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a b s t r a c t

Nanoscale zero-valent iron (NZVI) was successfully entrapped in chitosan (CS) beads for reduction of
Cr (VI) from wastewater. The removal mechanism may include both physical adsorption of Cr (VI) on
the surface or inside of CS-NZVI beads and subsequent reduction of Cr (VI) to Cr (III). The free amino
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groups and hydroxyl groups on CS may contribute little to hinder the formation of Fe(III)–Cr(III) precip-
itate. Entrapment of NZVI in CS beads prevents the particles from aggregation and oxidation. The results
indicate that there is no significant difference between the reaction rates of bare NZVI and entrapped
NZVI. Cr (VI) reduction kinetics follows a pseudo-first-order rate expression. The reduction capacity for
Cr (VI) increases with increasing temperature and NZVI dosage but decreases with the increase in initial
concentration of Cr (VI) and pH values. This study demonstrates that entrapment of NZVI in CS beads has

prom
exavalent chromium the potential to become a

. Introduction

Chromium is a potential carcinogen and often causes both short
erm and long term adverse effects to humans, animals, and plants
1]. Chromium is widely detected in surface water and groundwa-
er, and its levels in some wastewater are higher than the action
evel of 0.1 mg/L [2]. Chromium in natural water exists in two sta-
le states, hexavalent [Cr (VI)] and trivalent [Cr (III)]. Cr (VI) species
uch as chromate (CrO4

2−, HCrO4
−) and dichromate (Cr2O7

2−) are
ighly soluble and mobile in aqueous solution and are of great
nvironmental concern.

In recent years, nanoscale zero-valent iron (NZVI) has been
sed for the removal of various wastewater contaminants includ-

ng nitrate [3], chlorinated compounds [4], heavy metals [5,6],
nd so on. However, the agglomeration, oxidation by non-target
ompounds and higher mobility in the aqueous solution are the
ajor challenges for NZVI use in environmental remediation [7].

o overcome these problems, NZVI has been modified using surface
tabilisers such as Tween-20 [8], oil [9], noble metals [10], starch
11], guar gum [12], and chitosan [13]. Sodium carboxymethyl cel-
ulose, polyacrylic acid, and hydrophilic carbon have been used to

mprove the transport of NZVI in soil [14]. In order to enhance
he stability in the air, NZVI was supported on PolyFlo resin [15].
ecently, NZVI particles were effectively entrapped in calcium algi-
ate beads without significant reduction in their reactivity [16].

∗ Corresponding author. Tel.: +86 22 27405495; fax: +86 22 27405495.
E-mail address: zhaolin@tju.edu.cn (L. Zhao).

304-3894/$ – see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All ri
oi:10.1016/j.jhazmat.2010.08.099
ising technique for in situ groundwater remediation.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

Entrapment of NZVI in porous beads will be a promising technol-
ogy in the application of NZVI particles. This study presents work
to entrap NZVI in a porous polymer.

Chitosan (CS) is a reproducible resource and environmental
friendly material which can be completely degraded by the chitosan
enzyme, bacteriolysis enzyme and animalcule [17]. Particularly,
chitosan, a derivative from N-deacetylation of chitin, has been
found to be capable of chemically or physically adsorbing various
heavy metal ions [18]. Previous investigations have demonstrated
that chitosan dydrogel beads are porous and stable in aqueous
phase, and effective to remove copper, mercury ions, and chromium
[19,20]. However, there are scarce studies of reduction of Cr (VI)
using entrapment of nanoscale zero-valent iron in CS beads (CS-
NZVI beads).

The goal of this study is to prepare a new class of CS-NZVI beads
for the remediation of Cr (VI) in wastewater. The main objectives
are to: (1) synthesize and characterize CS-NZVI beads, (2) test the
role of chitosan in Cr (VI) reduction by CS-NZVI beads, as well as ele-
mental composition of final products, and (3) evaluate the influence
of different factors on the Cr (VI) removal by CS-NZVI beads.

2. Materials and methods

2.1. Chemicals and materials
Chitosan flakes (85% deacetylated) and cellulose power (20 �m)
were purchased from Sigma Co. NZVI particles with a mean diam-
eter of 65.3 nm were purchased from Nanjing Emperor Nano
Material Co. Ltd. Cr (VI) standard solution (20 mg/L), anhydrous

ghts reserved.
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ig. 1. The size and morphology of CS-NZVI beads was analyzed. (a) The macroscop
bout 3.1 mm in wet; (c) SEM image of the wet beads. The section was taken throu
agnification of SEM image of (c) bead in dry; (f) X-ray element map of Fe in the

egend, the reader is referred to the web version of this article.)

thanol and HCl were provided by First Chemical Reagent Manufac-
ory (Tianjin, China). All other chemicals were of analytical grade
urity. Deionised (DI) water was used to prepare all solutions.

.2. Preparation of CS-NZVI beads

CS-NZVI beads were prepared according to the procedures

escribed in detail elsewhere [19]. Briefly, chitosan flake (1.0 g) was
issolved in 100 mL 1.0% (v/v) acetic acid solution at 60 ◦C. As the
hitosan solution was cooled down to 20 ◦C, a 0.5 g amount of NZVI
as gently added into the solution. Then, the mixture was promptly
ropped into a 2 M NaOH solution to form CS-NZVI beads. The beads
e of CS-NZVI beads; (b) the CS-NZVI beads were uniform and the size of a bead was
e center of the bead: (d) higher magnification of SEM image of (c) bead; (e) higher
of (c) in the red frame. (For interpretation of the references to color in this figure

were retained in the deoxygenated NaOH solution for 24 h for hard-
ening and then washed with deionised water. The whole process
was carried out in a nitrogen atmosphere.

2.3. NZVI characterization and analytical methods

The size distribution of CS-NZVI beads was measured visu-

ally with a ruler. The morphological analysis of the beads was
performed using a scanning electron microscope (SEM) with
energy-dispersive X-ray (EDS) detection (SEM/EDS, Philips XL-30
TMP). A little part in the center of the bead was used for the anal-
ysis of X-ray element map of Fe. Fourier transform infrared (FTIR)
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Fig. 2. FTIR spectra for the CS-NZVI beads before and after Cr (VI) reduction: (a)
26 T. Liu et al. / Journal of Hazard

pectra for the CS-NZVI beads before and after their exposure to Cr
VI) were obtained using a Nexus FTIR spectroscopy. The CS-NZVI
amples were also used to the X-ray photoelectron spectroscope
nalysis (XPS).

Total chromium was measured using inductively coupled
ir-acetylene flame atomic emission spectrometry (AAF-AES)
WFX-130, BJR Co.). The concentration of Cr (VI) in the solution
as determined using a UV/visible spectrophotometer and by the
iphenylcarbazine method [15].

.4. Cr (VI) removal experiments

Batch experiments for removal of Cr (VI) in water were carried
ut in polytetrafluoro ethylene bottles at atmospheric pressure. To
ach bottle, 100 mL Cr (VI) (20 mg/L) solution and CS-NZVI beads
entrapped NZVI by 100 mL mixture of chitosan and acetic acid)
ere added. Sampling was made at certain time-interval and the

amples were filtered through a 0.22 �m filter. All experiments
ere performed in duplicate.

. Results and discussion

.1. SEM characterization

Fig. 1(a) and (b) shows that CS-NZVI beads are nearly spherical
n shape and uniform in size with a mean diameter of 3.1 mm. CS-
ZVI beads are black because of entrapment of NZVI particles in CS
eads. Fig. 1(c) reveals that CS-NZVI beads are macroporous and the
ore sizes in the CS-NZVI beads are heterogeneous because reaction
etween NaOH and acetic acid is not uniform throughout the beads.
nalysis of SEM images (Fig. 1(c) and (d)) indicates that the pore
ize ranges from 9.5 to 108.8 �m with an average aperture size of
round 28.6 �m. Guo et al. reported the pore size on the surfaces of
S beads to be 4.9–15.8 �m [21]. The pore size of the CS-NZVI beads

n this work is bigger than that of the CS beads. The bigger pore size
n the CS-NZVI beads facilitates the mass transfer between these
eads and wastewater. The higher magnification of SEM image of
S-NZVI beads in dry form (Fig. 1(e)) shows that the pore size of
he dry beads becomes smaller than that of the wet beads.

X-ray element map of Fe (Fig. 1(f)) shows that NZVI particles
re uniformly distributed in the CS-NZVI beads. It suggests that
ntrapment of NZVI in CS beads can prevent the particles from
ggregation. However, Bezbaruah et al. reported high agglomer-
tion of NZVI in parts of the alginate beads [16]. Further, NZVI
articles in the CS beads are not oxidised by oxygen or ignite
pontaneously when directly exposed to air. It is believed that in
S-NZVI beads system, NZVI particles are better protected by chi-
osan and oxidation is hindered. Incorporating of amino groups on
he chitosan to iron nanoparticles can enhance the stability of the
anoparticles [13].

.2. Removal mechanism of Cr (VI) by CS-NZVI beads

The removal mechanism of Cr (VI) by CS-NZVI beads can be out-
ined as in Scheme 1. Because of the free amino groups and hydroxyl
roups exposed in chitosan, Cr (VI) can be easily accumulated on
he surface or inside of the CS-NZVI beads when the CS-NZVI beads
ere exposed to the solution of CrO4

2−. Most of CrO4
2− ions entered

he CS-NZVI beads a few minutes later, and then reacted with NZVI.
he enrichment of Cr (VI) facilitates the reaction between NZVI and
r (VI). This ion was quickly reduced to Cr (III) and Fe (III) was
ormed on the surface of NZVI particles.
To identify possible interactions between CS-NZVI beads and

r (VI), FTIR spectra were obtained for the CS-NZVI beads before
nd after the beads were exposed to Cr (VI) and the results were
hown in Fig. 2. The characteristic peaks at 1631 and 3426 cm−1
before Cr (VI) reduction and (b) after Cr (VI) reduction. Initial Cr (VI) concentration:
20 mg/L; the concentration of NZVI in CS-NZVI: 5.0 g/L; pH: 6.4; temperature: 20 ◦C.

for chitosan (Fig. 2 (a)) are contributed to the N–H and O–H bend-
ing vibration [22], respectively, indicating the existence of amide
(II) and hydroxyl groups in chitosan. After Cr (VI) reduction, the
FTIR spectrum for CS-NZVI beads in Fig. 2(b) showed a shift of the
peak at 1631–1638 and 3426–3437 cm−1. The results indicate that
the functional groups of amide (II) and hydroxyl groups may par-
ticipate in the Cr (VI) removal process. Cr (VI) can be removed by
three forms of chitosan (flakes, beads, and modified beads obtained
by glutaraldehyde cross-linking) [23]. The amide (II) and hydroxyl
groups of chitosan are the main binding sites for the heavy metal
ions [19,24]. The amide (II) and hydroxyl groups of chitosan have a
high sorption capacity for Cr (VI) [25]. Hence, it is reasonably pro-
posed that chitosan can enrich Cr (VI) on the surface or inside of the
CS-NZVI beads. The enrichment of Cr (VI) contributes immensely
to the contact and interaction between Cr (VI) and NZVI due to the
macroporous structure of the beads. Therefore, the FTIR spectra in
Fig. 2 clearly support the removal mechanism given in Scheme 1.

XPS was employed to test the elemental composition of final
products and the results are presented in Figs. 3–5. Fig. 3 shows the
typical wide scan XPS spectra for the CS-NZVI beads before and after
Cr (VI) reduction. It is clear that a new peak at the banding energy
(BE) about 580 eV appeared after Cr (VI) reduction. The presence of

the band was designated to the photoelectron peak of chromium
and indicated the uptake of chromium on the surface of CS-NZVI
beads.
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cheme 1. Schematic diagram showing the removal mechanism of Cr (VI) by CS-NZV
n chitosan are exposed on the surface of CS-NZVI beads. (II) Cr (VI) was easily accumu
o the solution of CrO4

2− . (III) Most of CrO4
2− ions entered the CS-NZVI beads a few

appened quickly and Cr (VI) is reduced to Cr (III) and Fe (III) is the predominant sp

Detailed XPS surveys on the region of Fe2p and Cr2p are pre-
ented in Fig. 4. Photoelectron peaks at 710.8 and 724.5 eV (Fig. 4
a)) correspond to the binding energies of 2p3/2 and 2p1/2 of oxi-
ised iron [Fe (III)]. The peak at 706.5 eV which can be assigned to
e0 [26] is not observed in this work. It signifies that extensive oxi-
ation of iron happens on the surface of NZVI and little Fe0 is left.
anning et al. and Melitas et al. reported that the oxide of iron on

ron surface was �-FeOOH or ˛-FeOOH [27,28]. The photoelectron
eaks for Cr2p3/2 and Cr2p1/2 center at 576.8 and 586.4 eV (Fig. 4(b))
nd have binding energies and line structures similar to those of Cr

III) [29]. The XPS results suggest that the reduction of Cr (VI) to Cr
III) is complete in less than 1 h.

Fig. 5 shows the detailed XPS N1s spectra for CS-NZVI beads
efore and after Cr (VI) reduction. It is observed that, before Cr (VI)
eduction, there is only one peak at a BE of 398.8 eV (Fig. 5(a)),

ig. 3. Typical wide scan XPS spectra for the CS-NZVI beads before and after Cr
VI) reduction: (a) before Cr (VI) reduction and (b) after Cr (VI) reduction. Initial Cr
VI) concentration: 20 mg/L; the concentration of NZVI in CS-NZVI: 5.0 g/L; pH: 6.4;
emperature: 20 ◦C.
he fresh CS-NZVI beads were prepared. The free amino groups and hydroxyl groups
on the surface or inside of the CS-NZVI beads when the CS-NZVI beads were exposed
es later, and then reacted with NZVI. (IV) The reaction “Fe + Cr(VI) → Fe(III) + Cr(III)”
on the surface of the NZVI particles.

which could be assigned to the nitrogen atoms in –NH2, but a new
peak at BE of 397.0 eV appeared after Cr (VI) reduction (Fig. 5(b)).
The new peak at a BE of 397.0 eV can be attributed to the forma-
tion of metal–NH2 complexes (both Fe (III) and Cr (III)), but the
intensity of this peak is observed to be very small, indicating that
the amount of metal–NH2 complex, if any, is very limited. Other
researchers reported that the presence of the –NH2 and –OH groups
on the chitosan surface are behaved either as a mono- or biden-
tate ligands to coordinate with Fe (III) and Cr (III) [30–31]. The
coordinating capability can hinder the formation of Fe(III)–Cr(III)
precipitate [13]. However, it is found that the metal–NH2 complex
may be contributed little to hinder the formation of Fe(III)–Cr(III)
precipitate in this study. Therefore, the results of Figs. 3–5 clearly
support the removal mechanism of Cr (VI) by CS-NZVI beads given
in Scheme 1.

3.3. Effect of physicochemical factors on Cr (VI) removal by
CS-NZVI beads

3.3.1. Comparison between bare NZVI and entrapped NZVI in Cr
(VI) removal

Experiments were conducted to compare the effectiveness of
bare NZVI and entrapped NZVI in Cr (VI) removal and the ini-
tial concentrations of NZVI and Cr (VI) were 5.0 g/L and 20 mg/L,
respectively.

As can be seen, Cr (VI) reduction by entrapped NZVI was
observed to be slightly lower compared to bare NZVI in some cases
(Fig. 6). For entrapped NZVI and bare NZVI, a marked drop in Cr
(VI) concentration in the first 10 min was observed. As in the con-
trol (CS beads only), a little drop in Cr (VI) concentration in the first
10 min may also help us to explain the reduction mechanism previ-
ously. According to the reduction mechanism, the co-operation of

chitosan and NZVI in the CS-NZVI-beads system is favorable for the
removal of Cr (VI), and hence the removal rates of Cr (VI) by CS-NZVI
beads do not decrease comparing to bare NZVI. Bezbaruah et al.
reported that the reactivity of entrapped NZVI in calcium alginate
beads was comparable to bare NZVI [16].
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Fig. 4. High-resolution XPS survey of (a) Fe2p and (b) Cr2p of CS-NZVI beads after reacting with 50 mg/L Cr (VI) for 1 h. Initial Cr (VI) concentration: 20 mg/L; the concentration
of NZVI in CS-NZVI: 5.0 g/L; pH: 6.4; temperature: 20 ◦C.
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pseudo-first-order reaction [28].
ig. 5. High-resolution XPS survey of N1s for the CS-NZVI beads before and after Cr
VI) reduction: (a) before Cr (VI) reduction and (b) after Cr (VI) reduction. Initial Cr
VI) concentration: 20 mg/L; the concentration of NZVI in CS-NZVI: 5.0 g/L; pH: 6.4;
emperature: 20 ◦C.

.3.2. Effect of NZVI dosages entrapped in the CS beads on Cr (VI)
emoval

The influence of NZVI dosages on the removal rates of Cr (VI)
as investigated, and the results are shown in Figs. 7 and 8. For

00 mL of 20 mg/L initial Cr (VI) concentration and 3.0–12.0 g/L

ZVI, the values of the rate constants are 0.022, 0.062, 0.0772, and
.0908 min−1, respectively. Obviously, �obs displays a good linear-

ty to the dosage of NZVI (R2 > 0.98), and the removal of Cr (VI) by
S-NZVI beads follows pseudo-first-order reaction kinetics (Fig. 7).

ig. 6. Removal rates of Cr (VI) by CS-NZVI beads and bare NZVI. Initial Cr (VI)
oncentration: 20 mg/L; bare NZVI dosages: 5.0 g/L; the concentration of NZVI in
S-NZVI: 5.0 g/L; pH: 6.4; temperature: 20 ◦C.
Fig. 7. Kinetics of removal of Cr (VI) by CS-NZVI beads. Initial Cr (VI) concentration:
20 mg/L; the concentration of NZVI in CS-NZVI: 3.0 g/L, 5.0 g/L, 9.0 g/L and 12.0 g/L;
pH: 6.4; temperature: 20 ◦C.

The reductions of Cr (VI) in other Fe0 system have been reported as
However, when a support is introduced into the reduction of Cr
(VI), complicated kinetic behavior is noticed in our study and also
in the investigations by other researchers [15]. In our study, there

Fig. 8. Effect of nanoparticle dosage on Cr (VI) removal by CS-NZVI beads. Initial Cr
(VI) concentration: 20 mg/L; the concentration of NZVI in CS-NZVI: 3.0 g/L, 5.0 g/L,
9.0 g/L and 12.0 g/L; pH: 6.4; temperature: 20 ◦C.
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The results clearly indicate that entrapment of NZVI in CS beads
prevents the particles from aggregation and oxidation. The reactiv-
ity of entrapped NZVI in CS beads was comparable to bare NZVI,
and the Cr (VI) can be rapidly removed from wastewater. How-
ig. 9. Effect of pH values on Cr (VI) removal by CS-NZVI beads. Initial Cr (VI) con-
entration: 20 mg/L; the concentration of NZVI in CS-NZVI: 5.0 g/L; pH: 3.9, 5.2, 6.4,
.2, 8.1 and 8.9; temperature: 20 ◦C.

hould be a faster physical adsorption by chitosan and a chemical
dsorption by NZVI in the first 10 min of the experiment, which can
e seen from Fig. 6 and the reduction mechanism.

Fig. 8 shows that increasing the amount of NZVI results in a faster
nd more extended removal of the Cr (VI) from the aqueous phase.
t an initial concentration of 3.0, 5.0, 9.0, and 12.0 g/L NZVI, about
0.4%, 90.2%, 96.8% and 98.4% of the Cr (VI) are removed within
0 min, respectively. This is mainly due to that an increase in the
osage of NZVI nanoparticles can lead to an increase in total sur-
ace area and available active sites for Cr (VI) [27]. Hence, about 20%

ore Cr (VI) removal is achieved when the dosage of NZVI nanopar-
icles is increased from 3.0 to 5.0 g/L. However, for a fixed Cr (VI)
osage, the total Cr (VI) available to NZVI nanoparticles is limited
hen the dosage of NZVI nanoparticles is excess. As a result, the

emoval rate increases only 1.6% when the dosage of NZVI increases
rom 9.0 to 12.0 g/L.

.3.3. Effect of pH values on Cr (VI) removal
The effect of pH on Cr (VI) removal by CS-NZVI beads is shown in

ig. 9. It is observed that with an increase of pH from 3.9 to 8.9, the
emoval rate decreases gradually. Cr (VI) exists primarily as salts
f H2CrO4, HCrO4

− and CrO4
2− depending on the pH. H2CrO4 pre-

ominates at pH less than 1.0, HCrO4
− at pH between 1.0 and 6.0,

nd CrO4
2− pH above about 6.0 [32]. According following reaction

Eq. (1)) [33], the decrease of pH can accelerate the reaction rate
f iron oxidation. The lower pH also can prevent the formation of
e(III)–Cr(III) precipitate. Thus Cr (VI) removal rate increases with
n increase of pH values.

e0 + CrO4
2− + 4H2O = Cr(OH)3 + Fe(OH)3 + 2OH− (1)

Furthermore, at lower pH the sorbent is positively charged due
o the protonation of amino groups, while the sorbate, Cr (VI), exists

ostly as an anion leading to the electrostatic attraction between
orbent and sorbate [25]. Therefore, the electrostatic attraction
etween the positive chargers of NZVI and the negatively charged
hromate anion facilitates the adsorption of Cr (VI) and enhances
he reduction of Cr (VI) to Cr (III) [34].

.3.4. Effect of initial Cr (VI) concentration on Cr (VI) removal
The effect of initial Cr (VI) concentration on Cr (VI) removal is
hown in Fig. 10. It can be observed that the removal rate of Cr
VI) decreases with an increase of the initial Cr (VI) concentration.
t has been reported that since Cr (VI) is a strong oxidant and a

ell-known passivator of Fe0, as more Cr (VI) came closely to Fe0,
ore Fe0 would be oxidised and lost their activity leading to the
Fig. 10. Effect of initial Cr (VI) concentration on Cr (VI) removal by CS-NZVI beads.
Initial Cr (VI) concentration: 20 mg/L, 50 mg/L, 100 mg/L and 200 mg/L; the concen-
tration of NZVI in CS-NZVI: 5.0 g/L; pH: 6.4; temperature: 20 ◦C.

decrease in the removal rate [35]. Fe(1−x)Cr(x)(OOH)3 formed on the
surface of NZVI will reduce the electron transfer from NZVI to Cr
(VI) and accordingly retard Cr (VI) reduction [29,36]. Furthermore,
for a fixed adsorbent dose, the total available adsorption sites are
limited thus leading to a decrease in percentage removal of adsor-
bate corresponding to an increased initial adsorbate concentration
[37].

3.3.5. Effect of reaction temperature on Cr (VI) removal
The effect of the temperature on the Cr (VI) removal was inves-

tigated at four different temperatures, i.e., from 15 to 30 ◦C. Fig. 11
shows that Cr (VI) removal rates increase as an increase of the tem-
perature from 15 to 30 ◦C. Vibration rate of Cr (VI) increases with the
increase in temperature thus leading to a higher colliding frequency
between Cr (VI) and CS-NZVI beads [38]. At a high temperature,
more Cr (VI) diffuses into the beads and is reduced to Cr (III) by
NZVI at the accelerated rate. In addition, an increase in the temper-
ature is favorable for the transfer of electrons from NZVI to Cr (VI)
[39]. As a result, a fraction of Cr (VI) in the solution will be quickly
reduced to Cr (III).
Fig. 11. Effect of reaction temperature on Cr (VI) removal by CS-NZVI beads. Initial
Cr (VI) concentration: 20 mg/L; the concentration of NZVI in CS-NZVI: 5.0 g/L; pH:
6.4; temperature: 15 ◦C, 20 ◦C, 25 ◦C and 30 ◦C.
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ver, the CS-NZVI beads are soft and the mechanical strength of
he beads needs to be improved. Several methods have been used
o modify chitosan through either physical or chemical modifica-
ions [40–42]. These modifications were proposed to improve pore
ize, mechanical strength and biocompatility [24,43]. With further
mprovement in mechanical strength of the CS-NZVI beads, the
hitosan entrapment technique may possibly offer a way to effec-
ively use NZVI in many surface water or groundwater remediation
ituations.

. Conclusions

In this study, CS-NZVI beads have been successfully prepared
nd their efficiency in the removal of Cr (VI) under ambient con-
itions has been evaluated. The removal rates of Cr (VI) using bare
ZVI and CS-NZVI beads were 83% and 82%, respectively, over a
0-min period. The study reveals that the removal rates increase
ith increasing temperature and NZVI dosage but decrease with

he increase in initial concentration of Cr (VI) and pH values. The
emoval mechanism of Cr (VI) by CS-NZVI beads can be proposed
hat the enrichment of Cr (VI) on the surface or inside of the CS-
ZVI beads facilitates the reaction between NZVI and Cr (VI), and
ence Cr (VI) was quickly reduced to Cr (III). The free amino groups
nd hydroxyl groups can coordinate with Fe (III) and Cr (III), but
he amount of metal–NH2 complex, if any, is very limited. Thus the
ree amino groups and hydroxyl groups on CS may contribute little
o hinder the formation of Fe(III)–Cr(III) precipitate.
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