
Adsorption of Hexavalent Chromium by Chitosan-Based
Polymeric Surfactants

Moo-Yeal Lee, Kyung-Jin Hong, Yoshitsune Shin-Ya, Toshio Kajiuchi

Department of International Development Engineering, Tokyo Institute of Technology, 2-12-1, Ookayama, Meguro-ku,
Tokyo 152-8552, Japan

Received 19 May 2004; accepted 16 August 2004
DOI 10.1002/app.21356
Published online 26 January 2005 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: Chitosan-based polymeric surfactants (CBPSs)
were prepared by the partial N-acylation of amine groups on
chitosan with acid anhydrides. To apply the CBPSs for the
removal of Cr(VI) commonly found in wastewater, a batch
test was conducted to evaluate the adsorption capacity. The
removal efficiency of Cr(VI) by the CBPS depended on sev-
eral factors, including the solution pH, CBPS dose, and ionic
strength. Our results show that the CBPSs exhibited a
greater adsorption capacity for Cr(VI) than have other mod-
ified chitosans reported in the literature. The maximum
adsorption capacity of Cr(VI) was 180 mg/g of CBPS at a

final pH of 5.3. From the results of dynamic light scattering,
we propose that the removal mechanism of Cr(VI) by the
CBPSs was mainly through the adsorption of negatively
charged chromium ions by positively charged amine groups
on the CBPSs followed by colloidal precipitation because of
its lower solubility. Conclusively, we found that the CBPS
was significantly effective for the removal of Cr(VI). © 2005
Wiley Periodicals, Inc. J Appl Polym Sci 96: 44–50, 2005
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INTRODUCTION

Hexavalent chromium is widely used in electroplat-
ing, leather tanning, and metallurgy and as a corro-
sion control agent. In general, Cr(VI) exists in aqueous
solution as oxyanions such as Cr2O7

2�, HCr2O7
�,

HCrO4
�, and CrO4

2�.1 Because these ions are toxic,
carcinogenic, mutagenic, and teratogenic through der-
mal and oral exposure,2–5 they can be major pollutants
in the waste streams from these industries. Thus, the
removal of Cr(VI) in wastewater is of significant im-
portance from an environmental viewpoint. Conven-
tional methods for the removal of Cr(VI) include
chemical precipitation, redox reaction, mechanical fil-
tration, membrane separation, ion exchange, and ad-
sorption.6–9 In recent years, biosorption has received
increasing attention as an effective and environmen-
tally friendly treatment method for the reduction of
Cr(VI) pollution in industrial effluents.10,11

Chitosan, poly(1-4)-d-glucosamine, is a deacety-
lated material of chitin that can be obtained in large
quantities from the shells of shrimp and crabs. In
practice, chitosan is the second most abundant poly-
saccharide in the world and has not been fully used as
yet. The advantages of this polymer include low cost,
availability, biodegradability, low toxicity, and high

biocompatibility. It has been documented that chi-
tosan exhibits a high adsorption capacity for heavy
metal in wastewater because its amine and acetamido
groups are nonspecific binding sites.12,13 It has again
been reported that chitosan needs further modification
to facilitate mass transfer and to expose the active
binding sites for the improvement of adsorption ca-
pacity.11,14 In consequence, several researchers have
attempted to modify chitosan and have produced
functionalized chitosan sorbents, such as porous chi-
tosan beads,15 crosslinked chitosan beads,16 chitosan
azacrown ether,17,18 grafted chitosan,19 chitosan res-
in,20 and chitosan coated onto ceramic alumina,21

which have showed a remarkable increase in adsorp-
tion capacity compared to untreated chitosan.

Hence, in this study, we attempted to prepare chi-
tosan-based polymeric surfactants (CBPSs) as a new
modified chitosan sorbent. The CBPSs, possessing both
hydrophilic groups (ONH2 and OOH) and hydropho-
bic groups (substituted alkyl chains), was expected to
behave as a polymeric surfactant. The objective of this
study was to evaluate the feasibility of the CBPSs for the
removal of Cr(VI) in synthetic wastewater. The ability of
the CBPSs to remove Cr(VI) was investigated under
various reaction conditions, including solution pH, chro-
mium concentration, CBPS dose, and ionic strength.

EXPERIMENTAL

Materials

Chitosan 10 (molecular weight � 60 � 103; 80%
deacetylated) was purchased from Wako Chemical
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Industries (Osaka, Japan) and was used without fur-
ther purification. Acid anhydrides, such as hexanoic
(C6), lauric (C12), and palmitic anhydrides (C16) (Al-
drich, Milwaukee, WI), were chosen as alkyl groups
for the synthesis of the CBPSs. The Cr(VI) stock solu-
tion was prepared in distilled water with potassium
dichromate (K2Cr2O7) and was used as a synthetic
wastewater. All of the other chemicals were of the
highest purity available.

Synthesis of the CBPSs

Scheme 1 illustrates the selective N-acylation pro-
posed for the synthesis of the CBPSs with acid anhy-
drides. Chitosan 10 (4 g) was dissolved in 60 mL of
20% (v/v) aqueous acetic acid solution, and the mix-
ture was mechanically stirred and then diluted with
400 mL of methanol. Each molar equivalent (0.1 and
0.2) of acid anhydride to one glucosamine residue was
dissolved in 200 mL of methanol and then added to
the chitosan solution. The mixture was agitated over-
night at room temperature and then mixed vigorously
with 1000 mL of acetone. Afterward, the CBPS was
precipitated by centrifugation and sequentially
washed three times with acetone and diethyl ether to
remove water and unreacted reagent. The CBPS was
freeze-dried before it was used for the subsequent
experiment.

Solubility and surface tension of the CBPSs

To determine the solubility of the CBPSs, the pH of the
CBPS solution (1 g/L) was adjusted with HCl,
CH3COOH, and NaOH to various pH values. The
change in optical density by the flocculation of the
CBPS was analyzed at 660 nm with an ultraviolet
spectrophotometer (U-3210, Hitachi High-Technolo-
gies Co., Tokyo).

Surface tension was determined by the plate
method with a tensiometer (CBVP-A3, Kyowa
Kaimenkagaku, Tokyo). Each 50 mL of the CBPS so-
lution (0.25–4 g/L) was agitated for 72 h at pH 5.0 and
centrifuged at 15,000 rpm for 10 min to remove impu-
rities. Each supernatant was added in a dish, and
suction of the equilibrated surface was done before the

measurements were performed. The surface tension
was obtained at a constant temperature (25°C) after
the reequilibration of the surface for at least 1 h. The
measurements were repeated three times, and the re-
spective mean value was taken.

Adsorption of Cr(VI) by the CBPSs

Batch tests were conducted to investigate the effective-
ness of the CBPSs in the removal of Cr(VI). For the
study of pH effect, 15 mL of the CBPS (10 g/L) were
added to vials containing 15 mL of the Cr(VI) solution
(100 mg/L). The pH values of the solutions were
adjusted with HNO3 or NaOH in pH ranges from 2.0
to 12.0, and the vials were placed on a stirrer for 24 h.
Thereafter, the mixtures were transferred into a dial-
ysis membrane (molecular weight cutoff � 6000–8000,
Spectrum Laboratories, Inc., Rancho Dominguez, CA),
and the outer membrane was filled with 120 mL of
chromium-free distilled water. The samples were
placed on a stirrer for 48 h, and then, the solutions
retained in outer membrane were collected for the
analysis of the residual content of chromium. The
concentration of chromium was determined by induc-
tively coupled plasma spectrometry (SPS 7000, Seiko
Instruments, Inc., Chiba, Japan). In addition, chitosan
was prepared in the same way and compared with the
result of Cr(VI) removal by the CBPSs.

The equilibrium adsorption isotherm of the CBPSs
(10 g/L) was determined by contact with various con-
centrations of Cr(VI) solution (100–4000 mg/L) at pH
5.0. After they were stirred for 24 h, the samples were
transferred into the dialysis membrane. Afterward,
the previous procedure was followed. The removal
efficiency of Cr(VI) was also evaluated with different
CBPS doses (1–30 g/L). The CBPS was added to the
Cr(VI) solution (3000 mg/L) at pH 5.0, and then, the
solution was shaken for 24 h. Thereafter, the samples
were transferred into the dialysis membrane. A simi-
lar experiment was also carried out to study the effect
of ionic strength on the Cr(VI) removal by CBPS (10
g/L). The ionic strength was adjusted with NaCl at pH
5.0. Afterward, the same procedure as discussed pre-
viously was followed for each experiment. All of the

Scheme 1 Synthesis of the CBPS through the N-acylation of chitosan with an acid anhydride.
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experiments were performed at room temperature,
and the samples were prepared in duplicate.

Dynamic light scattering (DLS) measurements

During the adsorption of Cr(VI) by the CBPS, the
change in colloid diameter was characterized with a
DLS spectrophotometer (DLS-7000, Otsuka Electron-
ics Co., Osaka, Japan). The system consisted of a
10-mW He–Ne laser operating at a wavelength of 633
nm and a detector for photon counting. Each 25 mL of
the CBPS solution (10 g/L) was added to a 100-mL
flask containing 25 mL of Cr(VI) solution (400 mg/L)
at pH 5.0, and then, the mixture was agitated on a
stirrer for 24 h. Thereafter, the solution was centri-
fuged at 3000 rpm for 5 min to remove large precipi-
tates, and the supernatant was collected for DLS anal-
ysis. All of the measurements were carried out at an
observation angle of 90°, and autocorrelation decay
curves were analyzed by standard histogram methods
(Marquadt analysis). The light-scattering data gave
results for the equivalent hydrodynamic diameter (ef-
fective range � 3 nm–3 �m), obtained from the Stokes–
Einstein equation. A liquid sample cell with a path
length of 12 mm was used, and all of the measure-
ments were conducted at a constant temperature
(25°C).

RESULTS AND DISCUSSION

Properties of the CBPSs

To prepare a CBPS possessing hydrophilic groups
(ONH2 and OOH) and hydrophobic groups
(OCH2O and OCH3), the amine groups on chitosan

were partially acylated with different carbon lengths
of acid anhydrides. The degree of substitution on the
CBPS was expressed as the initial monomolar ratio of
acid anhydride to NH2 on a repeating unit of chitosan.
Thus, CBPS10–C16,0.2 was chitosan 10 modified with
palmitic (C16) anhydride at an initial monomolar ratio
of 0.2. The solubility of the CBPS and chitosan was
measured at different pH values (Fig. 1). CBPS and
chitosan abruptly started to precipitate at pH values
above 6.5 because of a lack of protonated amine
groups (ONH3

�), but most of those were dissolved
under pH 6.0. In addition, CBPS10–C16,0.2 included a
very small colloid-like emulsion, so it was slightly
unclear even at pH 6.0.

The surface tensions of the CBPSs and chitosan are
shown in Figure 2. The surface tension of CBPS10–
C16,0.2 decreased with increasing concentration,
whereas there was no significant change in the surface
tensions of CBPS10–C12,0.2 and chitosan. Among the
samples tested in this study, CBPS10–C16,0.2 showed
the lowest surface tension. It was, therefore, reason-
able to assume that CBPS10–C16,0.2 was concentrated at
the air–water interface and presumably formed mi-
celles in the solution like polymeric surfactants do.

Equilibrium time in the dialysis membrane
operation

The permeation of free Cr(VI) ions not adsorbed to the
CBPS through the dialysis membrane was investi-
gated as a function of time at pH 6.0 (Fig. 3). The result
indicated that free Cr(VI) ions were rapidly permeated
through the dialysis membrane, and more than 90% of
those were permeated within 24 h. During the dialy-
sis, the color of the inner membrane solution was

Figure 1 Optical density (OD) of chitosan in (F)
CH3COOH and (E) NaOH solutions and of CBPS10–C16,0.2
in (�) HCl and (ƒ) NaOH solutions.

Figure 2 Surface tension of (F) chitosan, (E) CBPS10–
C12,0.2, and (�) CBPS10–C16,0.2 in aqueous solutions at pH 5.0
as a function of their concentrations.
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yellowish brown and that of outer membrane solution
had not changed significantly. The adsorbed amount
of Cr(VI) to the CBPS (Qe) was obtained as follows:

Qe � �CiVi � CV�/W (1)

where Ci is the initial Cr(VI) concentration (mg/L) in
the inner membrane solution, C is the equilibrium
Cr(VI) concentration (mg/L) in the outer membrane
solution, Vi is the volume of inner membrane solution
(L), V is the total volume of solution (L), and W is the
amount of CBPS used (g). We assumed that the con-
centration of free Cr(VI) ions in the inner membrane
solution was identical with that of the Cr(VI) ions in
the outer membrane solution at equilibrium state. On
the basis of the previous observations, an equilibrium
permeation time of 48 h was used for further experi-
ments.

Effect of the solution pH

Figure 4 illustrates the optimum range of pH for the
maximum removal of Cr(VI) by the CBPS. It was
shown that the removal efficiency of Cr(VI) by the
CBPS was dependent on pH, whereas that of Cr(VI)
without a CBPS (as a blank) was constant in various
pH ranges. Hexavalent chromium uptake by CBPS10–
C16,0.2 increased as the pH increased from 2.0 to 5.5,
and then, a pH optimum was observed around pH 6.
However, chitosan did not show a unique pH opti-
mum (data not shown). At pH 8.0, the removal of
Cr(VI) by CBPS10–C16,0.2 was only 12.1% compared to
a 65.6% removal observed at pH 5.5. It was remarkable
that there was a greater decrease in the Cr(VI) removal

by the CBPS at pH � 7 compared to the blank. These
results could be attributed to the change of NH2 on the
CBPS to NH3

�. With the amine group on chitosan
monomer represented as RONH2, it is known that
NH2 on a CBPS may react with H� ions, and the
dissociation equation could be represented by the fol-
lowing:

RONH2 � H3O� t RONH3
� � H2O (2)

Because the protonation constant (pKa) of the amine
group is 6.3, we calculated that the extent of protona-
tion was 9, 50, 91, and 99% at pH values of 7.3, 6.3, 5.3,
and 4.3, respectively. However, Cr(VI) exists in several
stable forms in aqueous solution, including Cr2O7

2�,
HCr2O7

�, HCrO4
�, and CrO4

2�, and the relative abun-
dance of any particular species is dependent on the
Cr(VI) concentration and pH (Fig. 5). Because the
CBPS was positively charged below pKa, theoretically,
Cr(VI) ions could have electrostatically interacted with
NH3

� groups at pH � 6.3 and formed complexes with
NH3

� on the CBPS. As the solution pH increased, the
CBPS underwent deprotonation, and the removal ef-
ficiency decreased. Accordingly, the removal of Cr(VI)
by the CBPS significantly increased at pH � pKa. The
experimentally observed steep decrease in Cr(VI) re-
moval could be explained by rapid changes in the
protonated and deprotonated forms of the amine
groups on the CBPS. However, it was still unclear why
the CBPS showed a pH optimum for the removal of
Cr(VI). We, thus, attempted to explain this phenome-
non through subsequent experiments by measuring
the equilibrium adsorption isotherm and with DLS.

Figure 3 Permeation time of free Cr(VI) ions not adsorbed
to the CBPS through the dialysis membrane (initial condi-
tions: 100 mg of Cr(VI)/L and 5 g of CBPS10–C16,0.2/L at pH
6.0).

Figure 4 Effect of the solution pH on the removal of Cr(VI)
by (F) CBPS10–C6,0.2, (E) CBPS10–C12,0.2, (�) CBPS10–C16,0.2,
and (ƒ) the blank (initial conditions: 100 mg of Cr(VI)/L and
5 g of each chitosan sample/L).
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Effect of the Cr(VI) concentration

The equilibrium adsorption isotherm for Cr(VI) by the
CBPS and chitosan is described in Figure 6. The result
implied that the adsorption increased with increasing
equilibrium concentration of Cr(VI). In comparison
with chitosan, the CBPS was considered to be more
suitable to adsorb Cr(VI) in aqueous solution, espe-

cially at low concentrations of Cr(VI). For examples,
CBPS10–C16,0.2 (g/L) reduced the Cr(VI) concentration
from 100 mg/L to below 22 mg/L, whereas chitosan
(g/L) only reduce it down to 78 mg/L. As a result, the
adsorption capacity of CBPS10–C16,0.2 was 180 mg of
Cr(VI)/g at a final pH of 5.3. The maximum amounts
of Cr(VI) adsorbed per unit mass of sorbent reported
in the literature are 27 mg for chitosan;12 51 mg for
NI(II) imprinted chitosan resin;20 50 and 78 mg for
noncrosslinked chitosan and crosslinked chitosan, re-
spectively;22 and 153.8 mg for ceramic aluminum
coated chitosan.21 The value reported here for the
CBPS was considerably greater than those reported
elsewhere, indicating that the CBPS led to an enhance-
ment in adsorption capacity for Cr(VI). In addition,
the experimental data on Cr(VI) adsorption by the
CBPS did not fit into the linear form of the Langmuir
and Freundlich relationships (data not shown). It was,
therefore, reasonable to assume that the removal
mechanism of Cr(VI) by the CBPS was not a simple
adsorption process.

A major removal mechanism was considered to be
an electrostatic interaction between negatively
charged chromium ions and positively charged amine
groups on the CBPS. To investigate whether the CBPS
made colloidal precipitates in the solution after com-
plexing with Cr(VI), DLS analysis was performed (Fig.
7). The results show that the CBPS was easily precip-
itated and formed colloids after complexing with
Cr(VI) at pH 5.0, presumably because of its increased
hydrophobicity by modification, whereas chitosan

Figure 5 Chemical equilibrium speciation of Cr(VI) com-
puted by MINTEQA2/PRODEFA2.

Figure 6 Maximum adsorption of Cr(VI) by (F) chitosan,
(E) CBPS10–C12,0.2, and (�) CBPS10–C16,0.2 (initial conditions:
100–4000 mg of Cr(VI)/L and 10 g of each chitosan sam-
ple/L at pH 5.0).

Figure 7 Hydrodynamic diameters of (A) chitosan, (B)
CBPS10–C12,0.2, and (C) CBPS10–C16,0.2 found by DLS analy-
sis: 10 g of each chitosan sample/L (F) before and (E) after
contact with 400 mg of Cr(VI)/L at an initial pH of 5.0.

48 LEE ET AL.



was not precipitated. CBPS10–C16,0.2, a partially mod-
ified chitosan with a palmitic anhydride, was the most
hydrophobic among the tested samples. Interestingly,
CBPS10–C16,0.2, with a longer alkyl chain, was precip-
itated more easily and made bigger colloids. In addi-
tion, the CBPS and chitosan were more easily precip-
itated at higher pH values (Table I). We, therefore,
propose that the removal of Cr(VI) by CBPS was
mainly due to the adsorption of HCrO4

� by NH3
� on

the CBPS followed by its colloidal precipitation due to
its lower solubility through a deficiency of protonated
amine groups, which can be described as follows:

CBPSONH3
� � HCrO4

�

3 CBPSONH3
�OHCrO4

�2 (pH 5–6) (3)

It is clear that this is the reason the CBPS with a longer
alkyl chain showed a higher removal efficiency of
Cr(VI) at the pH optimum. In addition, the reason the
CBPS showed a lower removal efficiency at pH 2–4 is
presumably because of too many H� ions, which
eventually hindered the complexation between CBPS–
NH3

� and HCrO4
�.

Effect of the CBPS dose and ionic strength

When liquid waste is treated in a waste treatment
plant, the amounts of adsorbent, which have to be
added to remove metal ions, seem to be important
from an economical aspect. Thus, the effect of the
CBPS concentration on Cr(VI) removal was investi-
gated (Fig. 8). It was observed that the residual con-
centration of Cr(VI) dramatically decreased with in-
creasing initial concentration of CBPS. This was due to
an increase in NH3

� groups, which led to a complex-
ation between CBPS–NH3

� and Cr(VI), and subse-
quently, precipitated in the solutions.

Because wastewaters contain various kinds of ions,
the influence of ionic strength on Cr(VI) removal by
the CBPS was studied. The result indicate that when
the ionic strength was increased up to 0.5M, there was
a decrease in the removal efficiency, whereas there
were negligible changes at over 0.5M (Fig. 9). If the
dominant mechanism of Cr(VI) removal was adsorp-

tion between negatively charged chromium ions and
positively charged amine groups on the CBPS, the
ionic strength had a large effect on the adsorption
capacity because electrostatic attraction is very impor-
tant.23,24 In principle, variations in background elec-
trolyte concentrations remarkably influence the sor-
bate–sorbent interactions involving the electrostatic
attraction. The fact implies that an increase in the ionic
strength not only decreased the ion activity of chro-
mium ions but also increased the concentration of
competitive chloride anions. If the change in ionic
strength does not have any appreciable effect on
Cr(VI) removal, this indicates that Cr(VI) removal by
the sorbent is mainly through covalent binding or
precipitation. Our results imply that the CBPS became
less effective in removing Cr(VI) in the presence of
very high sodium chloride concentrations. However,
the CBPS still had a marked tendency to form com-
plexes with Cr(VI), leading to the formation of col-
loids, which caused the CBPS to have a greater ad-
sorption capacity in higher salt solutions.

TABLE I
Hydrodynamic Diameters (nm) of Chitosan, CBPS10–C12,0.2, and CBPS10–C16,0.2

During the Adsorption of Cr(VI) (200 mg/L)

Sample

pH

3.0 4.0 5.0 6.0

Chitosan 1.4 � 0.6 1.4 � 0.7 1.4 � 0.6 157 � 98
CBPS10–C12,0.2 1.4 � 0.6 1.3 � 0.6 5.4 � 1.1 1165 � 298
CBPS10–C16,0.2 567 � 167 602 � 152 618 � 159 7485 � 1203

With chitosan, no precipitation occurred. With CBPS10–C12,0.2 and CBPS10–C16,0.2, pre-
cipitation occurred at pH values above 5.0.

Figure 8 Effect of (F) chitosan, (E) CBPS10–C12,0.2, and (�)
CBPS10–C16,0.2 doses on the removal of Cr(VI) (initial con-
ditions: 3000 mg of Cr(VI)/L and 1–30 g of each chitosan
sample/L at pH 5.0).
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CONCLUSIONS

CBPSs were synthesized by partial N-acylation of
amine groups on chitosan. Because of their hydropho-
bic characteristics, the CBPSs had a tendency to form
intrapolymer aggregations like a polymeric surfactant.
In this study, an adsorption process with the CBPS
was considered as an alternative to conventional
methods to treat wastewater contaminated with
Cr(VI). The removal efficiency of Cr(VI) by the CBPSs
significantly depended on pH and changed remark-
ably at a pH optimum around 6. Moreover, the CBPS
exhibited a distinctly higher removal efficiency of
Cr(VI) than chitosan. The dominant removal mecha-
nism of Cr(VI) by CBPS appeared to be adsorption by
electrostatic attraction followed by colloidal precipita-
tion. Among the CBPS samples, CBPS10–C16,0.2 was the

most effective in the removal of Cr(VI) because of its
higher hydrophobicity, which led to increased colloi-
dal precipitation. Our results indicate that CBPSs are
applicable as novel sorbents for the removal of Cr(VI)
in wastewater.
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