chitosan flakes to remove metal ions. Other complexing agents
such as ethylenediamine tetra acetic acid (EDTA), diethylene triamine pentaacetic
acid (DTPA) and nitrilotriacetic acid (NTA) were shown to effectively mobilize
metal ions from contaminated soil (Barona et al. 1999; Barona and Romero 1996;
Elliott and Brown 1989; Saifullah et al. 2010). However, NTA has been reported as
a potential carcinogen to humans (Pohanish 2008). Although EDTA and DTPA are
themselves relatively non-toxic, their use may cause poisoning by making toxic
metals more bioavailable (Barona et al. 2001). As previously mentioned, chitosan is
non-toxic to plants, animals and humans (Baldrick 2010; Kean and Thanou 2010),
and is therefore a safe complexing agent from the health and safety perspective.
Low molecular weight chitosans (i.e., chito-oligosaccharide and glucosamine)
produced by acidic hydrolysis or oxidation of chitosan are safe complexing agents
for active remediation of contaminated soil. Although chito-oligosaccharide and
glucosamine hydrochloride were inferior to EDTA and L-asparaginic-N, N-diacetic
acid (ASDA), in terms of their ability to leach Cu(Il) ions from vermiculite (Guo
and Inoue 2003), they are non-toxic and do not adversely impact the environment.
Chitosan has also been used to extract Cd(II) (Li et al. 2008) and Cr(VI) ions
(Li et al. 2009) from contaminated soils. Guo et al. (2009) observed enhanced
extraction of Cu(Il) and Cd(II) ions with chitosan hydrochloride solution in sub-
surface soil (14—16 and 24-26 cm) after a 7-14 days incubation period. Cd(Il) was
better extracted than Cu(Il), confirming the high affinity of chitosan for Cu(Il) ions
(Guo et al. 2009).

Chitosan was used in a permeable reactive wall (Liao et al. 2010) (2009, patent
appl date) to remediate metal ions in soil. Chitosan lixiviant liquid was pumped into
the soil to mobilize toxic metal ions from the contaminated soil, which were then
removed by the permeable reactive wall. Table 2 shows examples of chitosan and
its derivatives being used as lixiviants for metal mobilization, thereby demonstrat-
ing that they augment metal sorption by plants during phytoremediation of con-
taminated soil. Monomeric chitosan (glucosamine) forms metal complexes that

Table 2 Chitosan and its derivatives used in the plant uptake of metals from contaminated soil

Chitosan derivatives Metal Plant Reference
Chitosan Pb(II) Zea mays L. Liu

et al. (2006a)
Chitosan Pb(II) Zea mays L. Liu

et al. (2006b)
Chitosan Cu(II) and Cd(II) Elsholtzia splendens Weng

et al. (2005)
Chitosan Zn(II), Pb(II) and Elsholtzia splendens Wang

Cd(1D) et al. (2007)

SCTA-I Pb(I) Zea mays L. Yang

et al. (2006)
GA-crosslinked Cu(Il), Zn(IT) and Lolium perenne and Brassica Kamari
chitosan Pb(II) napus et al. (2012)

Note: SCTA-I thiol-modified chitosan, GA glutaraldehyde
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increased the availability of metal ions for plant absorption. Addition of chitosan to
soil at pH 2 increased desorption of Pb(II) (Liu et al. 2006a), and led to enhanced
uptake of Pb(Il) by corn (Zea mays L.) from contaminated soil (Liu et al. 2006b).
With the addition of chitosan, the Pb(II) concentration in plant roots was threefold
higher than in the control (without chitosan) (Liu et al. 2006b). Similarly, adding
chitosan and ethylene diamine disuccinate (EDDS) helped Elsholtzia splendens
accumulate Cu(Il) and Cd(IT) (Weng et al. 2005). Adding chitosan to microbial
inocula (Arbuscular mycorrhizal fungi and Penicillium sp.) was found to synergis-
tically increase Zn(II), Pb(II) and Cd(II) accumulation in the shoots of E. splendens.
Weng et al. (2005) attributed this synergistic effect to the mobilization of metal ions
by complexation with chitosan. Water-soluble metal-chitosan complexes enabled
greater plant absorption, possibly from increased partitioning of metal ions to the
shoot tissues of the E. splendens plants (Wang et al. 2007).

Modified chitosan has been shown to improve extraction and phytoremediation
of metal ions from contaminated soil (Yang et al. 2006). A thiol group was
introduced to the -NH, groups in chitosan to produce thiol-modified chitosan
(SCTA-I), which enhanced Pb(II) uptake in corn roots and shoots from a
Pb-contaminated soil. The enhanced absorption of Pb(Il) possibly resulted from
the greater ability of SCTA to extract Pb(Il) from soil, compared to citric acid and
chitosan (Yang et al. 2000).

Chitosan and its crosslinked derivatives have been used as amendments for
immobilizing metals in contaminated soil. The solid form of chitosan can be
applied to adsorb metal ions from moist soil, thereby reducing the availability of
toxic metal ions to living organisms. Nonetheless, using chitosan alone may not be
fully effective for remediating contaminated soil, because of its low affinity for
metal ions (i.e., Cd(II), Zn(Il), etc.). This issue may be overcome by blending
chitosan with materials having different functional groups to form a composite that
augments its activity. For example, the chitosan-apatite composite more strongly
retains a wide range of metal ions (Knox et al. 2008).

As described previously, stability is a potential issue, when using chitosan to
remediate metal ions. Natural degradation may break chitosan down to chito-
oligosaccharides (Kwon et al. 2010), and possibly release immobilized metal ions
into the environment. Hence, chitosan that employs a crosslinking process may be
essential for modulating natural degradation processes that involve chitosan.
Kamari et al. (2011a) reported the remediation of metal contaminated soil by
using both chitosan and crosslinked chitosan as soil amendments. In these studies,
ECH, GA and EDGE were used for crosslinking, and each of these treatments
increased the surface area of chitosan. Leaching of the adsorbed metal ions was
lower with crosslinked chitosan than for pristine chitosan (Kamari et al. 2011b).
Kamari et al. (2012) further reported that the low application rate of chitosan
(at 1% wt/wt) enhanced metal sorption by plants, possibly by forming
water-soluble metal-chitosan complexes. However, a high application rate of
chitosan (at 10% wt/wt) decreased metal sorption by perennial ryegrass (Lolium
perenne). The metal sorbed by rapeseed (Brassica napus) was also decreased from
the chitosan amendment, regardless of application rate. High application rates of
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chitosan or crosslinked chitosan amendments may inhibit formation of the water-
soluble metal-chitosan complex, thereby reducing metal sorption by plants.

Microbes have been used with chitosan to improve removal of metal ions from
contaminated soil. Cuero (1996) enhanced the removal of Zn(IT) and Cu(II) ions
from contaminated soil by using a mixture of bacteria (Bacillus subtilis) and
chitosan in solution. Ideally, microbes immobilized with chitosan show greater
stability, remediation efficiency, and regenerability (de-Bashan LE and Bashan
2010). A composite that consists of chitosan, alginate and polyvinyl alcohol was
crosslinked with ECH to immobilize inactive Saccharomycetes pombe 806 yeast
biomass for sorbing Cd(Il) from soil leachate (Lin and Lin 2005). The concentra-
tion of Cd(I) in soil leachate decreased from 3.91 to 0.269 mg/L, when using 0.3 g
of the yeast-immobilized-chitosan beads.

3.3 Remediation of Organic Contaminants

Soil and wastewater that are contaminated with organic contaminants can be
remediated with chitosan, although the success is somewhat dependent on the
characteristics of the contaminants. In Table 3, we summarize studies in which
chitosan and its derivatives have been applied as a sorbent to remove organic

Table 3 Chitosan and its derivatives as sorbents for remediating organic contaminants in
wastewater

Chitosan derivatives Organic contaminants Reference
Chitosan POME Ahmad et al. (2006)
Chitosan VOME Geetha Devi
et al. (2012)
Chitin (46% DD) Crude oil Ummadisingu and
Gupta (2012)
Chitosan-alginate micro-shells DCP and SA Ding et al. (2009)
Chitosan-montmorillonite Clopyralid herbicides Celis et al. (2012)

nanocomposite

CuCH nanocomposite

Malathion insecticides (parathion
and methyl parathion)

Jaiswal et al. (2012)

D-glucosamine

p-benzoquinone

Park et al. (2000)

a-ketoglutaric acid-modified BPA Gong et al. (2010)
chitosan

Chitosan/y-Fe,O5/fly-ash- BPA and TCP Pan et al. (2011)
cenospheres composites

Chitosan beads Quinones Suzuki et al. (2010)
Chitosan beads Quinones Kimura et al. (2012)

Note: VOME vegetable oil mill effluent, POME palm oil mill effluent, DD degree of deacetylation,
CuCH copper-chitosan, DCP 2,4-dichlorophenol, SA salicylic acid, BPA Bisphenol A, TCP 2,4,6-
trichlorophenol
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contaminants from wastewater. Chitosan is known to have a high capacity for
sorbing oily contaminants (Yong and Wong 2013). Because chitosan is
positively-charged at low pH values, it may be an effective coagulant for anionic
organic contaminants such as dyes, tannins and humic acids. Recently, toxic
organic chemicals (e.g., phenol and bisphenol A (BPA)) have been remediated by
using chitosan incorporated with enzymes (Suzuki et al. 2010), clay (Fan
et al. 2007) and Cu(Il) hydroxide nanoparticles (Jaiswal et al. 2012).

Oily wastewater (e.g., palm oil mill effluent (POME) and vegetable oil mill
effluent (VOME)) causes serious environmental problems. POME is a thick brown-
ish colloidal suspension that contains 95-96% water, 0.6-0.7% oil and grease, 4—
5% total solids and pH ranging from 4.0 to 5.0 (Rupani et al. 2010). Chitosan may
act as a non-toxic coagulant (Ahmad et al. 2006) and sorbent (Ahmad et al. 2005) of
residual oil and suspended solids from POME. Ahmad et al. (2006) found that
chitosan performed more efficiently and economically than did other coagulants
(e.g., aluminum sulfate (alum) and polyaluminum chloride (PAC)) and sorbents
(e.g., bentonite and activated carbon).

Toxic p-benzoquinone in treated drinking water is a potential threat to human
health (Richardson and Postigo 2012). It is produced from chlorination of acet-
aminophen in wastewater (Bedner and MacCrehan 2005). Chitosan has been used
to detoxify p-benzoquinone in aqueous systems (Park et al. 2000). The
non-enzymatic reaction between p-benzoquinone and p-glucosamine (a monomer
of chitosan) occurred at an optimum pH (>7.4) and temperature (35 °C), in which
free -NH, groups in chitosan formed covalent bonds with the p-benzoquinone.

Chitosan has been evaluated for remediating anionic organic compounds such as
humic substances (Bratskaya et al. 2004) and humate-metal complexes from waste-
water (Yan and Bai 2005). Humic substances are widespread natural polymers that
(a) adversely affect the aesthetics of waterways; (b) enhance the bioavailability of
metal ions by forming metal-humate complexes; and (c) produce carcinogenic
by-products with chlorine (e.g., trihalomethanes). Compared to alum, chitosan is
more effective and eco-friendly in reducing the chemical oxygen demand (COD) of
wastewater that is generated from the food processing industry (Muzzarelli and
Muzzarelli 2003). At low pH, the sorption capacity of chitosan for humate
decreases by about 25%. The -NH3* group in chitin and chitosan is responsible
for forming ionic complexes with the negatively charged humate ions (Wan Ngah
and Musa 1998). In addition to ionic forces, van der Waals forces contribute to
chitosan sorption of tannin and humate ions.

Chitosan composites have been synthesized, with the aim of enhancing its
sorption capacity for organic contaminants. Blending chitosan (240 g/kg at pH 4)
with montmorillonite increased its CEC and capacity to sorb tannic acid (An and
Dultz 2007). Recently, a chitosan-montmorillonite nanocomposite was produced
for sorbing anionic herbicide clopyralid from wastewater and soil-water suspension
(Celis et al. 2012). High sorption capacity for clopyralid occurred at low pH,
because of its abundant —NH;" ions in the chitosan-montmorillonite
nanocomposite. Desorption of clopyralid increased with higher salt concentrations,
indicating a cation exchange sorption mechanism (Celis et al. 2012). Apart from
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clay, Cu(I) hydroxide has been blended with chitosan to produce CuCH
nanocomposites, for remediation of organophosphorous insecticides (i.e., parathion
and methyl parathion) in agricultural runoff (Jaiswal et al. 2012). Unlike the
chitosan-montmorillonite nanocomposite, sorption of malathion onto a CuCH
nanocomposite occurred through complexation. Chitosan-alginate micro-shells
have been synthesized by assembling layers of alginate and chitosan, for
decontaminating 2,4-dichlorophenol (DCP) and salicylic acid (SA) in wastewater.
The chitosan-alginate micro-shells have enhanced sorption capacity, and have a
shorter sorption time for DCP and SA, than do poly-styrenesulfonic acid (PSS) and
poly(allylamine hydrochloride) shells (Ding et al. 2009).

BPA is used to harden polycarbonate plastics and epoxy resins. Its presence in
waterways may impact normal functions of endocrine hormone in fishes and
humans. Chitosan and its derivatives have been used as a sorbent for BPA and its
enzymatic oxidation by-products (i.e., quinones). Chitosan is more effective in the
bead form than in solution or in powder form, when used to sorb quinones from
treated wastewater (Kimura et al. 2012; Suzuki et al. 2010). Sorption of BPA and
trichlorophenol (TCP) from wastewater has been investigated using magnetic
chitosan-fly ash composite (Pan et al. 2011). Spent sorbent could be recovered by
applying magnetic field to the suspension of treated wastewater. In addition,
a-ketoglutaric acid has been blended with chitosan to produce composite resins
that are useful for sorbing BPA from wastewater (Gong et al. 2010).

Remediating dyes in textile wastewater is vital because of their adverse effects
on human and aquatic life (Chequer et al. 2013). The presence of -NH;* groups in
chitosan makes it suitable for remediating dye-containing wastewater. The
auxochrome groups that consist of acidic (<COOH, —OH and —SO3H) or basic
functional groups (-NH-, >N-, —-NH,) augment the color intensity of a dye
molecule (Nidheesh et al. 2013). The presence of acidic auxochromes increases
the negative charge of the dye molecules, enabling ionic interactions with the —
NH;* groups in chitosan. Chitosan or its derivatives have mainly been applied to
remediate acidic or acid-azoic dyes that contain sulfonate groups (-SO3 ™) (Table 4).
Chitosan has also been used for sorbing congo red (Chatterjee et al. 2007), reactive
black 5 (Guibal et al. 2005), reactive red 222 (Wu et al. 2000), direct scarlet B
(Annadurai 2000), acid blue 161 (Aksu et al. 2008), acid black 1 and acid violet
5 (Szyguta et al. 2008), acid orange 10, acid red 18, acid red 73 and acid green
25 (Cheung et al. 2007) dyes. In addition, chitosan has been used to immobilize
TiO, photocatalyst for photo oxidation of dye molecules in wastewater (Zainal
et al. 2009).

High molecular weight chitosan may be used as a coagulant to complement the
action of conventional aluminum and iron coagulants (Guibal et al. 2006). Dye
remediation by chitosan relies on surface charge neutralization of dye molecules.
The —SO;~ groups in the acidic dye are attracted to —~NH;3" groups in chitosan
molecule through an electrostatic interaction (Chiou and Li 2003). Moreover,
negatively-charged-acid-dyes may be attracted to several -NH;" groups in chitosan
molecule. The so-called bridging mechanism causes coagulation from the increased
molecular weight of dye molecules (Guibal and Roussy 2007).
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Table 4 Chitosan and its derivatives as sorbents for remediating dye molecules in wastewater

Classification/
Dye Polarity Chitosan derivatives Reference
Methyl orange Azoic/Anionic Chitosan-TiO, photocatalyst Zainal et al. (2009)
membrane layers
Metanil yellow Azoic/Anionic TPP and ECH-crosslinked Chiou and Chuang
MY) chitosan (2006)
Congo red (CR) Diazoic/ Chitosan Chatterjee
Anionic et al. (2007)
N, O-carboxymethylated Wang and Wang
chitosan (2008)
Polyalkylmethacrylate-grafted Konaganti
chitosan et al. (2010)
Reactive black 5 Diazoic/ Chitosan Guibal et al. (2005)
Anionic GA and TPP-crosslinked Lazaridis and

chitosan

Keenan (2010)

Reactive red 2

Reactive-azoic/
Anionic

TPP and ECH-crosslinked
chitosan

Chiou et al. (2004)

Reactive red
222 (RR222)

Reactive-azoic/
Anionic

Chitosan

Wau et al. (2000)

Reactive red

Reactive-azoic/

ECH-crosslinked chitosan

Chiou and Li (2002)

189 (RR189) Anionic

Reactive blue 2 Reactive/ TPP and ECH-crosslinked Chiou et al. (2004)
Anionic chitosan

Reactive blue Reactive/ MCM-chitosan Uzun and Giizel

5 (RB)S) Anionic (2004)

Reactive blue Reactive/ TPP and ECH-crosslinked Chiou and Chuang

15 (RB15) Anionic chitosan (2006)

Reactive yellow 2

Reactive azoic/
Anionic

TPP and ECH-crosslinked
chitosan

Chiou et al. (2004)

Reactive yellow
86

Reactive azoic/
anionic

TPP and ECH-crosslinked
chitosan

Chiou et al. (2004)

Direct scarlet B Direct/Anionic Chitosan Annadurai (2000)
Direct red 81 Azoic/Anionic TPP and ECH-crosslinked Chiou et al. (2004)

chitosan
Acid blue 25 Acidic/Anionic | EDGE-crosslinked chitosan Kamari et al. (2009)
Acid blue Acidic/Anionic | Chitosan Aksu et al. (2008)
161 (AB 161)
Acid black 1 Acidic/Anionic | Chitosan Szyguta

et al. (2008)

Acid violet 5 Acidic/Anionic | Chitosan Szyguta

et al. (2008)

(continued)
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Dye

Classification/
Polarity

Chitosan derivatives

Reference

Acid orange
7 (Orange II)

Azoic/Anionic

TPP and ECH-crosslinked
chitosan

Chiou et al. (2004)

Sulfate-crosslinked chitosan

Xu et al. (2008)

MCM-chitosan

Uzun and Giizel
(2004)

Acid orange 10

Acidic/Anionic

Chitosan

Cheung et al. (2007)

Acid orange 12

Azoic/Anionic

TPP and ECH-crosslinked
chitosan

Chiou et al. (2004)

Acid red 14 Azoic/Anionic TPP and ECH-crosslinked Chiou et al. (2004)
chitosan

Acid red 18 Azoic/Anionic Chitosan Cheung et al. (2007)

Acid red 37 Azoic/Anionic Chitosan Kamari et al. (2009)
EDGE-crosslinked chitosan

Acid red 73 Azoic/Anionic Chitosan Cheung et al. (2007)

Acid red Acidic/Anionic | Sulfate-crosslinked chitosan Chatterjee

87 (Eosin Y) et al. (2005)
TPP-crosslinked chitosan Du et al. (2008)
nanoparticle

Acid green 25 Acidic/Anionic | Chitosan Cheung et al. (2007)

Methylene blue Basic/Cationic Chitosan Annadurai (2002)

MB)
Crystal violet

MCM-chitosan Uzun and Giizel

(2004)

Note: EDGE ethylene glycol diglycidyl ether, TPP tripolyphosphate, ECH epichlorohydrin, GA
glutaraldehyde, MCM-chitosan monocarboxymethylated-chitosan

Basic/Cationic

Attempts have been made to sorb basic dye (methylene blue) by using chitosan
(Annadurai 2002). Although increasing sorption temperature and pH augmented
the capacity of chitosan to sorb methylene blue (Annadurai 2002), the interaction
between the basic dye and chitosan might not be sustained because of their similar
functional groups. Chitosan and basic dye have primary (-NH,) and tertiary amine
groups (>N-), respectively. To enhance the sorption of basic dyes, negatively
charged functional groups (i.e., -COOH) have been grafted onto —NH, and/or
—OH groups in chitosan molecules. Grafting of the chitosan molecule with
chloroacetic ~ acids has  produced monocarboxymethylated  chitosan
(MCM-chitosan) (Uzun and Giizel 2004), and N, O-carboxymethyl-chitosan (N,
0-CMC) (Wang and Wang 2008). Uzun and Giizel (2004) reported an increase in
sorption percentage of MCM-chitosan for acid orange 7 (99%) compared to that of
chitosan (12%). Wang and Wang (2008) reported higher sorption capacity of N, O-
CMC for congo red dye (331 mg/g) than that of chitosan (79 mg/g). The augmented
sorption capacity for congo red was attributed to the complexation of dye molecule
by -COO~, -NH, and —OH groups in N, O-CMC (Wang and Wang 2008).



22 S.K. Yong et al.

As previously mentioned, chitosan is structurally unstable under acidic condi-
tions and hence its application as a sorbent is problematic, when remediating
dye-containing acidic wastewaters. A crosslinking process is required to prevent
the solubilization of chitosan sorbent in acidic dye wastewater (see Chitosan
Modification). Permanent crosslinks have been introduced to chitosan using
EDGE (Kamari et al. 2009) and ECH (Chiou and Li 2003). Non-permanent, ionic
crosslinks may also enhance the stability of chitosan in acid, which is formed when
chitosan reacts with divalent anions (sulfate) (Xu et al. 2008) or polyvalent anions
(citrate) (Trung et al. 2003). Addition of ionic crosslinks also increased the
amorphicity of chitosan, thereby contributing to higher sorption capacity for
anionic dyes.

Spent chitosan sorbent is regenerated by treatment with alkaline solutions. A
decrease in the sorption capacity of chitosan for dye occurs as pH increases. About
20% of dye molecules were desorbed from the chitosan beads when the solution pH
was increased to 12 (Chatterjee et al. 2007). Chitosan crosslinked with ECH had
greater sorption capacity than GA- and EDGE-crosslinks (Chiou et al. 2003; Chiou
and Li 2003). Crosslinked chitosans have been studied for sorption of metanil
yellow, reactive blue 15 (Chiou and Chuang 2006); reactive red 2, acid red
14, reactive yellow 2, reactive yellow 86, reactive blue 2, direct red 81, acid orange
7, acid orange 12 (Chiou et al. 2004); reactive black 5 (Guibal et al. 2006); acid blue
25, acid red 37 (Kamari et al. 2009); acid red 18, acid red 73 (Cheung et al. 2007)
and acid red 87 (Chatterjee et al. 2005; Du et al. 2008). Crosslinked chitosan may be
used in the permeable reactive barriers (PRBs) for remediating dyes in soil
(Lazaridis and Keenan 2010). Chitosan beads crosslinked with GA and inoculated
with TPP have a greater affinity and retardation factor for reactive black 5 as
compared to soil.

Although crosslinking is likely to decrease the content of -NH3* groups in
chitosan’s structure, its sorption capacity for dye may not be decreased, because
crosslinked chitosan has an augmented dye sorption capacity, as compared to
non-crosslinked chitosan (Chiou et al. 2004). Parameters such as low pH may
enhance sorption capacity for dye molecules. Certain interactions between chitosan
and dye molecules may also affect dye sorption capacity of chitosan. For instance,
dyes interact with high molecular weight chitosan via coagulation mechanisms
involving charge neutralization and bridging effects (Szyguta et al. 2008). Reme-
diation of large, planar direct dye molecules may involve van der Waals forces
(Mazengarb and Roberts 2009). Sorption of reactive dyes may occur with the Cg —
OH group in chitosan (Shukla and Pai 2005). The stability of hydrogen bonds
between the dye and the chitosan molecule also depends on the polarity of -NH,
groups, which may be influenced by its spatial arrangement (e.g., -NH,, >N-,
—N=) (Ikeda et al. 2008). Sorption degree of dyes is affected by surface and pore
diffusion processes in the porous chitosan (Cheung et al. 2007). Dye molecules may
form aggregates, even at low dye concentrations, thereby, decreasing sorption
capacity of porous chitosan (Walker and Weatherley 2001).

Chitosan and its derivatives have an indirect role in bioremediation of organic
contaminants in soil and aqueous systems. Chitosan may be used as (a) an
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Table 5 Chitosan and its derivatives as immobilizing agents for remediating wastewater and soil

with organic contaminants

Organic
Chitosan Immobilized entities contaminants Reference
Chitosan Rhodococcus Crude oil Gentili
corynebacterioides et al. (2006)
Chitosan Sphingobium sp. P2 Automotive Khondee
lubricant et al. (2012)
Chitosan beads TYR p-Cresol Yamada
4-Ethylphenol | et al. (2005)
4-n-
propylphenol
4-n-
butylphenol
p-
Chlorophenol
4-Tert-
butylphenol
Chitosan membrane Ni/Fe and Pd/Fe TCE and DCB | Tee and
nanoparticles Bhattacharyya
(2008)
Chitosan-polyvinyl alcohol | Laccase DCP Xu et al. (2013)
membrane
GA-crosslinked chitosan TYR Phenol Shao et al. (2007)
Chitosan-SiO, gel matrix
Chitosan-coated alginate- Mycobacterium Pyrene Sarma
polyvinyl alcohol frederiksbergense et al. (2011)
microspheres
Chitosan-carrageenan gels Pseudomonas putida Chlorophenol | Jianlong and Yi
(NICM 2174) (1999)
Chitosan-alginate composite | Pseudomonas, Bacillus, Unspecified Si et al. (2010)
Zoogloea and pesticides (2009, patent appl
Micrococcus (in soil) date)
Note: TYR tyrosinase, TCE trichloroethylene, DCB 2, 2'-dichlorobiphenyl, DCP

2,4-dichlorophenol, GA glutaraldehyde

immobilizing material for microbes or enzymes, or (b) a solubilizing agent of
organic contaminants. Crosslinked chitosan can also be used as a sole immobilizing
material. Other materials have been blended with chitosan to form composites for
immobilizing reactive microbes or enzymes (Table 5). For example, fungal tyros-
inase enzyme (TYR) has been immobilized using chitosan (Yamada et al. 2005)
and chitosan-SiO, gel (Shao et al. 2007) to remediate phenol compounds in
wastewater. TYR catalyzes the oxidation of phenol to o-quinones, which are then
adsorbed by chitosan (Ikehata and Nicell 2008). The sorption of o-quinones by
chitosan is important if inactivation of TYR is to be avoided. When avoided, TYR
can be reused for further remediation of wastewater. Other polymeric materials
such as polyvinyl alcohol have also been used together with chitosan in the
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immobilization of the laccase enzyme to remediate 2,4-dichlorophenol (DCP)
(Xu et al. 2013).

Chitosan has been used to immobilize reactive microbes, such as Sphingobium
sp. P2 (Khondee et al. 2012) and Rhodococcus corynebacterioides (Gentili
et al. 20006), for degrading lubricants and crude oils in water, respectively. Another
bacteria, Mycobacterium frederiksbergense was immobilized in chitosan, and was
coated onto alginate-polyvinyl alcohol beads for degrading pyrene in silicone oil
(Sarma et al. 2011). Furthermore, chitosan may be blended with negatively charged
biopolymers, such as carrageenan for immobilizing Pseudomonas putida (NICM
2174) (Jianlong and Yi 1999), alginate for immobilizing a variety of microbes (i.e.,
Pseudomonas, Bacillus, Zoogloea, Micrococcus, etc.) (Si et al. 2010) (2009, patent
appl date), and carboxymethylated biopolymers (i.e., carboxymethyl cellulose and
carboxymethyl chitosan) for immobilizing phosphate-solubilizing bacteria (i.e.,
Bacillus, Pseudomonas, Rhizobium or Agrobacterium), Azospirillum brasilense
and Alcaligenes faecalis (Zhang et al. 2011) (2009, patent appl date).

Chitosan is also useful for remediating oil-contaminated soils or seawater by
facilitating microbial degradation of oil contaminants. Oily, non-water-soluble
contaminants are sorbed and concentrated in chitosan, improving interaction with
microbes for effective degradation. Addition of chitin and chitosan significantly
reduced degradation time for heavy oils in seawater by Pseudomonas sp. (Setti
et al. 1999). The efficiency of chitin and chitosan in the remediation of
oil-contaminated beach sediment was compared with a slow-releasing fertilizer
(Osmocote). Even though chitosan alone has higher oil sorption capacity (2.2 g/g)
than chitin (0.24 g/g), it requires a nutrient supply to induce biodegradation by
microbes. Addition of chitosan has increased biodegradation of polyaromatic
hydrocarbon (PAH) compounds, possibly from higher availability of PAH to the
microbial biomass (Xu et al. 2005).

3.4 Chitosan-Based Sensors

A sensor is a device that provides analytical information about an analyte (e.g.,
identifying or characterizing the analyte and its concentration) by detecting signals
generated from a chemical and/or a biological reaction (Hulanicki et al. 1991).
These signals are usually measured by using optical (e.g., absorbance, reflectance
or fluorescence spectrophotometry) (Fan et al. 2008), or electrochemical detectors
(amperometry, voltametry, conductimetry and potentiometry) (Hanrahan
et al. 2004). An amperometric sensor is capable of rapid, real-time detection of
contaminants, as compared to colorimetric and spectrophotometric-based sensors
(Brett 2001). Incorporating sensing elements in the amperometric sensor enhances
detection sensitivity and selectivity for analytes, with greater reproducibility of
results (Du et al. 2007¢).

Chitosan and its derivatives are mostly biocompatible, making them suitable for
immobilizing sensing elements, such as enzymes (e.g., TYR, acetylcholinesterase
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(AChE), horseradish peroxidise (HRP), organophosphorus hydrolase (OPH), and
alkaline phosphatase (ALP)), and nanoparticles (e.g., gold and Fe30,).
Immobization of sensing elements may include a crosslinking process to
(a) prevent the loss of incorporated sensing elements, and (b) stabilize metallic/
magnetic materials in the sensors (Radhakumary and Sreenivasan 2012; Sugunan
et al. 2005) (Table 6). Although GA has been used in crosslinking processes, it is
toxic to all living organisms and may decrease the sensitivity of sensors by
denaturing the immobilized enzyme (Leung 2001). Non-toxic chemicals have
been used to replace GA in the crosslinking process. These chemicals include
organic polyprotic anions (e.g., alginate and carageenan) or clays (e.g., layered
double hydroxide and laponite) (Fan et al. 2007). Co-immobilization of chitosan
and polyprotic anion improved the ionic interactions of -NH;3" groups and negative
surfaces of polyanions, thereby, improving the mechanical strength of the host
matrix for enzymes (Han et al. 2007). Chitosan is also used as a ‘capping’ agent to
stabilize and reduce gold nanoparticles in chemosensors (Radhakumary and
Sreenivasan 2012; Sugunan et al. 2005).

Chitosan has been used as a sensing element in chemosensors for detecting
metals (Table 6). The -NH, and —OH groups in the chitosan molecule form
complexes with metal-based analytes (Wu et al. 2010). The affinities of metal
ions to chitosan are different, depending on the presence of soft, borderline, or
hard Lewis bases of pristine or modified chitosan. Thin- film chitosan composites
have been modified with polyallylamine, increasing the -NH, group content in thin
film for qualitative detection of metal ions in wastewater (Schauer et al. 2004).
Cathell et al. (2008) produced a colorimetric sensor containing thiol groups to
chitosan film to enhance the selectivity for Hg(II) ions. Complexation of Hg(II) ions
by thiolated groups changes the thickness, refractive index and color of the chitosan
film. These optical changes were measured to identify and quantify Hg(II) ions in
wastewater (Cathell et al. 2008). The thiolated sensor film may detect other metal
ions (in the d-block of the periodic table) that form color complexes with the thiol
groups.

Surface plasmon resonance (SPR) is a method commonly applied in colorimetric
sensors to measure the monolayer thicknesses of adsorbed contaminant molecules
on a conducting metal surface (typically gold or silver) (Eustis and El-Sayed 2006).
The principle of SPR is based on the oscillation of charge density arising from the
interaction of incidental light with the metal surface. Chitosan-based SPR sensor
consists of a thin layer of chitosan, coated onto the adjacent metal surface. Sorption
of metal ions by chitosan changes the refractive index of the coated metal surface,
and is measured to determine the concentration of metal ions (Yu et al. 2004).
Chitosan has been used in the SPR sensor to enhance sensitivity for Hg(II) and Pb
(IT) (Abdi et al. 2011); Fe(III) (MclIlwee et al. 2008); Cu(II), Zn(IT) and Mn(II) (Fen
et al. 2011); and Cu(II) ions (Lin et al. 2012). However, chitosan is not suitable for
detecting other metal(loid) complexes (e.g., AI(IIT), As(IIT) and As(VI), etc.) due to
the colorless nature of most of the metal(loid)-amine complexes. To overcome this
problem, a fluorescent dye is grafted onto the sensor surface to augment signals of
the colorimetric detectors. Rhodamine (Meng et al. 2012) and dansyl chloride
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Immobilized

enzymes or
Chitosan derivatives nanoparticles Analyte Reference
GA-crosslinked chitosan Tyrosinase- Catechol, p-cresol, Liu et al. (2004)

labeled, nano-
gold colloids

Chitosan-nano ZnO composite

TYR

phenol

Li et al. (2006)

Chitosan-nano Fe;O,4 TYR Wang
nanocomposite et al. (2008)
Chitosan TYR Phenol Abdullah
et al. (2006)
Ru(byp),Cl,-crosslinked TYR Phenol Zhang and Ji
chitosan (2010)
Chitosan-laponite composite PPO Catechol, p-cresol, Fan et al. (2007)
Chitosan-LDH composite PPO phenol, and m-cresol | Han et al. (2007)
Electropolymerized chitosan AChE Carbaryl (insecticide) | Du et al. (2007a)
GA-crosslinked chitosan- AChE Triazophos Du et al. (2007b)
MWNT composite (insecticide)
GA-crosslinked chitosan- AChE Carbaryl (insecticide) | Du et al. (2007c)
MWNT composite
Chitosan-sol gel composite ALP 2,4-D and 2,4,5-T Loh
(herbicides), et al. (2008b)
Carbofuran and a-
endosulfan (insecti-
cides), and
Hg(I), Cd(II), Cu(Il),
Zn(1I), Ag)
Chitosan-sol gel-nano Fe;04 ALP 2,4-D (herbicide) Loh
composite et al. (2008a)
Chitosan HRP Picloram (herbicide) Tang
et al. (2008)
Chitosan HRP Cyanide Wang
et al. (2010b)
Chitosan Gold Zn(II) and Cu(II) Sugunan
nanoparticles et al. (2005)
Chitosan Gold Cyanide Radhakumary
nanoparticles and Sreenivasan
(2012)
Chitosan-PTAA composite OPH Paraoxon (insecticide | Constantine
metabolite) et al. (2003)
Chitosan Catechol Dykstra

et al. (2009)

(continued)
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Table 6 (continued)

Immobilized
enzymes or

Chitosan derivatives nanoparticles Analyte Reference
HDACS-crosslinked chitosan Fe(III) Mcllwee

et al. (2008)

Fe(III) and Cu(II) Praig
et al. (2009)
Cr(VI) Fahnestock

et al. (2009)
Electropolymerized chitosan- Hg(II) and Pb(II) Abdi
polypyrole composite et al. (2011)
Electropolymerized Cu(II), Zn(IT) and Mn | Fen et al. (2011)
GA-crosslinked-chitosan 1)
Chitosan Cu(Il) Lin et al. (2012)
Thiolated chitosan-MWNT Hg(II) Deng
nanocomposite et al. (2010)
Dansylamide-grafted chitosan Hg(1D) Wang
nanoparticle et al. (2012)
Rhodamine-grafted chitosan Hg(IT) Meng

et al. (2012)
HDACS-crosslinked chitosan Various metal ions Schauer

et al. (2004)
L-cysteine, thioglycolic acid, Various metal ions Cathell
and 2-iminothiolane grafted et al. (2008)
chitosan

Note: TYR tyrosinase, PPO polyphenol peroxidise, AChE acetylcholinesterase, ALP alkaline
phosphatase, GA glutaraldehyde, HRP horseradish peroxidise, LDH layered double hydroxides,
MWNT  multiwall carbon nanotube, OPH organophosphorous hydrolase, 24-D
24-dichlorophenoxyacetic ~ acid, 2,4,5-T  2,4,5-trichlorophenoxyacetic  acid, = PTAA
polythiophene-3-acetic acid, HDACS hexamethylene-1,6-diaminocarboxysulfonate

(Wang et al. 2012) were grafted onto chitosan films to enhance detection of Hg
(II) ions. Alternatively, introduction of a thiol group could increase chemisorption
of Hg(Il) ions to a chitosan sensor, where signal was measured using anodic
stripping voltametry (Deng et al. 2010).

A chitosan film has been studied for detecting low level catechol in wastewater
(1 mM); the film has a detection limit of about 0.2 mM for a 10 min reaction time
(Dykstra et al. 2009). Although chitosan has not yet been applied successfully in a
commercial setting for organic contaminant sensing, it has great potential as a
molecular-imprinted sensor for detecting specific contaminants. This initial success
may pave the way for developing a cheap, enzyme-free sensor that is commercially
cost effective.
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4 Conclusions and Future Research

We have demonstrated in this review that chitosan and its derivatives show promise
for various environmental applications. Such applications range from remediation
of organic and inorganic contaminants to development of sensors for soil and water
contaminates. The prospects for commercial use of chitosan and its derivatives have
grown significantly as their versatility and biodegradability have been enhanced.
However, chitosan’s cost effectiveness in comparison to other biomaterials is
questionable because processing it for use requires substantial amounts of high-
grade alkali. Unless economical and reliable processing and production methods
are developed, use of chitosan for environmental applications will remain commer-
cially unviable. Enzymatic or microbial methods for chitosan processing appear to
be economic; however, further work is required to demonstrate their commercial
economic viability.

Alternative raw materials such as fungi and insects have been used for chitosan
production to overcome seasonal availability of the major source (i.e., seafood-
derived chitins). Fungal mycelium is a significant chitin source due to the growing
consumption of mushrooms worldwide. The mycelium-containing spent mushroom
waste may be enzymatically processed to produce more affordable, low-grade
chitosan for large-scale environment applications (Tsigos et al. 2000). However,
more research is needed to determine the feasibility of using low-grade fungi-
derived chitosan for environmental applications.

Application of chitosan in acidic environments has been challenged by its high
solubility, and low structural stability. This limitation can be overcome by modi-
fying chitosan’s structure via crosslinking. Such modifications not only improve the
stability of chitosan, but also enhances its physical characteristics, such as surface
area, porosity, hydraulic conductivity and permeability, etc.. Because chitosan
predominantly contains positively charged groups at low pH, certain crosslinks
also introduce negative charges that enhance chitosan’s sorption capacity for metal
cations. However, the sorption capacity of modified chitosan varies with the type of
crosslink and methodologies used for crosslinking. Further research is required to
ascertain what types of crosslinking agents best enhance sorption capacities for
various cations.

Chitosan has been used to remediate a vast array of contaminants. Heavy metals,
for example, have been remediated by using pure chitosan and modified chitosans,
and by combining chitosan with microorganisms. Low molecular weight chitosan
derivatives have been effective in enhancing phytoremediation of certain heavy
metals. However, the mechanism by which plant uptake of metals is enhanced in
the presence chitosan is not clear, and must be clarified by performing additional
research. Similarly, chitosan and its derivatives have been effective for remediating
anionic organic contaminants such as dyes, tannins and humic acids, due to the
presence of having positive surface charges at low pH. Other organic contaminants,
such as phenol, bisphenol-A, PCBs, pharmaceuticals, p-benzoquinone, oil-based
wastewater, and herbicides have been remediated by using chitosan. Chitosan has
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the potential to remediate many other organic contaminants, and discovering such
contaminants will be an interesting topic for further research.

Organo-clays have been effective in remediating both organic and inorganic
contaminants. Chitosan has been blended with some clay minerals such as mont-
morillonite to enhance the surface area for sorbing both organic and inorganic
contaminants. However, limited research has been conducted in this area, and a
great potential exists for synthesis of sorbents made up of different organo-clays
and chitosan.

Recently, incorporation of chitosan in nano zero valent iron (nZV]) particles has
been attempted to form chitosan nano-composites, which have subsequently been
used to oxidize certain organic contaminants. However, the production cost of such
nano-composites is high. Hence, these composits must be reusable, which has been
successfully achieved by incorporating magnetic nanoparticles. As nZVI is increas-
ingly being used in contaminant remediation activities, more research is required to
study the suitability of chitosan for minimizing aggregation and oxidation of these
nanoparticles. Moreover, little is known about the ecological and human health
effects of these new nanoparticles, so the need to acquire safety data must also
be met.

Chitosan has been suitable for use in developing sensors for many metals (e.g.,
Cu, Fe, Hg, Mn, Pb and Zn), organic compounds (e.g., enzymes) and nanoparticles
(e.g., Au and Fe) by using immobilization and crosslinking processes. Chitosan
could not be successfully applied as a sensor to detect metalloids such as AI(III), As
(IIT) and As(VI), etc. because the metalloid-amine complex is colorless. Certain
fluorescent dyes can be added to overcome this issue. For example, detection of Hg
was achieved by using rhodamine and dansyl chloride. However, more research is
required to investigate the potential of chitosan in sensing these and other metal
(loid)s. Although chitosan has not yet been applied successfully for organic con-
taminant sensing, it is known to have the potential as a molecular-imprinted sensor
for detecting specific contaminants.

5 Summary

Chitosan originates from the seafood processing industry and is one of the most
abundant of bio-waste materials. Chitosan is a by-product of the alkaline
deacetylation process of chitin. Chemically, chitosan is a polysaccharide that is
soluble in acidic solution and precipitates at higher pHs. It has great potential for
certain environmental applications, such as remediation of organic and inorganic
contaminants, including toxic metals and dyes in soil, sediment and water, and
development of contaminant sensors.

Traditionally, seafood waste has been the primary source of chitin. More
recently, alternative sources have emerged such as fungal mycelium, mushroom
and krill wastes, and these new sources of chitin and chitosan may overcome
seasonal supply limitations that have existed. The production of chitosan from the
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above-mentioned waste streams not only reduces waste volume, but alleviates
pressure on landfills to which the waste would otherwise go.

Chitosan production involves four major steps, viz., deproteination, demineral-
ization, bleaching and deacetylation. These four processes require excessive usage
of strong alkali at different stages, and drives chitosan’s production cost up,
potentially making the application of high-grade chitosan for commercial remedi-
ation untenable. Alternate chitosan processing techniques, such as microbial or
enzymatic processes, may become more cost-effective due to lower energy con-
sumption and waste generation.

Chitosan has proved to be versatile for so many environmental applications,
because it possesses certain key functional groups, including —OH and —NH,.
However, the efficacy of chitosan is diminished at low pH because of its increased
solubility and instability. These deficiencies can be overcome by modifying
chitosan’s structure via crosslinking. Such modification not only enhances the
structural stability of chitosan under low pH conditions, but also improves its
physicochemical characteristics, such as porosity, hydraulic conductivity, perme-
ability, surface area and sorption capacity.

Crosslinked chitosan is an excellent sorbent for trace metals especially because
of the high flexibility of its structural stability. Sorption of trace metals by chitosan
is selective and independent of the size and hardness of metal ions, or the physical
form of chitosan (e.g., film, powder and solution). Both —OH and —-NH, groups in
chitosan provide vital binding sites for complexing metal cations. At low pH,
—NH;" groups attract and coagulate negatively charged contaminants such as
metal oxyanions, humic acids and dye molecules.

Grafting certain functional molecules into the chitin structure improves sorption
capacity and selectivity for remediating specific metal ions. For example, introduc-
ing sulfur and nitrogen donor ligands to chitosan alters the sorption preference for
metals.

Low molecular weight chitosan derivatives have been used to remediate metal
contaminated soil and sediments. They have also been applied in permeable
reactive barriers to remediate metals in soil and groundwater. Both chitosan and
modified chitosan have been used to phytoremediate metals; however, the mecha-
nisms by which they assist in mobilizing metals are not yet well understood. In
addition, microbes have been used in combination with chitosan to remediate
metals (e.g., Cu and Zn) in contaminated soils.

Chitosan has also been used to remediate organic contaminants, such as
oil-based wastewater, dyes, tannins, humic acids, phenols, bisphenol-A, p-benzo-
quinone, organo-phosphorus insecticides, among others.

Chitosan has also been utilized to develop optical and electrochemical sensors
for in-situ detection of trace contaminants. In sensor technology, naturally-derived
chitosan is used primarily as an immobilizing agent that results from its enzyme
compatibility, and stabilizing effect on nanoparticles. Contaminant-sensing agents,
such as enzymes, microbes and nanoparticles, have been homogeneously
immobilized in chitosan gels by using coagulating (e.g., alginate, phosphate) or
crosslinking agents (e.g., GA, ECH). Such immobilization maintains the stability of



Environmental Applications of Chitosan and Its Derivatives 31

sensing elements in the chitosan gel phase, and prevents inactivation and loss of the
sensing agent.

In this review, we have shown that chitosan, an efficient by-product of a waste
biomaterial, has great potential for many environmental applications. With certain
limitations, chitosan and its derivatives can be used for remediating contaminated
soil and wastewater. Notwithstanding, further research is needed to enhance the
physicochemical properties of chitosan and mitigate its deficiencies.
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