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Abstract

Chromium is widely used in industry, and improper disposal of wastewater and industrial residues containing
excessive chromium can contaminate water and soil, endangering both environmental and human health. Natural
biopolymers and their derivatives have been investigated for removal of chromium (Cr) from wastewater. Cellulose,
lignin, tannin, chitin, chitosan, and polypeptides are abundant in nature, and have high potential as adsorbents due
to their easy access, low cost, and the recyclability of the captured heavy metals. In order to improve their
mechanical strength, recyclability, specific surface area, binding site number, and adsorption rate as adsorbents,
native materials have also been modified. This review discusses the source of chromium contamination and the
main species of interest, as well as their toxicity. The structures of the aforementioned biopolymers were analyzed,
and the adsorption mechanism of chromium and the main influencing factors on this process are discussed. The
modification methods of various adsorbents and their adsorption effects on chromium are also detailed, and the
developmental direction of research on the use of biopolymer adsorption remediation to control chromium
contamination is discussed.
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1 Introduction
Chromium-containing chemicals are wildly used in
many industries such as leather tanning, the mining of
chrome ore, metal finishing, pigment manufacturing,
and wood preservation [1]. Over the past few decades
industrialization has accelerated, and the amount of
chromium in aquatic and terrestrial ecosystems has in-
creased [2]. There are relevant regulations on the thresh-
old of chromium content in water and soil. Many
countries have established 50 μg/L as the maximum per-
missible limit of total chromium in drinking water [3].
In China, the risk control values of chromium pollution
in agricultural soil are 800 mg/kg (pH ≤ 5.5), 850 mg/kg

(5.5 < pH ≤ 6.5), 1000mg/kg (6.5 < pH ≤ 7.5), or 1300mg/
kg (pH > 7.5), dependent on the pH as indicated [4].
Contamination of water and soil can indirectly affect hu-
man health, and thus the remediation of chromium has
always been a focus of heavy metal pollution treatment.
The traditional methods for treating heavy metal con-

tamination include chemical precipitation, ion exchange,
membrane separation, reverse osmosis, evaporation,
electrochemical treatment, and adsorption [5–7].
Amongst these, the adsorption method has become the
focus in recent years due to its simple operation, recov-
erability of heavy metal ions, the recyclability of adsor-
bents, and its effectiveness, especially in the treatment of
wastewater with low concentrations of heavy metals (<
50mg/L). Polymers used as adsorbents can be catego-
rized into synthetic polymers, hybrid polymers, natural
polymers, and modified natural polymers. Sophisticated
synthetic polymers, polymerized by free radicals, gamma
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radiation, graft, oxidation, or dispersion/suspension, as
well as simple synthetic polymers like polyvinylpyridine,
polypyrrole, and polyaniline have been used for adsorp-
tion of chromium [8]. Natural polymers are also attract-
ing attention due to their low cost and availability. In
particular, modified natural polymers combine the ad-
vantages of both synthetic and natural polymers, and
have been demonstrated to provide improved adsorption
capacity. All content discussed further in this review will
emphasize natural polymers and modified natural
polymers.
Cellulose, lignin, tannin, chitin, chitosan, and polypep-

tide are all inexpensive and abundant natural polymers,
which are renewable, biodegradable, and non-toxic. The
large number of hydroxyl groups present on cellulose
means that it has a limited ability to bind to metal itself,
but these same hydroxyl groups are beneficial to graft
functional groups or molecules onto the cellulose struc-
ture, thereby improving adsorption capacity [9]. The
metal binding capacity of lignin is attributed to func-
tional groups such as phenolic hydroxyl, methoxy, and
carbonyl, which can form complexes with metal ions in
solution through oxygen-donating electron pairs [10].
The phenolic groups on tannin are easy to deprotonate
and form resonance-stablilized phenoxide ions, which
gives tannin its anionic nature, while the amino groups
on the chitosan can be protonated under acidic condi-
tions, giving chitosan its cationic nature. This polarized
nature is critical to the affinity of these compounds to-
wards metal ions [11–13]. The carboxyl, amino, and
unique functional groups on the side chains of the vari-
ous amino acids that make up the polypeptide allow it
to bind metals. Numerous functional groups endow
these biopolymers with the ability to adsorb metals, but
there are significant differences in their adsorption se-
lectivity for Cr. Compared with native cellulose, chitin,
polypeptides, chitosan, tannin, and lignin show signifi-
cant adsorption selectivity for Cr (VI) in comparison to
other metals.
In this paper, chromium species and their toxicity are

first discussed, followed by the adsorption mechanism of
chromium. The chemical structures and properties of
cellulose, lignin, tannin, chitin, chitosan, and polypep-
tides are outlined, and the functional groups related to
adsorption of chromium in various adsorbents and the
influencing factors are discussed. Lastly, the adsorption
of chromium by the derivatives of the above adsorbents
is discussed in detail.

2 Chromium species and their toxicity
Chromium exists in several valence states, ranging from
zero to hexavalent. Cr (III) and Cr (VI) are the most im-
portant and stable valence states found in the environ-
ment [14]. Cr (VI) dominates under oxidative

conditions, while Cr (III) dominates under reducing con-
ditions. As is shown in Fig. 1 [15], Cr (VI) in aqueous
solution mainly exists in the forms of Cr2O7

2−, CrO4
2−,

H2CrO4, and HCrO4
−. This distribution depends on the

pH of the solution, the total Cr concentration, the exist-
ence of oxidizing and reducing agents, the redox poten-
tial, and the kinetics of redox reactions. If the pH of the
solution is higher than 7, CrO4

2− is the only ion present,
but in the pH range of one to six, HCrO4

− is the domin-
ant substance. Cr (III) exists as water-soluble Cr3+ cat-
ions when the pH < 3.9, and the amount of Cr3+

gradually decreases as pH increases to 5. When pH > 5,
Cr (OH)2+ is formed by hydrolysis. While pH > 6, water
insoluble Cr (OH)3 precipitate is formed. Cr (III) com-
pounds are readily absorbed by soil colloids, forming ex-
tremely low solubility deposits that prevent them from
seeping into groundwater or being absorbed by plants.
In contrast, Cr (VI) in the form of chromate and dichro-
mate (CrO4

2−, HCrO4
− and Cr2O7

2−) exhibits strong oxi-
dative and high solubility.
Cr (VI) is considered highly toxic. High exposure to

Cr (VI) causes cancer in the digestive tract and lungs
and may cause epigastric pain, nausea, vomiting, severe
diarrhoea, and hemorrhage [16, 17]. The main toxicity
mechanism of Cr (VI) in prokaryotes and eukaryotes is
related to its easy diffusion through the cell membrane.
Meanwhile, the reduction of Cr (VI) in cells leads to the
generation of free radicals, which may directly cause
DNA changes and other toxic effects [18–20]. Cr (III) is
necessary for the normal metabolism of sugars, lipids,

Fig. 1 Pourbaix diagram for Cr chemical species in
aqueous. Solution
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and proteins in mammals, and it is an essential trace
element in the diet of animals and humans. Cr (III) po-
tentiates the effect of insulin by facilitating insulin bind-
ing to receptors at the cell surface to maintain blood
glucose levels [21]. In addition, Cr (III) has a positive ef-
fect on reducing body fat, cholesterol, and triglycerides
as well as in increasing muscle mass. Due to the imper-
meability of the cell membrane to the Cr (III) complex,
its toxicity is lower than that of Cr (VI). However, long-
term exposure to Cr (III) is known to cause allergic skin
reactions and cancer.

3 Adsorption mechanisms
Generally, metal adsorption can involve many processes,
such as electrostatic attraction, ion exchange, chelation
of metals with various functional groups, and physical
adsorption [22–24]. In addition, the pH and solution
composition will affect the protonation of the adsorbent
and the speciation of metal ions, thus having an impact
on the mechanism of metal adsorption [25].

3.1 Ionic adsorption mechanism
Many relevant reports point out that Cr (VI) adsorption
increases at low pH values and decreases at high pH
values. At low pH values, the functional groups of bio-
logical adsorbents protonate and tend to attract nega-
tively charged Cr (VI), but at high pH values, the
functional groups become negatively charged and repel
negatively charged Cr (VI). Therefore, for Cr (VI), the
combination of electrostatically charged functional

groups on the surface of the biosorbent by electrostatic
attraction is one of the main adsorption mechanisms. Cr
(III) ions, on the other hand, are cations and bind to
negatively charged adsorbent functional groups at high
pH.

3.2 Adsorption-coupled reduction mechanism
Park et al. [26] proposed that it was likely possible that
the mechanism of Cr (VI) removal by biomaterials or
biomaterial-based activated carbons was not “anionic ad-
sorption”, but instead “adsorption-coupled reduction”.
Experiments were subsequently designed to provide data
to support this theory [27]. Specifically, as is shown in
Fig. 2 [28], the proposed mechanism includes three
steps. Firstly, the Cr (VI) oxoanion was adsorbed on the
positively charged groups of the biosorbents. Following
this, the reduction of Cr (VI) to Cr (III) was caused by
the adjacent electron-donor groups of the biosorbents.
Finally, the positively charged Cr (III) was released into
the solution due to repulsion with the positively charged
functional groups of the biosorbents [29].
Other researchers have found that when chromium

was adsorbed, only part of Cr (VI) was reduced to Cr
(III) before the Cr (VI) anion and Cr (III) cation were
simultaneously adsorbed to the biomass. Hasan et al.
[30] observed that the color of the surface of the biosor-
bent turned greenish during sorption. They explained
that this was certainly due to the sorption of the reduced
form of chromium, Cr (III) (which is greenish in color),
on the surface of the adsorbent. Moreover, after

Fig. 2 Proposed mechanism of Cr (VI) biosorption by nonliving biomaterials
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measuring the Cr (VI) content of the oxidized and un-
treated adsorbed supernatants, it was found that the
former had a higher Cr (VI) content. Thus during sorption
of Cr (VI) on the surface of maize bran, there was sorption
of Cr (VI) as well as Cr (III). Namasivayam et al. [31] also
verified this mechanism through their experiments.

4 Adsorbents
4.1 Cellulose
4.1.1 Characteristics
Cellulose is the most widely distributed and most abun-
dant polysaccharide in nature, and is one of the main
components of plant cell walls. It is a biodegradable, and
water insoluble linear polymer composed of β-D-
anhydroglucopyranose units, and linked through cova-
lent C1–C4 β-glycosidic linkages (Fig. 3). Due to this
connection, the properties of the two terminal hydroxyl
groups of the cellulose macromolecule are different, with
one terminal group being reductive (the glycoside hy-
droxyl group at C1) and the other terminal group being
non-reductive (the hydroxyl group at C4).
Cellulose contains closely and regularly packed crystal-

line regions along with loosely and randomly packed
amorphous regions [32]. The exposed hydroxyl groups
on the fine fiber molecular chain form intramolecular/
intermolecular hydrogen bonds under electrostatic ac-
tion, forcing the fine fiber molecular chains to approach
each other, tangling to form both a crystal-like structure
and a loose amorphous structure. These two parts are
alternately connected to form a bundle of fibers. Com-
pared with the highly ordered crystalline regions, the ex-
tent of intramolecular and intermolecular hydrogen
bonding in the randomly ordered amorphous regions is
lower, so it is more vulnerable to be attacked [33–35].

4.1.2 Adsorption by native cellulose
Pyrzynska et al. suggested that the ion-exchange capacity
of native cellulose to trace metals is usually very low

(generally between 0.01 and 0.05 mmol/g) [36]. Many
adsorption studies have been carried out with untreated
cellulosic materials, such as leaves, roots, shells, barks,
husks, stems, and seeds. (Table 1).
Rosa et al. proposed that during adsorption, carboxyl

groups were produced by redox reactions between
oxygen-containing groups on the bark and Cr (VI), and
these were in turn responsible for the biosorption of Cr
(III) produced by Cr (VI) reduction [54]. A number of
other researchers have experimentally confirmed this
mechanism, and it is believed that the Cr (VI) removal
rate is higher at low pH values because reduction of Cr
(VI) to Cr (III) is favored at low pH.
Examining Cr (III), Peng et al. [50] reported that the

adsorption capacities of metal ions were improved with
increasing initial pH values. Based on this, Omorogie
et al. [55] also proposed that the hydroxyl groups were
likely the main biosorption site for Cr (III). Aditya et al.
found that biosorption of Cr (III) from aqueous solution
increases significantly with an increase in pH from 1 to
3; beyond this, biosorption capacity reduced as pH in-
creased. This was because at high pH precipitation oc-
curred due to the formation of hydroxides, making
accurate sorption studies difficult.

4.1.3 Adsorption by modified cellulose
Although abundant hydroxyl groups are present in cellu-
lose, its high crystallinity and the strong hydrogen bonds
amongst its chains restrict the accessibility of surface hy-
droxyl groups and limit its practical applications [56].
Because of this, many studies have focused on improving
the adsorption capacity of cellulose-based materials
through these hydroxyl groups to trigger free radical re-
actions, esterification, halogenation, oxidation, and
etherification [57].
Zhou et al. [58, 59] grafted cellulose powder with the

vinyl monomer glycidyl methacrylate, and respectively
obtained two adsorbents, Cell-g-GMA-β-CDN+ and

Fig. 3 Schematic representation of cellulose structure
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Cell-g-GMA-D-Glu, by deriving with β-CD and quater-
nary ammonium groups and D-Glucose (D-Glu). It was
found that the maximum adsorption capacity of Cr (VI)
reached 61.05 mg/g and 54.59 mg/g for these two com-
pounds, respectively. This is believed to be because the
surfaces of the modified adsorbents were rough, and
these heterogeneous surfaces could enlarge the specific
surface area of the adsorbents to provide more adsorp-
tion sites for Cr (VI).
Peng et al. [60] synthesized the modified cellulose ad-

sorbent MCC-PVIM by crosslinking cellulose and PVIM
through etherification and amination, and found that
this compound had a maximum adsorption capacity of
Cr (VI) of 134 mg/g. The macropores supported by the
cellulose chain are conducive to the diffusion of chro-
mium ions, and the imidazole group provides an active
center for the binding of chromium ions. The adsorption
mechanism of Cr (VI) by MCC-PVIM was proposed to
be adsorption-coupled reduction.
Liu et al. [61] prepared a cationic adsorbent by modify-

ing a cellulose-based adsorbent with glutamic acid. It was
demonstrated that the epoxy and carboxylate groups were
linked with the cellulose matrix, which provided suitable
adsorption sites for the accessibility of Cr (III) ions.

In addition to these materials, the macromolecule
polyethyleneimine was grafted on porous cellulose parti-
cles by He et al. [62] via the introduction of epoxy group
and open loop reactions, creating the functional adsorb-
ent of PEI-cell. The saturation adsorption of
polyethyleneimine-cellulose was 83.98 mg/g for Cr (III).
They suggested that the adsorption ability of PEI-cell for
Cr (III) was good due to hydrogen bond and chelation
interactions.

4.2 Lignin
4.2.1 Characteristics
Lignin is one of the most abundant natural raw materials
available on earth, second only to cellulose in terms of
mass [63]. As a major component of wood, it accounts
for 23 ~ 33% of softwood mass and 16 ~ 25% of hard-
wood mass [64]. Lignin is a three-dimensional and
highly branched polyphenolic substance most commonly
found in wood, and is a component of secondary plant
cell walls. Lignin fills the space between the cellulose,
hemicellulose, and pectin components in the cell wall,
giving the cell mechanical strength. Indeed, lignin plays
an indispensable role in the binding agglomeration of fi-
brous cellulosic components and preventing cellulosic

Table 1 pH at maximum adsorption and adsorption capacity of different types of cellulose

Adsorbent pH Sorption capacity [{(mg/g)(a)} or removal
effificiency (%) (b)} or{(m mole/g) (c)]

Refs. Chromium species

Camellia oleifera seed shell carbon 2 99.99(b) [37] Cr (VI)

garlic stem 2 72(b) [38] Cr (VI)

horse chesnut shell 95(b)

walnut shell 2 / [39] Cr (VI)

almond shell 2 100(b) [40] Cr (VI)

barks of Acacia albida 2 98.47(b) [41] Cr (VI)

leaves of Euclea schimperi 2 97.39(b)

mangrove leaf powder 23.75 (a) [42] Cr (VI)

tea factory waste 2 54.65 (a) [43] Cr (VI)

Vigna radiata Husk (Green Gram) 2 / [44] Cr (VI)

acorn shell of Quercus crassipes Humb. & Bonpl. 3 1.9 (c) [45] Total Cr

avocado shell 1.5 / [46] Total Cr

Schinus molle Bark / 97.56(a) [47] Cr (VI)

73.18(a) Total Cr

Prunus serotina Bark 93.61(a) [48] Cr (VI)

69.93(a)

PLUM (P. domestica L.) TREE BARK 1.0–2.0 / [49] Cr (VI)

Total Cr2.0

foxtail millet shell 5 11.70 (a) [50] Cr (III)

Moringa stenopetala Seed / 99.74(b) [51] Cr (III)

Erythrina variegata Orientalis leaf 3 1.72(a) [52] Cr (III)

Eugenia jambolana Leaves 4 3.815(a) [53] Cr (III)
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fibers from being destroyed by microorganisms [65]. As
a very complex natural polymer, no precise single struc-
ture has been defined. According to reliable reports to
date, lignin is possibly composed of three structural
units, 4-hydroxy-3,5-dimethoxycinnamyl (sinapyl, S), 4-
hydroxy-3-methoxycinnamyl (coniferyl, G) alcohol, and
4-hydroxycinnamyl (p-coumaryl, H) alcohol, which are
linked by various alkyl ether linkages (β-O-4(most com-
mon), 4-O-5 and α-O-4), and C-C linkages (β-β, β-1, β-5
and 5–5) [66] (Fig. 4) [67].

4.2.2 Adsorption by native lignin
There are two main types of acidic sites on the surface
of lignin: carboxyl groups and phenol groups. Deproton-
ation of these sites may be the dominant mechanism of
lignin metal ion adsorption; the affinity of phenol sites
to metal ions is higher than that of carboxyl groups [68].
Sciban et al. [69] reported that the adsorption selectivity
of alkaline lignin to Cr (VI) was much higher than Cd
(II), Cu (II), and Zn (II).
For the adsorption of Cr (III), Wu’s [70] report con-

firmed the view of the ionic adsorption mechanism.
Meanwhile, Yu et al. [71, 72] supposed that Cr (III) ions
are adsorbed according to the ion-exchange mechanism

for pH-dependent adsorption. As for Cr (VI), the ionic
adsorption mechanism was confirmed by some experi-
ments, which showed the maximal removal efficiency of
Cr (VI) was at pH 3 [73, 74]. Yusof et al. [75] indicated
that the Cr2O7

2− ion needs two adjacent sorption sites
on the surface of the biosorbents to bond firmly, and
therefore, the adsorption probability of the Cr (VI) oxoa-
nion decreased. On the other hand, Shen et al. [76] sup-
ported the adsorption-coupled reduction mechanism,
proposing that the phenolic methoxyl and hydroxyl
groups of lignin are the dominant drivers of Cr (VI) re-
duction. In this mechanism, the carbonyl and carboxyl
groups produced by the redox reaction provide a bind-
ing site for Cr (III) resulting from Cr (VI) reduction.
Further study is needed in order to clarify these
mechanisms.

4.2.3 Adsorption by modified lignin
Activated carbon has high specific surface area and well-
developed porosity, and therefore the preparation of ac-
tivated carbon is an important aspect of lignin-based
material modification. Gonzalez et al. [77] used H3PO4

to impregnate lignin, and confirmed that the best im-
pregnation ratio and activation temperature were 2 g

Fig. 4 Schematic representation of lignin structure
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H3PO4/g lignin and 700 K, respectively. Albadarin et al.
[78, 79] also used H3PO4

−activated lignin for Cr (VI) ad-
sorption and speculated that chemical modification may
occur between the -OH and -COOH groups of lignin
and the H3PO4 molecules. The results demonstrated
that the adsorption capacity of Cr (VI) was 77.85 mg/g,
which is higher than that of other materials.
Sulfonation of lignin is also an important method to

improve its adsorption capacity. Geng et al. [80] fabri-
cated magnetic lignosulfonate (MIS), which exhibited ex-
cellent adsorption properties for Cr (VI) (57.14 mg/g). A
variety of chemical substances are also used for lignin
modification, such as diethylenetriamine, polyaniline,
polyethylenimine, poly (ethylene imine), poly (vinyl alco-
hol), (2-hydrazinyl-2oxoethyl)-trimethylazanium chlor-
ide, and dopamine [81–86]. Kwak et al. [87] fabricated
polyethylenimine modified lignin particles with excellent
mechanical properties and Cr (VI) adsorption capacity
(657.9 mg/g), which was attributed to the introduced
amine functional groups. Further, they proposed that Cr
(VI) removal with PEI-lignin particles may occur via an
adsorption-coupled reduction mechanism.
Other research has focused on lignin-based resins

[88, 89]. Chen et al. investigated lignin-based weakly
acidic cation exchange resin (LBR), which showed
high adsorption capability for Cr (VI) (3.95 mg/g) with a
removal rate of 91.9%. They believe that the unique struc-
ture and chemical properties of lignin make it suitable for
the remediation of Cr (VI) in the soil.
Nair et al. [90] combined chitosan and lignin into a

novel adsorbent for metal ions, which exhibited good
mechanical properties and Cr (VI) adsorption capacity.
The amine group and the hydroxyl group are the two
types of active site in the adsorbent, which are proton-
ated to combine with anionic HCrO4

− groups. Com-
pared with pure chitosan, the introduction of lignin
greatly reduces the cost of the adsorbent.

4.3 Tannin
4.3.1 Characteristics
Tannins are secondary metabolites of plants that are
polyphenols with molecular weights of 500 ~ 3000. Tan-
nins in different species have different uses due to their
different chemical structures. According to their struc-
tural characteristics, they can be divided into three types:
hydrolysable tannin, condensed tannin, and complex
tannin. Hydrolysable tannin contains gallotannin, which
is an ester of glucose or polyols with gallic acid, and ella-
gitannin, an ester of glucose or polyols formed with el-
lagic acid and gallic acid. The most important
constituent units of condensed tannin are flavan-3-ol
and anthocyanidin, such as black wattle tannin and larch
bark tannin, which are different from hydrolysable tan-
nins. Complex tannin contains both condensed tannin-

like structural features (flavan-3-ol) and hydrolyzed
tannin-like tannins (Fig. 5) [91].
The chemical structure and unique chemical proper-

ties of polyphenolic hydroxyl groups of tannins make it
exhibit a variety of biological activities such as strong
antioxidant and antiviral properties. Tannin can react
with proteins, polysaccharides, alkaloids, and complex
with metal ions. It can be used as bacteriostatic agent,
antioxidant, preservative, tanning agent, water treatment
agent, and adsorption resin [92].

4.3.2 Adsorption by native tannin
In terms of complexing ability with metal ions, hydrolyzed
tannin is stronger than condensed tannin, which is stron-
ger than condensed tannin containing catechin structural
units, which is stronger than condensed tannin containing
gallocatechin structural units. In addition, compared with
catechol, the phenolic hydroxyl group of biphenols is
more easily dissociated, and therefore has a stronger abil-
ity to complex with metal ions. In addition, the review re-
ported by Bacelo et al. [13] demonstrated that the
adsorption selectivity of various tannins to Cr (VI) was
generally higher than to Cu (II), Zn (II), Pb (II).
Nakano et al. [93] clarified that the adsorption mech-

anism of Cr (VI) to the condensed-tannin gels includes
following steps: esterification of chromate with tannin
molecules, reduction of Cr (VI) to Cr (III), oxidation of
tannin molecules to form carboxyl groups, and ion ex-
change of reduced Cr (III) with carboxyl and hydroxyl
groups. Elangovan et al. [94, 95] also confirmed that the
removal of Cr (VI) by tannin follows the adsorption-
coupled reduction mechanism. More specifically, Cr (VI)
was adsorbed on the tannin through the esterification of
chromate with the catechol group, which means that Cr
(VI) should combine with catechol as a hard acid, the
CrO2

2+ cation [96].

4.3.3 Adsorption by modified tannin
Some modifications are dedicated to fixing tannin on
carriers to improve the stability and recyclability of ad-
sorbents. Hassoune et al. [97] used chestnut and quebra-
cho tannins reacted with gelatin to obtain two polymers
(GC, GQ), which showed maximum Cr (VI) absorptions
of 80.64 mg/g and 26.25 mg/g, respectively. Zhang et al.
[98] immobilized bayberry tannin (BT) onto chitosan
microfiber (CM) to prepare CM-BT adsorbent, which
featured a microfibrous morphology and dense adsorp-
tion sites, and showed very high selectivity to Cr (III)
from aqueous solution. Huang et al. [99] compounded a
tannin-immobilized adsorbent by using mesoporous sil-
ica bead as the supporting matrix, and found that the
coexisting metal ions in solution had no influence on
the adsorption of Cr (III) onto the BT-SiO2. Black wattle
(BW) tannin was covalently immobilized onto
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dialdehyde nanocellulose (DANC) to obtain a tannin-
nanocellulose (TNCC) composite by Xu et al. [100].
They found that the thermal stability of TNCC was
slightly increased by the addition of nanocellulose. Li
et al. [101] prepared food-grade tannic acid-immobilized
powdered activated carbon (TA-PAC). Their results in-
dicated that the immobilization process introduced
abundant acid functional groups, and the adsorption
capacity of TA-PAC was found to be pH-dependent,
with an optimal pH value of 4.0.
Some modifications increase the adsorption capacity

of adsorbents by grafting chemical groups or polymer
compounds. A gel (PGA-PL-tannin) with polyglutamic
acid (γ-PGA), polylysine (ε-PL) and tannin was prepared
to effectively remove Cr (VI), and was demonstrated to
have a removal rate of more than 90% at pH 6 ~ 9 [102].
Liu et al. [103] studied the effect of the mole ratio of
tannin (TA) and hexamethylendiamine (HA) on poly
(tannin-hexamethylendiamine) (PTHA) adsorption cap-
acity. When the mole ratio of TA/HA was equal to 1:
12.5, PTHA exhibited excellent adsorption behavior.
Functional polymer resins are an important aspect of

heavy metal adsorbents. Huang et al. [104] prepared
Larch tannin resin (LTNA) using a microwave modified
cross-linking reaction. There are a large number of pores
in the internal structure of the resin, which contribute to
the adsorption of Cr (VI). An optimum adsorption cap-
acity of 9.134 mg/g was obtained at pH 1.0.

4.4 Chitin and chitosan
4.4.1 Characteristics
Chitin is widely found in the shells of crustaceans, the
crusts of insects, and the cell walls of fungi, as well as in

some green algae. It is mainly used to support the skel-
eton and protect the body. Cellulose, chitin, and chito-
san have similar chemical structures. At the C2 position,
cellulose has a hydroxyl group, while in chitin and chito-
san this group is replaced by an acetylamino group and
an amino group, respectively. Chitin is formed from 2–
acetamide–2–deoxy–D–glucose through a β–(1–4) link-
age (Fig. 6) [105].
Chitosan is obtained by deacetylation of chitin heated

under alkaline conditions. If the degree of acetylation is
below 30%, the polymer is termed chitosan; if it is above
this, it is termed chitin [106]. The amino group in the
chitosan molecular structure is more reactive than the
acetamino group in the chitin molecule, which gives the
polysaccharide excellent biological functions and allows
it to conduct chemical modification. Because of this, chi-
tosan is considered as a functional biomaterial with
greater application potential than cellulose.

4.4.2 Adsorption by native chitin and chitosan
The monomer structures of chitin and chitosan have a
hydroxyl group on the C3 position and an acetylamino
and amino group at the C2 position, respectively. Their
chemical bonds are equatorial, which enables them to
chelate some metal ions with a certain ion radius at a
certain pH; this is especially true of chitosan, which
shows cationic behavior in acidic media where the
protonation of amine groups leads to adsorption of
metal anions by ion exchange. Moreover, the summaries
made by Wu et al. [107] indicated that the adsorption
selectivity of native chitosan to Cr (VI) was generally
higher than Cu (II), Zn (II), Ni (II), Cd (II), and Pb (II).

Fig. 5 Schematic representation of a complex tannin structure
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Baran et al. [108] observed that the highest Cr (VI) ad-
sorption capacity of chitosan (153.83 mg/g) and chitin
(70 mg/g) were both achieved at a pH of 3.0. The effect
of different deacetylation degrees (DD) on adsorption of
Cr (VI) by chitosan has also been examined. Santana
et al. [109] reported that the DD increase caused an in-
crease in chitosan amino groups and changes in crystal-
linity were observed, and verified interactions between
Cr (VI) and chitosan-protonated amino groups. As for
Cr (III), Singh et al. [110] reported that both chitin and
chitosan gave their best adsorption results at pH 3. How-
ever, the adsorption capacity of chitosan to Cr (III) was
higher than that of chitin.

4.4.3 Adsorption by modified chitin and chitosan
A few researchers have compared the adsorption cap-
acity of Cr (VI) on cross-linked and non-cross-linked
chitosan. Schmuhl et al. [111] found that the maximum
adsorption capacity was found to be 78 mg/g for non-
cross-linked chitosan and 50 mg/g for cross-linked chito-
san. Ramnani et al. [112] compared the adsorption be-
havior of cross-linked chitosan (CRC) and its hydrolysis
product (CRCH) with native chitosan (CH), and showed
that radiation-cross-linked chitosan had a distinct advan-
tage over chemical cross-linked chitosan. This is because
since chemical reagents such as glutraldehyde and epi-
chlorohydrin cause formation of cross-linked chitosan
predominantly through the –NH2 group of chitosan, this
process results in the loss of 35 ∼ 40% of amino groups

[113], while the amino groups of chitosan are not appre-
ciably affected upon radiation induced crosslinking.
They proposed that the most important aspect of using
cross-linked chitosan for treating the wastewater con-
taining Cr (VI) is that the column can be easily regener-
ated and efficiently reused.
For chemical modification, the amine group at the C2

position and the hydroxyl groups at the C6 position are the
two main active sites [114, 115]. Chitin has been grafted
with polypyrrole, polyaniline, polyethyleneimine, cinnamal-
dehyde, and other compounds to improve its ability to ad-
sorb Cr (VI). Karthik Rathinam et al. [116, 117] modified
chitin with polypyrrole and polyaniline, and found that the
removal of Cr (VI) by polypyrrole-functionalized chitin
(PC) increased with decreasing pH. The removal of Cr (VI)
by the polyaniline-coated chitin (PCC), in contrast, was
mainly driven by electrostatic adsorption coupled reduc-
tion. Both of the materials could be reused for successive
adsorption cycles, which is a far more cost effective treat-
ment strategy. Liang et al. [118] synthesized chitin-based
adsorbent (QCP) by cross-linking quaternized chitin and
branched polyethylenimine with the aid of epichlorohydrin,
which possessed both quaternary ammonium groups and
amino groups. In addition, it has been confirmed that the
adsorption of Cr (VI) is carried out by the adsorption-
coupled reduction mechanism. The quaternary ammonium
groups and the protonated amino groups combine with the
Cr (VI) anions through electrostatic attractions, following
which the Cr (VI) is partially reduced to Cr (III) by the
amine groups and the hydroxyl groups. Sessarego et al.
[119] cross-linked chitosan with tetrakis (hydroxymethyl)
phosphonium sulfate (THPS), finding that phosphonium-
crosslinked chitosan (PCC) can be used in wastewater treat-
ment over a wider pH range than unmodified chitosan.
Khalil et al. [120] synthesized two functionalized chitosan
nanocomposities, chitosan-cinnamaldehyde (CTS-Cin) and
magnetic chitosan nanoparticles (Fe3O4@CTS-Cin), and
found that the adsorption of Cr (VI) onto the CTS-Cin and
Fe3O4@CTS-Cin had maximum adsorption capacities of
61.35mg/g and 58.14mg/g, respectively.
Some inorganic ingredients are also used for the modi-

fication of chitin and chitosan. Copello et al. prepared a
layered silicate-chitosan composite adsorbent by the
non-covalent immobilization method, which showed the
same retention capacity as chitosan as well as excellent
adsorption capacity for Cr (VI) [121]. Zhang et al. [122]
synthesized a novel hybrid functionalized chitosan-
Al2O3@SiO2 composite (FCAS) for the removal of Cr
(VI). Acidic conditions ranging from pH 2 to 6 were
conducive to Cr (VI) adsorption, where an adsorption
rate of about 80% was able to be achieved in only 10
min. Kousalya et al. prepared bio-inorganic composites
composed of nano-hydroxyapatite (n-HAp) with chitin
and chitosan [123]. The sorption capacities of n-HAp/

Fig. 6 Schematic representation of chitin and chitosan structure
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chitin (n-HApC) composite and n-HAp/chitosan (n-
HApCs) composite were found to be 2845 and 3450 mg/
kg, respectively, which were higher than the individual
components. In addition, it was found that the sorption
capacities of the composites were slightly influenced by
the pH of the medium and were highly selective in the
presence of co-ions. Moreover, these bio-composites are
biocompatible, efficient, and biodegradable, making
them a promising direction for chromium remediation.

4.5 Polypeptide
4.5.1 Characteristics
Amino acids containing carboxylate and amine groups
make heavy metal chelation possible [124]. The 20 com-
mon amino acids each have unique side chains which can
serve as effective metal binding sites [125]. For instance,
the thiol group of cysteine, the imidazole group of histi-
dine, and the carboxylate group of aspartate and glutam-
ate provide metal binding sites in proteins [126, 127]
(Fig. 7) [128]. These groups along with other amino acid
side-chain groups form a microenvironment around the
metal center where non-covalent or weak interactions can
be observed, such as hydrogen bonding, cation-π

interactions, or hydrophobic interactions [129]. Many
experiments have confirmed the effective adsorption
of these amino acid-modified adsorbents on chro-
mium, demonstrating that polypeptides made of
amino acids are natural biopolymers that can com-
plexate heavy metal ions [130–135]. Economically,
keratin and metallothionein are ideal natural chelating
agents for heavy metals due to their availability and
cost.

4.5.2 Keratin
Keratin is a type of fibrous protein which is rich in cyst-
eine residues and has abundant disulfide bonds. It con-
sists of parallel polypeptide chains in both α-helical and
β-sheet conformation, and is predominantly present in
feathers, animal claws and horns, wool, fingernails, and
hair [136]. Keratin is usually discarded as waste in vari-
ous industrial processes. However, a large number of
studies have demonstrated that keratin is a kind of nat-
ural biodegradable polymer with good mechanical prop-
erties, and have indicated that it also shows good
application prospects for the adsorption of chromium.

Fig. 7 Schematic representation of the common skeleton of a amino acid (top), the potential coordination modes between the skeleton and a
metal (middle) and the potential coordination modes between the side chains and a metal (bottom)
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Zhang et al. [137] compared the ability of four com-
mon waste keratin biofibers (human hair, dog hair,
chicken feathers, and degreased wool) to absorb heavy
metal ions from aqueous solutions. The results showed
that for multiple-metal systems consisting of a mixture
of eight metal ions [Cr (III), Mn (II), Co (II), Ni (II), Cu
(II), Zn (II), Cd (II), and Pb (II)], the total metal biosorp-
tion capacity of the keratin sources was degreased wool
> chicken feathers > human hair > dog hair. They pro-
posed that the keratin biofibers from wool and chicken
feathers were the more efficient sorbents of metal ions.
Further, Zhuang et al. [138] studied Cr (VI) adsorption
on a thermoplastic feather keratin film. It was found that
the best absorption capacity was 75.45 mg/g at 60 °C.
Gao et al. [139] used deposits produced from chicken
feathers after soluble keratin extraction for Cr (VI) ad-
sorption, observing that the monolayer biosorption cap-
acity for Cr (VI) was 21.35 mg/g at pH 6 with a 200 mg/
L initial concentration of Cr (VI) ions and at 30 °C.
Mondal et al. [140] examined the potential of human
hair for removal of Cr (VI) from aqueous solutions, and
revealed that its maximum adsorption capacity of Cr
(VI) was 9.852 mg/g at pH 1.0.
Furthermore, a number of researchers have focused on

the study of keratin-modified materials. Branisa et al.
[141] investigated the adsorption of Cr (III) on sheep
wool irradiated by an electron beam. It was confirmed
that the amino and hydroxyl ligands provided by differ-
ent chains were prerequisites for the formation of cross-
links, and that the chemisorption of Cr (III) is related to
the formation of complex chromate based on carboxyl-
ates and cysteinates. Saucedo et al. [142] used a porous
polyurethane-keratin hybrid membrane to remove Cr
(VI). Fourier-transform infrared analysis suggested that
the NH, C=O, S-S, and C-S functional groups of keratin
participated in the linking sorption of Cr (VI). Since the
pH of the keratin solution above the isoelectric point re-
sulted in higher adsorption of heavy metals, and lower
pH caused lower adsorptions, they indicated that the iso-
electric point of keratin was related to the adsorption
process. Aluigi et al. [143] prepared hydrolyzed keratin/
polyamide six blend nanofibres for the adsorption of Cr
(VI), and found the maximum adsorption capacity was
55.9 mg/g at acidic pH.

4.5.3 Metallothioneins
Metallothioneins are a group of cysteine-rich molecules,
containing a sequential and unique distribution of amino
acids (such as Cys-Xaa-Cys, Cys-Xaa-Xaa-Cys, and Cys-
Cys motifs, where Xaa represents another amino acid)
[144, 145]. In their reduced state, they provide thiols for
metal chelation [146]. A large number of researchers
have examined the binding mechanism of these proteins
to divalent heavy metals such as Cd, Cu, Hg, and Zn

[147–149]. Despite this, in terms of chromium adsorp-
tion, there are few related studies. Zhang et al. [150] re-
ported recombinant Saccharomyces cerevisiae expressing
metallothionein was able to effectively remove Cr (VI)
from solution. However, it remains to be seen whether
there is a metallothionein which can chelate with
chromium.

5 Conclusions
Cellulose, lignin, tannin, chitin, chitosan, and polypep-
tide exist in large quantities in nature, and have been ex-
tensively studied as adsorbents due to their availability,
low cost, and the ability to recycle the heavy metals
bound to these polymers. The presence of hydroxyl
groups on cellulose, phenolic hydroxyl, methoxyl, and
carbonyl groups on lignin, phenolic groups on tannin,
amino groups on chitosan, and various functional groups
on amino acid side chains leads to the adsorption cap-
acity for chromium to these materials. A large number
of investigations have indicated that the adsorption cap-
acity of these adsorbents for chromium is affected by a
series of factors such as pH, temperature, amount of ad-
sorbent, adsorption time, the concentration of chro-
mium, and the presence of other metal ions. Due to the
influence of the pH value in adsorption, comparing the
IR spectrum of the adsorbents before and after the ad-
sorption, the protonation and deprotonation processes
of the functional groups have been analyzed to infer the
mechanism of chromium adsorption, providing a pos-
sible basis for the study of adsorption mechanism of
chromium. In order to improve the adsorption capacity,
it has been found that it is imperative to modify these
biopolymers; these modifications include activated car-
bon preparation, resin preparation, chemical modifica-
tion, the introduction of inorganic compounds,
combined application of nanomaterials, and other ap-
proaches. Modification not only improves the chromium
adsorption capacity of the material, but also enhances
the mechanical strength and recyclability of the adsorb-
ent, enabling it to be used in site-based and large-scale
practical applications. Although many researchers have
tried to demonstrate the mechanism of chromium ad-
sorption, the exact binding mechanism between the
functional groups and metal ions is not clear due to the
generally high molecular weight and complex structure
of these biopolymers. Thus, further research is needed
to determine the exact mechanism of this interaction. By
optimizing the influencing parameters of different adsor-
bents and applying advanced chemical modification
technologyies, researchers have continuously developed
alternatives to commercial adsorbents, to achieve prac-
tical application of laboratory-scale novel materials with
advantages over the materials currently used.
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