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ABSTRACT

In this study, a series of chitosan-stabilized nano zero-valent iron (CNZVI) composites with
different amounts of chitosan were prepared and characterized by Fourier transform infra-
red spectra, X-ray diffraction, and transmission electron microscopy. The adsorption capac-
ity of these composites was evaluated by the removal experiment of cadmium ion (Cd2+)
from aqueous solution. These results showed that the as-prepared CNZVI8 composite with
loose aggregate structure has the maximum adsorption capacity for Cd2+. Furthermore,
batch adsorption experiments of Cd2+ on CNZVI8 composite were performed under various
conditions, such as contact time, adsorbent dosage, initial Cd2+ concentration, and the initial
pH of solution. The data revealed that the maximum adsorption capacity of CNZVI8 is
124.74mg/g. The removal efficiency of Cd2+ increased with the increase in solution pH
value, and reaches 99.9% at pH 6. In addition, the adsorption isotherm and the adsorption
kinetics of Cd2+ on CNZVI8 were also investigated, suggesting that the isothermal data were
well fitted to the Langmuir model and the kinetic data were well suitable to the pseudo-
second-order kinetic model.
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1. Introduction

Heavy metal ions pollutants in the aquatic environ-
ment have been concerned intensively due to their
acute toxicity and their accumulation effect in living
beings. Cadmium ion (Cd2+) is one of the most toxic
pollutants in aquatic systems [1], which could pose a
serious threat to human health, such as diarrhea,
nausea, muscle cramps, damage of bone marrow, and

formation of kidney stones, due to its nonbiological
degradation property and accumulation in plants and
animals through food chain relationships [2]. Several
removal technologies of Cd2+ have been reported,
such as membrane filtration [3,4], reverse osmosis [5],
precipitation [6], electrochemical deposition, and ion
exchange [7]. Nevertheless, the application of these
technologies is limited because of its low efficiency,
high cost, and complicated operation.

Adsorption is a promising and widely applied
technology in the removal of heavy metals, since it is
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economical and effective [8–10]. Recently, nano zero-
valent iron (NZVI) has been considered to be an excel-
lent adsorbent for removing heavy metal ions due to
its high adsorption capacity [11], low cost [12],
controlling over the secondary pollutants [13], and
nontoxic final products. However, the bare NZVI
particles can easily be oxidized and aggregated
because of its high activity and intrinsic magnetism
[14]. Thus, many researchers have prepared NZVI
using polymers or surfactants as stabilizers to solve
these problems [14–17]. It is well known that chitosan
is an excellent stabilizer due to its hydrophilicity,
biodegradability, and nontoxicity [18]. There have
been some reports about using chitosan-stabilized
NZVI (CNZVI) to remove heavy metal ions, such as
hexavalent chromium [19,20], inorganic arsenic [21],
and lead and copper ions [22]. To the best of our
knowledge, there were little reports about using
CNZVI for the removal of Cd2+, and even there were
no literatures studying the amount of chitosan
affecting on the adsorption capacity of NZVI.

Herein, we prepared a series of CNZVI compos-
ites by varying the amounts of chitosan. The effect of
the amount of chitosan on the morphologies and
structures of CNZVI composites was investigated by
Fourier transform infrared spectra (FTIR), X-ray dif-
fraction (XRD), and transmission electron microscopy
(TEM). The adsorption capacity of these CNZVI com-
posites was evaluated through the removal of Cd2+

from aqueous solution. Furthermore, the effects of
contact time, initial solution pH, initial Cd2+ concen-
trations, and adsorbent dosage on the removal of
Cd2+ were studied in detailed. Langmuir and
Freundlich models were applied to discuss the
adsorption isotherm of Cd2+ on CNZVI in order to
explain the adsorption mechanism. Pseudo-first-order
and pseudo-second-order models were used to inves-
tigate the adsorption kinetics of the removal of Cd2+

on CNZVI.

2. Materials and methods

2.1. Materials

All the required chemicals in the study were of
analytical grade and were used without further purifi-
cation. Ferrous sulfate heptahydrate (FeSO4∙7H2O)
99%, sodium borohydride (NaBH4) 96%, cadmium
chloride (CdCl2∙2.5H2O) 99%, and chitosan flakes
(80–95% deacetylation) were acquired from Sinopharm
Chemical Reagent Co., Ltd. The stock solution contain-
ing 100mg/L of Cd2+ was prepared by dissolving an
appropriate amount of CdCl2∙2.5 H2O with distilled
water and the solution pH was adjusted by adding

1.0 mol/L of hydrochloric acid (HCl) and 1.0mol/L of
sodium hydroxide (NaOH).

2.2. Preparation of CNZVI

Before the preparation of CNZVI, distilled water
was purged with high-purity argon for 1 h so that
the dissolved oxygen would fall to a level below
0.5mg/L. CNZVI was prepared in a 250mL flask reac-
tor with three open necks. The detailed procedure was
as follows: initially, 11.2 mg of chitosan was added into
50mL of distilled water using acetic acid (2%) to facili-
tate dissolving. Then, 2.78 g (10mmol) of FeSO4∙7H2O
was added to the solution, the mixture was stirred vig-
orously (250 rpm) for 30min. Finally, to this mixture
solution, 50mL of freshly prepared aqueous solution
containing 1.14 g (30mmol) of NaBH4 was added. The
reduction reaction is expressed in Eq. (1):

Fe2þ þ 2BH4
� þ 6H2O ! Fe0 þ 2B(OH)3 þ 7H2 " (1)

After the NaBH4 solution was added, the mixture
was stirred for another 30min, the nano-iron slurry
was collected by magnetism. The collected slurry was
washed three times by deoxygenated water, absolute
ethanol, and acetone, respectively. The whole process
was carried out in an argon atmosphere. The products
were dried under vacuum conditions. Similarly, the
other CNZVI samples were prepared by varying the
amount of chitosan from 22.4 to 67.2 mg while keeping
the rest constant.

2.3. Characterization of CNZVI

The particle size, morphology, and crystallinity of
the CNZVI samples were characterized using TEM
(JEOL JEM-100CXⅡ with an accelerating voltage of
100 kV) and XRD (Philips X’Pert PRO with the Cu-Kα
radiation and the accelerating voltage of 40 kV,
emission current of 40mA). The chitosan on the
nanoparticle surface was analyzed using FTIR (Bruker
VERTEX 70).

2.4. Batch adsorption experiments

Argon gas was blown into the flasks to maintain
an anoxic condition during the reaction and the flasks
were shaken at 250 rpm for 24 h using a thermostatic
shaker at room temperature. The pH value of the Cd2+

stock solution was about 5.6. To investigate the
adsorption capacity of as-prepared CNZVI samples
towards Cd2+, 25mL of Cd2+ stock solution was
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added to a series of Erlenmeyer flasks and then 30mg
of different CNZVI samples was added to the
solution, respectively. To investigate the effect of the
contact time, 250mL of Cd2+ stock solution was filled
into a 500mL Erlenmeyer flask and 200mg of CNZVI
was added to the flask. Samples were taken out at
various time intervals. To investigate the effect of the
adsorbent dosage, batch adsorption experiments were
conducted with 25mL of Cd2+ stock solution; the
amount of adsorbent was added varying from to 2.5
to 30mg. To investigate the effect of pH, taking 25mL
of Cd2+ stock solution into a series of Erlenmeyer
flasks, the pH value of the solutions were adjusted
from 2 to 7 by dropping 1.0 mol/L HCl or 1.0 mol/L
NaOH solution and then 30mg of adsorbent were
added, respectively. To investigate the effect of initial
metal ions concentration, 100mg of CNZVI was added
to 25mL of Cd2+ solution with varying the concentra-
tion from 50 to 1,000mg/L.

After each test, samples were taken out and
filtered through a membrane of 0.25 μm pore size. The
concentration of Cd2+ in the filtrate was measured
with voltammetric analysis system (VAS, PDV6000
plus, Cogent Environmental Ltd, UK).

The removal efficiency of Cd2+ and the adsorbed
amount of CNZVI were determined by the following
Eqs. (2) and (3), respectively:

Removal ð%Þ ¼ ðC0 � CtÞ
C0

� 100 (2)

qt ¼ ðC0 � CtÞV
m

(3)

where C0 and Ct (mg/L) are the Cd2+ concentrations
in solution at the initial time and at any time t, respec-
tively; m (g) is the weight of CNZVI; and V (mL) is
the volume of the solution. In these equations, Ce is
the equilibrium concentration and qe is the adsorption
amount of Cd2+ at equilibrium time.

3. Results and discussion

3.1. Characterization of CNZVI samples

Fig. 1 presents the FTIR spectra of the chitosan and
CNZVI samples. The main bands in the IR spectra of
chitosan can be seen as follows: a broad band at around
3,442 cm−1 (O–H and N–H stretching vibrations); a
weak band at 2,896 cm−1 (C–H stretching vibrations); a
band at 1,652 cm−1 (C–N stretching vibrations); and
middle strong bands at around 1,390 cm−1 (–C–O
stretching of primary alcoholic group), 1,155 cm−1

(bridged-oxygen stretching vibrations), and 1,087 cm−1

(N–H stretching vibrations) [23]. And, the FTIR spectra
of CNZVI samples (Fig. 1 (b)–(d)) show that the charac-
teristic bands of chitosan at 1,390 and 1,087 cm−1 shift
to the low-wavenumber side. Moreover, it is noticed
that the intensity of peaks at 1,390 and 1,087 cm−1 in
the IR spectra of samples b, c, and d gradually increases
with the increase in the mass ratio of chitosan to iron
ions (mc/mi). The results clearly show that chitosan is
adsorbed to the surface of the NZVI nanoparticles
[24,25].

Fig. 2 shows the XRD patterns of CNZVI compos-
ites. The nano iron particles in these composites are in
zero-valent state, as confirmed by a broad diffraction
peak at 2θ = 44.7˚ [26]. Compared with the diffraction
peak of sample a, the peaks of sample b, c, and d are
significantly broadened and their intensities decrease
with the increase in mc/mi, which also confirms that
nano iron particles are stabilized by chitosan, and the
amount of chitosan on the surface of nano iron parti-
cles is increasing [27]. In addition, the diffraction peak
is broadened, suggesting that the iron particles are
nanometer in size [28].

The TEM images of CNZVI composites are shown
in Fig. 3. As presented in Fig. 3(a), the NZVI particles
without stabilization by chitosan formed bulk and
chain-like aggregates due to the strong van der Waals
attraction with the high Hamaker constant of the mag-
netite shell as well as the magnetic attractions between
the particles [29]. While Fig. 3(b)–(d) shows that the
aggregate extent of NZVI particles is decreasing
and the chain-like structure is much clear with the

Fig. 1. FTIR spectra of chitosan and the CNZVI samples
with different of mc/mi: (a) mc/mi= 0; (b) mc/mi= 0.04;
(c) mc/mi= 0.08; and (d) mc/mi= 0.12.
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increasing in mc/mi. It is worth noting that Fig. 3(c)
shows a loose chain-like aggregate, which indicates
that mc/mi= 0.08 is appropriate. Whereas, Fig. 3(d)
presents a bold and long chain-like structure, reveal-
ing that many NZVI particles are encapsulated by
chitosan. It is because the amount of chitosan is

excessive in this CNZVI composite. All of these results
also can be confirmed by the spectra of FTIR and the
patterns of XRD.

3.2. Adsorption capacity of the prepared CNZVI samples
towards Cd2+

As described above, the mc/mi has an important
effect on the morphologies and structures of CNZVI
composites. Therefore, batch removal experiments of
Cd2+ were conducted to investigate the adsorption
capacity of CNZVI samples with different mc/mi

ratios. The results are shown in Fig. 4. It is clearly
seen that the removal efficiency of CNZVI samples
towards Cd2+ increases with the increasing in mc/mi,
whereas, it is decreasing when the value of mc/mi is
more than 0.08. The results can be illustrated that
NZVI particles without stabilized by chitosan tend to
aggregate, which resulted in decreasing of the adsorp-
tion capacity of NZVI. Chitosan as a stabilizer was
adsorbed on the surface of NZVI particles (Fig. 3),
which could suppress the aggregation and oxidation
of NZVI particles, resulting in increasing in the sur-
face area and adsorption activity of CNZVI compos-
ites. However, in the presence of excessive chitosan, a
thicker coating would be formed on the surface of
NZVI, which would decrease the adsorption capacity
of CNZVI towards Cd2+.

Fig. 3. TEM images of the CNZVI samples with different of mc/mi: (a) mc/mi= 0; (b) mc/mi= 0.04; (c) mc/mi= 0.08; and
(d) mc/mi= 0.12.

Fig. 2. XRD patterns of the CNZVI samples with different
of mc/mi: (a) mc/mi= 0; (b) mc/mi= 0.04; (c) mc/mi= 0.08;
and (d) mc/mi= 0.12.
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As shown in Fig. 4, the adsorption capacity of
CNZVI sample is maximum when the value of mc/mi

is 0.08. Therefore, this CNZVI sample is named as
CNZVI8 and used as an adsorbent to investigate other
impact factors for the removal of Cd2+.

3.3. Batch Cd2+ adsorption experiments

3.3.1. Effect of contact time

The time-course profile for the adsorption of Cd2+

on CNZVI8 is given in Fig. 5. It can be seen that Cd2+

is adsorbed rapidly during the first 3 h, the adsorption
equilibrium is attained within 7 h and the adsorbed
amount do not change with further increase in contact
time. It can be explained that there are lots of active
sites of adsorbent and the concentration of Cd2+ is
high at the initial stage; the adsorption active sites can
rapidly interact with Cd2+. After 3 h, the adsorbed
amount is slowly increased until it reaches a constant
value due to the slow diffusion of metal ions to the
adsorbent and the reducing of active sites [30]. Addi-
tionally, adsorption equilibrium is a dynamic-balanced
process which is affected by desorption [31]. There-
fore, in order that it is sufficient to ensure apparent
equilibrium, 24 h is selected as contact time for all of
other experiments.

3.3.2. Effect of adsorbent dosage

The amount of adsorbent is chosen as a variable to
study the adsorption of Cd2+. Fig. 6 shows the

removal efficiency and adsorbed amount for the
adsorption of Cd2+ on CNZVI8 with respect to the
mass ratio of adsorbent to cadmium ions. The removal
efficiency of Cd2+ is very low when the mass ratio of
adsorbent to cadmium ions is 1. It is because adsorp-
tion active sites are few at low adsorbent amount, and
the reaction between the adsorbent and the oxidizing
species in solution also makes active sites decreasing.
However, the removal efficiency of Cd2+ increases
with the increase in the mass ratio of adsorbent to
cadmium ions. It is attributed to the adsorption active
sites increase with the increase in the amount of
adsorbent. Nevertheless, the adsorbed amount of per
unit mass of adsorbent decreases as the mass ratio of

Fig. 4. Cd2+ adsorption on CNZVI samples with different
of mc/mi (Experimental conditions: initial Cd2+ concentra-
tion = 100mg/L; solution volume = 25mL; pH 5.6; CNZVI
= 30mg).

Fig. 5. Effect of contact time on Cd2+ adsorption (Experi-
mental conditions: initial Cd2+ concentration = 100mg/L;
solution volume = 250mL; pH 5.6; CNZVI8 = 200mg).

Fig. 6. Effect of adsorbent dosage on Cd2+ adsorption (Exper-
imental conditions: initial Cd2+ concentration = 100mg/L;
solution volume = 25mL; pH 5.6).
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adsorbent to cadmium ions increases from 10 to 12. At
a higher adsorbent dosage, the adsorption activity
sites would be excessive for the demand of Cd2+

adsorption reaction, which leads to the unsaturation
of the adsorption sites, resulting in relatively less
adsorption amount [32].

3.3.3. Effect of initial solution pH

Fig. 7 shows the removal efficiency of Cd2+ with
respect to the pH of initial solution. If the concentra-
tion of Cd2+ in solution is 100mg/L, it would generate
insoluble species at pH > 8 according to the solubility
product of Cd(OH)2. Therefore, the pH value in the
range of 2–7 is selected for investigating the removal
of Cd2+. As shown in Fig. 7, the removal efficiency of
Cd2+ increases with the increasing in pH value and
the Cd2+ is almost completely removed at pH > 5. It
can be interpreted that the surface charge of adsorbent
becomes relatively more negative with the increase in
the pH value of the solution [33], which is favorable
for Cd2+ adsorption on adsorbent.

The changes of solution pH were also studied.
From Fig. 7 (blue curve), it can be seen that the final
pH value of the solution is increased, it is because
NZVI reacts with H+ and H2O to give Fe2+ and OH−

according to Eqs. (4) and (5) [34].

2Fe0 þ 4Hþ þO2 ! 2Fe2þ þ 2H2O (4)

2Fe0 þO2 þ 2H2O ! 2Fe2þ þ 4OH� (5)

3.3.4. Effect of initial metal ion concentration

The effect of initial metal ion concentration on the
removal of Cd2+ is shown in Fig. 8. With the increas-
ing in initial Cd2+ concentration, the equilibrium
adsorption amount of CNZVI8 increases from 12.5 to
124.74mg/g, whereas the removal efficiency decreases
from 99.9 to 49.8%. At low initial concentration, the
Cd2+ can be almost completely removed because there
are sufficient adsorption sites on CNZVI8 for the
adsorption of Cd2+. However, at higher Cd2+ concen-
tration, the ratio of the number of Cd2+ to the number
of available adsorption active sites is large and a pro-
gressively higher number of Cd2+ are taken up with
the gradual filling up of the appropriate active sites
[35]. Therefore, the adsorbed amount of CNZVI8 is
increasing, although the removal efficiency comes
down.

3.4. Adsorption isotherm of Cd2+ on CNZVI8

In order to predict the adsorption behavior of
metal ions on adsorbent, Langmuir and Freundlich
adsorption isotherm models are commonly used to fit
the data of adsorption isotherm [36]. The linear forms
of these two models are presented in Eqs. (6) and (7),
respectively:

Ce

qe
¼ 1

KLqm
þ Ce

qm
(6)

ln qe ¼ lnKF þ 1

n
lnCe (7)

Fig. 7. Effect of initial solution pH on Cd2+ adsorption
(Experimental conditions: initial Cd2+ concentration = 100
mg/L; solution volume = 25mL; CNZVI8= 20mg).

Fig. 8. Effect of initial metal ion concentration on Cd2+

adsorption (Experimental conditions: solution volume = 25
mL; pH 5.6; CNZVI8= 100mg).
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where qe (mg/g) is the adsorbed amount of the
adsorbent at equilibrium, Ce (mg/L) is the equilibrium
concentration of Cd2+ in solution, qm (mg/g) is the max-
imum adsorption capacity of the adsorbent, KL (L/mg)
is the Langmuir constant, and KF (mg1–1/nL1/ng−1) and
n are Freundlich constants that were related to the
adsorption capacity and the adsorption intensity,
respectively.

Equilibrium adsorption isotherm studies were
conducted with aqueous solutions of Cd2+, varying
the concentration from 50 to 1,000mg/L and the
adsorption equilibrium plot of Cd2+ on CNZVI8 is
shown in Fig. 9(a). The linear plots of Langmuir and
Freundlich adsorption isotherms obtained at room
temperature are presented in Fig. 9(b) and (c), respec-
tively, and the adsorption parameters are listed in
Table 1. The correlation coefficients (R2) for Langmuir
model and Frenudlich model are 0.9998 and 0.9349,
respectively. Comparing the correlation coefficients,
indicated that Langmuir model should describe the
adsorption behavior of Cd2+ on CNZVI8 better. Mean-
while, the adsorption capacity (qm) calculated from
Langmuir model is 126.58mg/g, which is much closer
to the experimental value (qe). Thus, the adsorption of
Cd2+ on CNZVI8 is well fitted to the Langmuir iso-
therm model. Moreover, the value of n is 4.76, hence,
the Freundlich constant 1/n is smaller than 1, it also
indicates that this adsorption isotherm belongs to a
normal Langmuir isotherm [37].

3.5. Adsorption kinetics of Cd2+ on CNZVI8

Pseudo-first-order and pseudo-second-order kinetic
models are usually used to investigate the adsorption
kinetics of Cd2+ [38]. The linear forms of the models
are presented in Eqs. (8) and (9), respectively:

ln ðqe � qtÞ ¼ ln qe � k1t (8)

t

qt
¼ 1

k2qe2
þ 1

qe
t (9)

where qe (mg/g) and qt (mg/g) are the adsorbed
amounts of the adsorbent at equilibrium and at any
time t, t (h) is the contact time, and k1 (h−1) and k2
(mg g−1 h−1) are pseudo-first-order and pseudo-sec-
ond-order rate constants, respectively.

According to the plot of adsorbed amount with
respect to time (Fig. 5), the linear plots of ln (qe – qt)
vs. t, and t/qt vs. t are presented in Fig. 10(a) and (b),
respectively. The parameters of the two kinetic models
are summarized in Table 2. As can be observed, the

Fig. 9. Adsorption isotherms of Cd2+ on CNZVI8: (a) equi-
librium adsorption isotherms of Cd2+ on CNZVI8; (b)
Langmuir isotherm model plot; and (c) Freundlich iso-
therm model plot.
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theoretical adsorption amount (qe,cal) of the pseudo-
second-order kinetic model is much closer to the
experimental value (qe,exp) than that of the pseudo-
first-order kinetic model. In addition, the correlation
coefficient (R2) of pseudo-second-order is better than
that of pseudo-first-order kinetic model. Therefore, the
pseudo-second-order model represented better the
adsorption kinetics of Cd2+ on CNZVI8 in contrast to
the pseudo-first-order kinetic model. Similar trends
have been reported for the adsorption of Cd2+ by
other adsorbents [39,40].

3.6. Adsorption mechanism

The literature shows that the standard oxidation–
reduction potential of Cd2+ (E0 = −0.40) is very close to
that of zero-valent iron (E0 = −0.41), and the E0 of Cd2+

is more positive than the Fermi energy (EF) of zero-
valent iron [41]. The reduction of Cd2+ is thermody-
namically unfavorable. Therefore, there is no reduction
of Cd2+ on the surface of CNZVI composite and the
removal mechanism is purely sorption. Furthermore,
according to the analysis of adsorption isotherm, the
adsorption of Cd2+ on CNZVI8 is fitted well with Lang-
muir model. While Langmuir model assumes that the
surface of the adsorbent is homogenous and all adsorp-
tion active sites have identical energy, each adsorbate
molecule has been located on a single site [42]. Hence,
the adsorption of Cd2+ is monolayer adsorption on the
surface of CNZVI8 adsorbent. Additionally, the adsorp-
tion kinetics data justify that the adsorption of Cd2+ on
CNZVI8 followed the pseudo-second-order model,
which implies that Cd2+ adsorption on CNZVI8 may
take place through a chemical process.

Table 1
Parameters of Langmuir and Freundlich adsorption isotherm models for Cd2+ on CNZVI8

Temperature (K)

Langmuir model Freundlich model

qm (mg g−1) KL (Lmg−1) R2 KF (mg1–1/nL1/ng−1) n R2

298 126.58 0.39 0.9998 41.16 4.76 0.9349

Fig. 10. Kinetics of Cd2+ adsorption on CNZVI8: (a)
pseudo-first-order model plot and (b) pseudo-second-order
model plot.

Table 2
Parameters of pseudo-first-order and pseudo-second-order kinetic models for Cd2+ on CNZVI8

Temperature (K) qe,exp (mg g−1)

Pseudo-first-order Pseudo-second-order

k1 (h
−1) qe,cal (mg g−1) R2 k2 (gmg−1 h−1) qe,cal (mg g−1) R2

298 124.74 0.5847 88.32 0.9756 0.0105 135.14 0.9990
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4. Conclusions

In the present work, the effect of the mass ratio of
chitosan to iron ions (mc/mi) on CNZVI characteristics
and the adsorption capacity was evaluated. The
results showed that the CNZVI composite formed
loose aggregation and its adsorption capacity to Cd2+

is the maximum when the mass ratio of chitosan to
iron ions is 0.08. Thus, this kind of CNZVI sample
was used as an adsorbent to systematically investigate
the removal of Cd2+ from aqueous solution. It was
found that the maximum adsorption capacity of this
kind of CNZVI composite to Cd2+ is 124.74mg/g, and
the removal efficiency of Cd2+ is influenced by the pH
of solution, contact time, adsorbent dosage, and initial
concentration of Cd2+ solution. Furthermore, Lang-
muir model was well fitted with the adsorption iso-
therm data, which indicated the formation of
monolayer coverage of Cd2+ at the surface of CNZVI8.
The kinetic data justified that the adsorption of Cd2+

on CNZVI8 followed the pseudo-second-order kinetic
model. Consequently, fundamentally the outlook is
promising that the CNZVI8 composite is a potential
candidate for the removal of Cd2+ from aqueous
solution.
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