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Synthesis of chitosan zero-valent iron nanoparticlessupported for cadmium removal: characterization,
optimization and modeling approach
Mehdi Ahmadi, Majid Foladivanda, Nemat Jaafarzadeh, Zahra Ramezani,
Bahman Ramavandi, Sahand Jorﬁ and Babak Kakavandi

ABSTRACT
Herein, chitosan (CS) impregnated with nanoparticles of zero-valent iron (NZVI) was fabricated onto a
magnetic composite of CS@NZVI as an adsorbent for cadmium (Cd2þ) removal from aqueous solution.
The characteristics of CS@NZVI were analyzed by Fourier transform infrared spectroscopy, X-ray
diffraction, transmission electron microscopy, CHONS and Brunauer, Emmett and Teller techniques.
The average diameter of NZVI was found to be 50 nm, and it was successfully coated onto the CS. The
inﬂuential experimental variables such as contact time, solution pH, adsorbent dosage and initial Cd2þ
concentration were investigated to determine optimum conditions. Results revealed that with an
optimum dosage rate of 0.6 g/L, Cd2þ concentration was reduced from 10 to 0.016 mg/L within 90 min
reaction time at pH of 7 ± 0.2. Experimental data were ﬁtted to the Freundlich and pseudo-secondorder models. Maximum adsorption capacity was obtained from the Langmuir monolayer 142.8 mg/g.
Desorption experiments showed that the CS@NZVI had good potential with regard to regeneration and
reusability, and its adsorption activity was preserved effectively even after three successive cycles
owing to its good stability. As a conclusion, CS@NZVI can be considered as an effective adsorbent for
heavy metals removal from water and wastewaters, because it can be separated both quickly and
easily, it has high efﬁciency, and it does not lead to secondary pollution.
Key words

| adsorption, cadmium, chitosan, magnetic composite, ZVI nanoparticles

INTRODUCTION

Mehdi Ahmadi
Nemat Jaafarzadeh
Sahand Jorﬁ
Babak Kakavandi (corresponding author)
Environmental Technologies Research Center,
Ahvaz Jundishapur University of Medical Sciences,
Ahvaz,
Iran
E-mail: Kakavandi.b@ajums.ac.ir
Zahra Ramezani
Nanotechnology Research Center,
Ahvaz Jundishapur University of Medical Sciences,
Ahvaz,
Iran
Mehdi Ahmadi
Majid Foladivanda
Nemat Jaafarzadeh
Sahand Jorﬁ
Babak Kakavandi
Department of Environmental Health Engineering,
Ahvaz Jundishapur University of Medical Sciences,
Ahvaz,
Iran
Bahman Ramavandi
Department of Environmental Health Engineering,
Bushehr University of Medical Sciences,
Ahvaz,
Iran
Babak Kakavandi
Student Research Committee,
Ahvaz Jundishapur University of Medical Sciences,
Ahvaz,
Iran

Heavy metals are highly toxic and hazardous elements that

applications such as phosphate fertilizers, batteries, electro-

have a high atomic weight and a density at least 5 times

plating industries, mining, metal production, stabilizers and

greater than that of water. They are widely used in industrial,

alloys and the manufacturing of pigments. It has been classi-

domestic, agricultural, medical and technological appli-

ﬁed as a human carcinogen and teratogen impacting lungs,

cations, which has led to their continuous release into the

kidneys, liver and reproductive organs (Azari et al. ;

environment. Due to their high degree of toxicity, arsenic

Naghizadeh ). The World Health Organization (WHO)

(As), cadmium (Cd), chromium (Cr), lead (Pb) and mercury

has set a maximum guideline concentration of 0.003 mg/L

(Hg) rank among the priority metals that are of public health

for Cd2þ in drinking water (WHO ). Considering the

signiﬁcance (Jaafarzadeh et al. ; Begum et al. ). Cad-

negative effects, toxicity and stability of heavy metals, their

2þ

mium (Cd ) is one of the most dangerous pollutants that is

complete removal from water resources and wastewater

released into the environment, mainly via industrial

efﬂuents is deemed necessary.
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In the last several years, different technologies have

NZVI, due to its extremely small particle size, large speciﬁc

been studied to remove heavy metals from aqueous sol-

surface area and greater reactive sites and capacity, is

utions including adsorption, ion exchange, chemical

notable for this purpose in wastewater treatment to

precipitation, membrane ﬁltration and coagulation–ﬂoccula-

remove heavy metals with a higher efﬁciency (Esfahani

tion (Azari et al. ). However, most of them suffer from

et al. b). Moreover, the magnetic properties of NZVI

several disadvantages such as higher operational and capital

facilitate the rapid separation of nano iron from soil and

costs, more energy and chemicals consumption, and pro-

water via a magnetic ﬁeld (Babaei et al. a). However,

blems regarding sludge disposal (Sobhanardakani et al.

there is a strong tendency of NZVI particles to agglomerate

). Other drawbacks are the requirement for large settling

as well as to become oxidized, resulting in a reduction in

tanks in chemical precipitation, regeneration in the ion

surface area, reactivity and removal efﬁciency (Babaei

exchange process, chemical requirements, low efﬁciency in

et al. a). An effective approach to overcome this pro-

coagulation–ﬂocculation methods and large amounts of

blem is to incorporate NZVI into a porous supporting

sludge in membrane ﬁltration (Gupta et al. b; Kakavandi

material. Recent studies have reported that NZVI particles

et al. ). During the past few years, the adsorption process

can be coated with CS (a protective polymer due to its out-

has been widely applied; also, this process is proven to be

standing chelation behavior) to increase its dispersibility

a suitable method for the treatment of heavy metals

and stability (Liu et al. ). Furthermore, these supports

(Ahmadi et al. ; Amiri et al. ). In this regard, up to

can facilitate the separation of NZVI particles from aqu-

now, a wide variety of adsorbents have been used for Cd2þ

eous solutions.

removal such as agricultural waste biomass, chitosan–

Herein, we hypothesize that NZVI particle impreg-

silica, microorganisms, biopolymers, zeolites, metal oxides,

nation on the CS surface combines the synergistic effects

ﬂy ash and activated carbon ( Jaafarzadeh et al. ; Lim

of NZVI and CS, which may have a superbly enhanced

& Aris ).

adsorption activity as well as easy separation. The present

However, most of these adsorbents showed a relatively

study therefore aimed to synthesize CS@NZVI using a

low adsorption capacity for Cd2þ under the optimum oper-

liquid phase method. The inﬂuence of operating parameters

ation conditions. In addition, some operational problems

in the adsorptive removal of Cd2þ was evaluated in details in

such as resultant turbidity in the treated water or efﬂuent,

a batch system. Isothermic and kinetic studies were also car-

and consequently the need to ﬁlter or centrifuge, have lim-

ried

ited the application of these adsorbents, particularly nano-

regeneration and reusability of the composite were indeed

sized adsorbents. Magnetic nanoparticles (e.g. NZVI,

evaluated for three consecutive cycles.

out

under

optimum

conditions.

Finally,

the

Fe3O4, α-Fe2O3, γ-Fe2O3 and FeO(OH)) have recently been
adopted by researchers in the ﬁeld of adsorption/biosorption for removing pollutants from aquatic environments,
which makes separation of both adsorbent and adsorbate

MATERIALS AND METHODS

much easier (Mohseni-Bandpi et al. ). Several authors
have magnetized adsorbents such as activated carbon for

Materials and chemicals

Pb2þ and Hg adsorption (Oliveira et al. ; Kakavandi
et al. ), carbon nanotubes for Pb2þ, Ni and Sr adsorption

All chemicals were of analytical laboratory grade and used

(Chen et al. ; Hu et al. ), zeolite for Cr, Cu, and Zn

without further puriﬁcation. Sodium borohydride (NaBH4)

adsorption (Oliveira et al. ) and CS for Zn2þ and Pb2þ

was purchased from Sigma-Aldrich. Cadmium nitrate tetra-

adsorption (Fan et al. , ) by magnetic iron nanopar-

hydrate (Cd(NO3)2.4H2O, Merck, Co) was used for

ticles as a magnetic separation technology.

preparing the stock solutions of Cd2þ according to the

Among magnetic nanoparticles, NZVI has been

ASTM D3557-12 (ASTM ) procedure. The pH of the sol-

applied recently for in-situ and ex-situ remediation, due to

utions was adjusted by adding 0.1 M hydrochloric acid

being non-toxic and inexpensive (Esfahani et al. a).

(HCl) and sodium hydroxide (NaOH) solutions. All the
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Synthesis of the CS@NZVI

W

and kept in a refrigerator at 4 C prior to experiments.
CS@NZVI composite was synthesized in the laboratory
using a chemical reduction method (reducing Fe3þ to Fe0

CS preparation

using NaBH4). Excess NaBH4 was used to ensure that all
In this work, CS was prepared from shrimp shell wastes,

the Fe3þ was reduced. Firstly, 0.25 g of CS was dissolved

which is available in abundance in southern parts of Iran. It

in 50 mL of 0.05 M acetic acid. Due to the poor solubility

was obtained from chitin according to the method reported

of CS, the mixture was vortexed to aid complete dissolution

in the literature with some modiﬁcations (Brown ).

and kept for 2 h at 150 rpm. To this solution, 1 g of

Initially, in order to improve the purity of shrimp shells,

FeCl3.7H2O was added and the solution was stirred quickly

they were washed with DI-water and dried, then ground

in an N2-purged environment for 2 h. Then, to this mixture

and passed through a size 50 mesh. Graded shells were agi-

freshly prepared aqueous solution containing 2% NaBH4

tated in 0.5% NaOH solution for 30 min and ﬁnally washed

was added drop-wise. At this stage, black precipitation was

with hot DI-water several times until pH reached neutral

observed, and evolution of H2. Again, the mixture was stir-

value. This completed the preliminary phase for the prep-

red for another 60 min until the entire reduction of metal

aration of chitin. De-proteinization of the shrimp shells was

salts. The black solid was collected using a magnet (with a

performed using a 1.2N NaOH solution (1:20 w/v) for 3 h
W

1.5 tesla ﬁled magnet) and washed at least three times

at 90 C and in constant agitation conditions. The residue

with oxygen-free DI-water to get rid of the extra chemicals.

was separated by ﬁltration and washed with hot DI-water sev-

The CS@NZVI composite was dried at 100 C for 4 h, and

eral times. Thereafter, it was demineralized with a 1.6N HCl

stored in a brown sealed bottle under dry conditions for

W

solution (1:10 w/v) at room temperature (25 ± 2 C) for 2 h.

characterization and future use (Geng et al. ; Gupta

After ﬁltration, the residue was again washed with hot

et al. a).

W

DI-water until the pH reached 7. Finally, the obtained chitin
was decolorized via agitation in acetone solution [(CH3)2CO]

Characterization of CS@NZVI

for 1 h in order to remove all pigments. Chitin was separated,
W

dried at 60 C for 24 h and then weighed to determine the

In order to determine the CS degree of acetylation, the

chitin content of the shrimp shells according to Equation (1)

elemental composition was analyzed using a COSTECH

(Westergren ). Afterwards, the obtained chitin was de-

ECS 4010, Italia, CHONS equipment. The percentage of

acetylated using a 50% NaOH (1:5 w/v) solution at boiling

N-deacetylated varies from 5.145 in completely N-deacety-

temperature for 8 h. After de-acetylation, the produced CS

lated CS (C6H11O4N repeat unit) to 6.861 in chitin, the

was washed with DI-water until the pH reached 7, and dried

fully N-acetylated polymer (C8H13O5N repeat unit). The

W

in an oven at 60 C for 24 h. Thereafter, it was weighed and

DA % of CS samples was calculated via Equation (3) (Al

the CS yield was determined using Equation (2), and assayed

Sagheer et al. ).

for degree of de-acetylation. One of the easiest ways to detect
CS production is dissolving in a weak acid solution as an indi-

C=N  5:145
× 100
6:861  5:145

cator test (Westergren ; Brown ).

DA(%) ¼

Product (g)
%Chitin ¼
× 100
Shell (g)

obtained using a Quantachrome, 2000, NOVA X-ray Dif-

(3)

X-ray diffraction (XRD) spectra of CS@NZVI were
(1)

fractometer with graphite monochromatic copper radiation
(Cu Kα, λ ¼ 1.54 Å) in the range of 10–70 . The patterns
W

were compared with the Joint Committee on Powder Dif%Chitosan ¼

Product (g)
× 100
Shell (g)
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(5)

77.3 K. A transmission electron microscopy (TEM, PHILIPS, EM) was used to characterize the size and shape of
NZVI particles at 100 keV. Fourier transform infrared spectroscopy (FTIR) spectra of the CS@NZVI composite were

where Ci and Ce are the initial and residual concentrations of
Cd2þ (mg/L) in the solution, respectively, m is the dry mass of
CS@NZVI (g) and V is the volume of the solution (L).

obtained using BRUKER’s Vertex 70 model to conﬁrm the
functional groups present on the adsorbent surfaces.

RESULTS AND DISCUSSION
Batch adsorption experiments
Characterization of CS@NZVI
Batch experiments for the adsorption of Cd2þ on CS@NZVI
composite were carried out in 250 mL polytetraﬂuoroethylene

XRD can provide very useful information about the physical

bottles ﬁlled with 50 mL of the pH-adjusted Cd2þ solutions at

and chemical structures of the magnetic particles embedded

25 ± 1 C. The effects of experimental parameters such as the

in the CS matrix. The XRD spectra of CS@NZVI in the 2θ

pH of the solution, contact time, different CS@NZVI and

range of 0–80 at 25 C (Cu Kα, λ ¼ 1.54 Å) are shown in

W

2þ

Cd

concentrations and solution temperatures on the

W

W

Figure 1(a). A narrow diffraction peak at 2θ ¼ 44.9

W

was

removal efﬁciency of Cd2þ were investigated. After adjusting

observed, belonging to NZVI crystal (JCPDS, No. 06-0696)

the pH of the solution, a speciﬁc amount of composite was

(Fu et al. ; Babaei et al. a). This conﬁrms that the

put in the aqueous solution, having a ﬁxed concentration.

NZVI particles were successfully synthesized. In addition,

Then, bottles were agitated on a rotary shaker at a rate of

the X-ray pattern of CS@NZVI exhibited characteristic crys-

200 rpm and maintained for a certain period of time at a con-

talline peaks belonging to CS at 2θ ¼ 8 and 20.1 (Jagtap

stant temperature (25 ± 1 C). At appropriate time intervals,

et al. ; Mohseni-Bandpi et al. ). These results suggest

2 mL of the solution was withdrawn from each bottle and

that the NZVI particles were successfully loaded on either

the composite was magnetically separated using a strong

the outside or inside of CS.

W

2þ

magnet. After that, the remaining Cd

W

W

concentration in the

The results of TEM analysis, Figure 1(b), showed that

solution was determined according to the ASTM (D3557-90

NZVI had a diameter less than 50 nm and also demon-

method) (ASTM ) using atomic absorption spectropho-

strated that it was successfully synthesized as individual

tometry (Analytikjena, vario 6, Germany) at a wavelength of

nano-sized particles. The speciﬁc surface area, volume,

228.8 nm. Herein, all measurements were performed in an

and average pore diameter of CS@NZVI were measured

air/acetylene ﬂame. The lamp current and slit width were

using the BET method. The surface of the synthesized adsor-

2.0 mA and 1.2 nm, respectively. The instrument was cali-

bent, according to this analysis, was 78.3 m2/g. It is notable

brated with a standard solution (in the range 0.05–2.0 mg/L)

that the speciﬁc surface area of CS decreased after the coat-

within a linear range, and a high correlation coefﬁcient

ing of NZVI, as reported in the literature (Babaei et al.

(R2 > 0.997) was obtained. All experiments were performed

a). This decrease may result from the impregnation pro-

in duplicate and the results were reported as the mean values

cess and/or NZVI presence in the structure of CS. Similar

of measurements.

observations were also reported by other researchers (Kaka-

The amount of the Cd2þ adsorbed on CS@NZVI, qe

vandi et al. , ). The average size and volume pores of

(i. e. adsorption capacity, mg/g), and the removal efﬁciency

the composite were obtained to be 26.57 nm and 0.982 cc/g,

were calculated using the following equations:
 
V
Cd adsorption capacity (mg=g) ¼ (Ci  Ce )
m
2
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(a) Powder XRD pattern, (b) TEM image of CS@NZVI, (c) FTIR spectra of CS@NZVI before, and (d) after Cd2þ adsorption.

more reactive sites and a good adsorption capacity for con-

adsorption process. To characterize the functional groups

taminants. Because adsorption reactions mainly occurred

on the surfaces of the adsorbent and to measure the binding

on the adsorbent surfaces, the functional groups on the sur-

mechanism of the pollutants, the FTIR spectra of the

faces of the adsorbent can play a signiﬁcant role in the

CS@NZVI before and after adsorption of Cd2þ in the
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range of 400–4,000 cm1 are shown in Figure 1(c) and 1(d),

vibration, implying that the NZVI nanoparticles were suc-

respectively.

cessfully prepared and introduced into the CS (Yang et al.

The FTIR spectra showed some absorption peaks

).

belonging to various functional groups or different vibration

In the CS@NZVI spectrum after adsorption, a signiﬁ-

modes. A comparison between the FTIR spectrums of the

cant reduction of absorption in this spectral area can be

CS@NZVI before and after the adsorption of Cd2þ is given

attributed to the formation of CS  Fe bonds. All the afore-

in Table 1. The absorption bonds at wave number (ν)

mentioned peaks were also observed in the ‘after

values at ∼3,354 and ∼3,268 cm1 indicate the presence of

adsorption’ FTIR spectra with notable changes. These func-

O–H and N–H bond stretching, respectively. The absorption

tional groups may form surface complexes with Cd2þ and

1

are due to the C–H stretching vibration

thus can increase the speciﬁc adsorption of Cd2þ by

of the –CH2 groups in CS (Du et al. ; Mohseni-Bandpi

CS@NZVI. As shown in Figure 1(c) and 1(d) and

peaks at 2,860 cm

1

et al. ). The peak observed at 1,631 cm

may be from

Table 1, the spectra display a number of absorption

the N-H bending vibration, indicating the existence of

peaks, indicating the complex nature of the CS@NZVI.

amide(II) and hydroxyl groups in CS (Liu et al. ). More-

Large changes are clearly observed on the FTIR spectrum

over, the bond at near 1,600 cm1 that appeared on

of CS@NZVI following Cd2þ adsorption. After Cd2þ

2þ

adsorption, the FTIR spectrum, Figure 1(d), shows a new

was assigned to the OH bending vibrational mode due to

strong peak at 2,868 cm1, belonging to the stretching

the adsorption of moisture when FTIR sample disks were

vibration of symmetric and asymmetric –CH2 groups

prepared in an open-air atmosphere (Mohseni-Bandpi

(Ngah et al. ). Furthermore, FTIR spectra of Cd2þ

et al. ). The bands at about 1,363 cm1 can be attributed

adsorbed on CS@NZVI indicated that the peaks expected

to C–N stretching vibration (Malkoc & Nuhoglu ). In

at 3,354, 3,268, 2,856, 1,589, 1,363 and 1,147 cm1 had

the FTIR spectra, the peaks at around 1,140 cm1 can be

shifted, respectively to 3,357, 3,288, 2,868, 1,597, 1,376

apportioned to the C¼ O stretching of ether groups

and 1,151 cm1 due to Cd2þ sorption. It seems that the

(Malkoc & Nuhoglu ). The peaks at 1,083 cm1 and

mentioned functional groups inﬂuence the Cd2þ adsorption

CS@NZVI before and after adsorption of 10 mg/L Cd

1

correspond to C–OH bond stretching (Reddy

on the CS@NZVI. Generally, the ﬁndings of FTIR studies

& Lee ). The peaks at around 570 cm1 in the

clearly conﬁrm the existence of CS and NZVI in the

CS@NZVI spectrum were attributed to the Fe–O stretching

CS@NZVI composite.

1,023 cm

Table 1

|

The FTIR spectral characteristics of CS@NZVI before and after Cd2þ adsorption
1

Frequencies (cm

)

IR
peaks

Before
adsorption

After
adsorption

Differences

Assignment

References

1

3,354–3,268

3,357–3,288

–3, –20

O–H bond stretching and N–H
bond stretching

Babaei et al. (b), Mohseni-Bandpi et al.
()

3

2,856

2,868

–12

C–H stretching vibration of the
–CH2 groups

Viswanathan & Meenakshi (), MohseniBandpi et al. ()
Mohseni-Bandpi et al. ()

4

1,589

1,597

–8

OH bending vibrational

5

1,363

1,376

–4

C–N stretching vibration

Malkoc & Nuhoglu ()

6

1,147

1,151

þ6

C ¼ O stretching of ether groups

Malkoc & Nuhoglu ()

7

1,063

1,078

–3

C–OH bond stretching

Reddy & Lee ()

8

1,024

1,027

–3

C–OH bond stretching

Reddy & Lee ()

9

572

556

16

Fe–O stretching vibration

Yang et al. ()
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obtained when pH values of the solution were 6.0, 7.0 and
8.0, respectively, indicating that the changes of the removal

The pH of the solution, affecting the surface functional

efﬁciency is not notable. Hence, to ensure the interference

groups of the adsorbent and adsorbate, is one of the most

from metal precipitation we set the pH of solutions at 7.0

inﬂuential parameters of the adsorption process. The domi-

for the following experiments. This would allow for Cd2þ

nant forms of heavy metals in aqueous solution were also

removal in wastewater without pre-adjustment of pH.

affected by pH (Kakavandi et al. b). It has been pre-

These results are in good agreement with those of previous

viously reported that the efﬁciency of heavy metals

studies for several sorbent-Cd2þ sorption processes (Ünlü

adsorption is highly dependent on the initial pH of the sol-

& Ersoz ; Wang et al. ; Liu et al. ). Azouaou

ution. Similar results were also observed in our work,

et al. () in studying Cd2þ adsorption shows that at pH 7

which are illustrated in Figure 2. As can be seen, Cd2þ

the numbers of competing hydrogen ions are lower and

adsorption percentages enhanced with an increase in the

more ligands are exposed with negative charges, resulting

pH from 4 to 8 for 10 mg/L Cd2þ concentration during

in greater cadmium sorption.

90 min agitation time. The removal efﬁciency then

Liu et al. () studied the Cd2þ adsorption on CS

decreased signiﬁcantly, when the pH value reached 9.0.

beads-supported Fe0 and showed that when solution pH

Figure

2

indicates

that

the

adsorption

of

2þ

Cd on

increased, the number of negatively charged sites was

CS@NZVI is favored at around neutral pH values, which

improved, leading to the enhanced attraction force between

can be attributed to the changes of surface properties of

heavy metals (Cu2þ, Cd2þ and Pb2þ) and the beads surface.

the adsorbent and adsorbate. A maximum Cd

2þ

uptake

Furthermore, Azari et al. () reported that as the pH

was observed at a solution pH of 8.0. At acidic conditions

increased, surface positive charges of the adsorbent

(pH < 5), the surface of the adsorbent is positive and so,

decreased and the more active surface sites can be obtained

electrostatic repulsion occurs between protons (Hþ) and

for Cd2þ, which resulted in lower repulsion of the adsorbing

Cd

2þ

cations for the adsorption sites. Therefore, competition

metal ions. At alkaline conditions, however, a decrease in

between protons and metal species could be a reason for the

the adsorption efﬁciency can be derived from the formation

weak adsorption in this condition. After 90 min reaction,

of metal hydroxides precipitation and also a decrease in the

removal efﬁciencies of 96.5%, 97.6% and 98% were

concentration of Cd2þ, as reported in the literature (Kakavandi et al. ). Rao et al. () reported that at pH >
7.5, the predominant species of Cd exists in the hydrolyzed
form (i.e. Cd(OH)þ and Cd(OH)02) and Cd2þ ions are present
in only very small amounts. Therefore, at the value of pH <
7.0, the main species adsorbed onto the CS@NZVI were predominantly Cd2þ and less amounts of Cd(OH)þ and
Cd(OH)2. Based on the aforementioned, at the optimum
pH the predominant species of Cd were in ionic form
(Cd2þ) and metal hydroxide precipitation does not take place.
Inﬂuence of adsorbent dosage
The dosage of CS@NZVI as a factor inﬂuencing the adsorption of Cd2þ was also investigated. It was examined in the
range of 0.2–0.7 g/L at this condition: 10 mg/L of Cd2þ
over 90 min at pH 7.0 ± 0.2. As shown in Figure 3(a), by rais-

Figure 2

|

Effect of solution pH on the adsorption of Cd2þ on CS@NZVI (Experimental
conditions: adsorbent dose ¼ 0.6 g/L; C0 ¼ 10 mg/L; contact time ¼ 90 min;
and T ¼ 25 ± 1 C).
W
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Effect of (a) adsorbent dose and (b) initial Cd2þ concentration on adsorption capacity and removal of Cd2þ by CS@NZVI. Experimental conditions: pH ¼ 7.0 ± 0.2; contact time ¼
90 min; and T ¼ 25 ± 1 C; for (a) C0 ¼ 10 mg/L; for (b) adsorbent dose ¼ 0.6 g/L.
W

to 99.9%, while the adsorption capacity (the amount

the adsorption reaction (Jafari et al. ; Kakavandi et al.

adsorbed per unit mass of adsorbent) declined from 40.8

a). In addition, some of the particle interactions (e.g.

to 14.3 mg/g. The promotion of sorption efﬁciency can be

aggregation) which result from a high sorbent concentration

explained by the fact that increasing the adsorbent dosage

lead to a signiﬁcant reduction in the active surface area of

increased the accessibility of active sites on the pores of

the adsorbent and, consequently, reduce its adsorption

2þ

ions, which led to an enhanced

capacity. Similar observations have been reported for

removal efﬁciency, as observed by the other researchers

adsorption of Cd2þ onto the different adsorbents in the lit-

(Rao et al. ; Azari et al. ). In other words, for a

erature (Rao et al. ; Shen et al. ; Azari et al. ).

the CS@NZVI to the Cd

ﬁxed initial adsorbate concentration, increasing adsorbent
dosage provides greater surface area or more adsorption

Inﬂuence of initial Cd2þ concentration

sites. As shown in Figure 3(a), the complete removal of
Cd2þ was approximately achieved at high adsorbent

The effect of initial concentrations of Cd2þ on its removal

dosage level (0.7 g/L). The experiments also indicated that

efﬁciency by CS@NZVI in the range of 10-300 mg/L is

the removal efﬁciency was faster as the adsorbent dosage

shown in Figure 3(b). It can be seen that the removal efﬁ-

raised from 0.2 to 0.6 g/L. According to Figure 3(a), a

ciency decreased with enhancement of the Cd2þ from 10

removal efﬁciency of 99.8 and 99.9% was obtained in the

to 300 mg/L. So that, with the rise in the initial concen-

presence of 0.6 and 0.7 g/L, respectively, of CS@NZVI in

tration from 10 to 300 mg/L, the removal efﬁciency

the Cd2þ solution, demonstrating that beyond the 0.6 g/L

decreased from 99.8% to 34.4%. This is probably due to

dosage the removal efﬁciency did not change with the adsor-

the ﬁxed number of active sites on the adsorbent versus

bent dose. Hence, 0.6 g/L was chosen as the optimal dosage

the number of metal ion molecules (Teymouri et al. ).

of the adsorbent to conduct further experiments on the

Figure 3(b) also reveals that the adsorption capacity of

adsorption process.

Cd2þ on the CS@NZVI signiﬁcantly enhanced as the initial

However, a decrease in adsorption capacity with an

Cd2þ concentration increased. This phenomenon can be

increase in the adsorbent dosage is mainly attributed to

described by the fact that amounts of Cd2þ adsorbed per

the increase in unsaturation of adsorption sites through

unit mass of CS@NZVI increase with an increase in initial
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Cd2þ concentration in the solution. Moreover, an increase

that the rate of Cd2þ adsorption onto CS@NZVI was initially

in initial concentration dramatically enhanced the inter-

fast; then, the rate slowed down gradually until the equili-

2þ

action between the adsorbent and Cd . This can be

brium was reached, beyond which no further adsorption

attributed to the increased force of concentration gradient

could be observed. Thereafter, 90 min was selected for the

(Kumar et al. ).

future experiments as the equilibrium time. The rapid

Generally, at higher initial concentration of metal ions

increase of the adsorption capacity in the initial stages

the available adsorption sites of the CS@NZVI become

might be due to the availability of a large number of vacant

fewer and the percent removal of metal ions is dependent

sites that become saturated over time (Kakavandi et al.

upon the initial concentration. However, the ratio of the

). With further increasing time, the availability of the

initial number of metal ions to the available sorption sites

Cd2þ ions to unoccupied active sites on the surface of the

of the CS@NZVI is decreased at a lower initial concen-

adsorbent diminished; and these sites ultimately become satu-

2þ

tration of Cd , and subsequently the fractional adsorption

rated when the process reaches its equilibrium state. The

of metal ions by the CS@NZVI becomes independent of

adsorption equilibrium is the point at which the concen-

its initial concentration (Rao et al. ; Yang et al. ;

tration of the adsorbate in the bulk solution is in a dynamic

Azari et al. ).

balance with that of the interface (Kakavandi et al. b).

Inﬂuence of contact time and adsorption kinetics

Cd2þ adsorption onto CS@NZVI are listed. In this study, we

In Table 2, the values of the kinetic model parameters of
used four widely used kinetic models: pseudo-ﬁrst-order,
The effect of contact time and adsorption kinetics were

pseudo-second-order, Elovich, and intraparticle diffusion

studied at a period of 3 h under optimum conditions (i.e.

models to estimate overall sorption rates. Further details of

pH of 7.0 ± 02 and 0.6 g/L of CS@NZVI) for 10 mg/L

these models (i.e. equations and parameters) are given in

2þ

Cd . As shown in Figure 4(a), the adsorption capacity of
2þ

the supplementary data, Table S1 (available with the

increased rapidly during the ﬁrst 60 min and then

online version of this paper). The correlation coefﬁcients

reached the equilibrium point after 90 min. It was observed

were found to be less than 0.96, 0.85 and 0.67 for the

Cd

Figure 4

|

(a) Kinetic and (b) isotherm models and experimental data of Cd2þ adsorption on CS@NZVI under optimum conditions (pH ¼ 7.0 ± 0.2; adsorbent dose ¼ 0.6 g/L and T ¼ 25 ±
1 C; for (a) C0 ¼ 10 mg/L; for (b) C0 ¼ 10-300 mg/L and contact time ¼ 90 min).
W
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The values of kinetics and isotherms of Cd2þ adsorption on CS@NZVI

Models

Parameters

Value

Kinetic
11.25

kf (min1)

0.056

R2

0.9519
20

ks (g/mg min)

0.016

R2

0.9999

ki (mg/gmin0.5)
Ci (mg/g)
R2

0.6415
12.61
0.66

α (mg/g min)
β (g/mg)

2.44

R2

0.8479

qe,exp (mg/g)

19.52

kF (mg/g(Lmg)1/n)

31.5

n

3.63

R2

0.9998

Langmuir
142.8

kL (L/mg)

0.062

RL

0.05 - 0.61

R2

0.9816

that the calculated qe values are in good agreement with the
experimental qe values, indicating that this model better
explains the adsorption process of Cd2þ on the CS@NZVI
demonstrates that the concentrations of both adsorbent
and adsorbate are associated with the rate-determining
step of the adsorption process ( Jafari et al. ). It also
the adsorption process of Cd2þ onto the CS@NZVI, and
there was no mass transfer reaction (Kakavandi et al.
). In the previous studies conducted, the same model
magnetic activated carbon (Azari et al. ), activated
carbon (Rao et al. ) (Dong et al. ), and clariﬁed
sludge (Naiya et al. ) were reported.
Other models (i.e. pseudo-ﬁrst-order, Elovich and intrathese models could not properly ﬁt the experimental kinetic
data. Based on the results, it was found that the intraparticle
diffusion model plays a less signiﬁcant role in the adsorption
process. According to Table 2, for intraparticle diffusion the
diffusion is part of the adsorption but not the only rate-controlling step in this process, as reported previously by
Boparai et al. (). Therefore, it can be stated that other
mechanisms (i.e. complexes or ion-exchange) could also
control the rate of the adsorption of Cd2þ on CS@NZVI.

qm (mg/g)

15.96

kT

10.5

R

2

Adsorption equilibrium and isotherm study

0.9113

D-R
ln qe ¼ ln qm-Dε2

Cd2þ adsorption with a signiﬁcantly high coefﬁcient of cor-

y-intercept (Ci) is not zero, illustrating that the intraparticle
q0 (mg/g)

Temkin
qe ¼ B1 ln KT þ B1 ln Ce

second-order is a better ﬁt to the experimental data of

particle diffusion) present lower R2 values, indicating that

Freundlich

Ce/qe ¼ Ce/q0 þ 1/kLq0

model was more than 0.999. This suggests that the pseudo-

for the adsorption of Cd2þ on various adsorbents, such as
12.73

Isotherm
lnqe ¼ lnkF þ n1 lnCe

2017

suggests that chemisorption was the rate-limiting step in

Elovich
qt¼ β ln(αβ)þ β lnt

|

than the other models. The conﬁrmation of this model
qe,cal (mg/g)

Intraparticle diffusion
qt ¼ ki t0.5

66.2

the pseudo-second-order model it is also strongly conﬁrmed
qe,cal (mg/g)

Pseudo-second-order
t/qt ¼ t/qe þ 1/k2 q2e

|

relation (R2) (>0.99), compared to other kinetic models. For

Pseudo-ﬁrst-order
ln(qe-qt) ¼ lnqe-k1 t

Journal of Water Supply: Research and Technology—AQUA

In this study, Langmuir, Freundlich, Temkin and Dubinin–
qm (mol/g)
D (mol2/kJ2)
E (kJ/mol)
R2

215.1
0.0023
14.74
0.9865

Radushkevich (D-R) equilibrium as the four most common
isotherm models were employed to predict the behavior of
Cd2þ adsorption onto the CS@NZVI surfaces. The equations
and corresponding parameters of the aforementioned models
are represented in Table S1. The adsorption isotherm exper-

pseudo-ﬁrst-order, Elovich and intraparticle diffusion kin-

iments were conducted using 10 to 300 mg/L Cd2þ under

etic models, respectively; whereas the corresponding

the optimum conditions (i.e. pH 7.0 ± 0.2, 0.6 g/L adsorbent

amount calculated for the pseudo-second-order kinetic

and 90 min contact time) at 25 ± 1 C. Table 1 shows the
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obtained values of equilibrium isotherm parameters of the

capacity of other adsorbents applied in previous research.

Cd2þ adsorption onto the CS@NZVI surfaces. Based on the

The observed differences in the adsorption capacities for

2

correlation coefﬁcients (R ), the adsorption isotherm

the listed adsorbents can be due to the structure, surface

models ﬁtted the experimental data in accordance to the fol-

area and the properties of the functional groups in each

Freundlich > D-R > Langmuir > Temkin.

adsorbent. As presented in Table 3, α-ketoglutaric acid-

Considering this result, the Freundlich model is a better ﬁt

modiﬁed magnetic CS provides a high adsorption capacity

to the experimental data of the Cd2þ adsorption by

for Cd2þ compared with other adsorbents, which can be

CS@NZVI than the other three models. In addition, we

attributed to its textural characteristics, high porosity and

observed the best ﬁt for the Freundlich model by employing

surface area and functional groups. Moreover, it is worth

lowing

order:

a nonlinear method, as plotted in Figure 4(b). This model

noting from this table that the CS@NZVI had a positive

suggests that the heterogeneous functional sites are distribu-

effect on Cd2þ removal and can be considered as one of

ted uniformly on the surfaces of CS@NZVI and the

the most effective adsorbents for Cd2þ adsorption. Never-

adsorption of Cd2þ ions onto non-energetically equivalent

theless, in order to enhance the adsorption capacity of

sites of the CS@NZVI (Kakavandi et al. ; Rezaei Kalantry

CS@NZVI, further studies can be conducted on its modiﬁ-

et al. ). Meanwhile, the value of 1/n (less than unity) in

cation through increasing the surface area and changing of

the Freundlich isotherm model implies the favorable adsorp-

functional groups.

tion of Cd2þ onto CS@NZVI. In addition, as presented in
Table 2, the values for the dimensionless separation parameter RL (RL ¼ 1/(1 þ kLC0)), which were related to the
Langmuir model, fell between 0 and 1. Since RL > 1, RL ¼
1, RL ¼ 0 and 0 < RL < 1 indicate unfavorable, linear, irreversible and favorable adsorption, respectively, it can be
concluded that the simultaneous adsorption of Cd2þ onto
CS@NZVI is favorable.
For the D-R model, the mean free energy of adsorption
(E ¼ 1/(-2D)0.5) per mole of the adsorbate is the energy
needed to transfer one mole of an adsorbate to the adsorbent surfaces from inﬁnity in solution. It gives information
about either chemical or physical adsorption. With the magnitude of E, between 8 and 16 kJ/mol, the adsorption
mechanism follows chemical ion-exchange, while for the
values of E < 8 kJ/mol, the adsorption process is of a physical nature (Azouaou et al. ; Kakavandi et al. ). As
shown in Table 2, the value of the mean free energy of
adsorption, E, for Cd2þ on CS@NZVI, was found to be
between 8 and 16 kJ/mol, indicating that the adsorption process follows a chemical mechanism. The chemisorption
nature of Cd2þ adsorption on different types of adsorbents

Regeneration and reusability of CS@NZVI
The regeneration of the adsorbent and the restoration of
adsorption are crucial factors in the applicability of a typical
adsorbent. In this study, regeneration and the reusability
experiments of Cd2þ on the CS@NZVI were assessed
under the optimum conditions through three successive
cycles. To regenerate the spent CS@NZVI at the end of
each adsorption cycle for the next adsorption, the used
adsorbent was collected magnetically and stirred in
DI-water for 90 min. The adsorbent was subsequently ﬁltered and dried overnight for the next use. For desorption
experiments, 0.10 g of CS@NZVI loaded with Cd2þ was
then shaken at 200 rpm for 90 min with 5 mL of DI-water
at 25 ± 1 C. The regenerated adsorbent was then dried in
W

W

an oven at 100 C for 2 h and used for the next adsorption–desorption cycle, in order to test the reusability of
CS@NZVI for Cd2þ removal. At the end of each adsorption/desorption cycle, the desorption percentage (%) was
calculated using Equation (6).

has been reported previously (Ünlü & Ersoz ; Naiya
et al. ; Boparai et al. ).
The

maximum

adsorption

Desorption (%) ¼
capacity,

qm,

of

the

Amount of Cd2þ desorbed
Amount of Cd2þ adsorbed

!
× 100

(6)

CS@NZVI was compared with the other adsorbents (see
Table 3). It is worth mentioning that the CS@NZVI

As can be seen from Figure 5, the adsorption percen-

poses a better adsorption capacity, compared with the

tages of Cd2þ by CS@NZVI slightly dropped from 99.8%
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Maximum adsorption capacity and optimum conditions of different adsorbents for Cd2þ removal

qm
(mg/g)

Adsorbent

pH

Isotherm

Kinetic

Ion-imprinted carboxymethyl CS-functionalized
silica gel

5.0

-

Pseudo-second-order

20.7

Crosslinked CS/poly(vinyl alcohol) beads

6.0

Langmuir and
Freundlich

Pseudo-second-order

142.9

Kumar et al. ()

α-Ketoglutaric acid-modiﬁed magnetic CS

6.0

Langmuir

Pseudo-ﬁrst-order

255.7

Yang et al. ()

References

Lü et al. ()

Activated carbon prepared
from Phaseolus aureus hulls

8.0

Freundlich

Pseudo-second-order

15.7

Rao et al. ()

Magnetic activated carbon

5.7

Langmuir

Pseudo-second-order

63.52

Azari et al. ()

Clariﬁed sludge

5.0

Langmuir

Pseudo-second-order

36.23

Naiya et al. ()

Dithiocarbamated-sporopollenin

7.0

Langmuir

Pseudo-second-order

7.1

Untreated coffee grounds

7.0

Freundlich

Pseudo-second-order

15.65

Untreated Pinus halepensis sawdust

9.0

Freundlich

Pseudo-second-order

5.36

Oxidized granular activated carbon

6.0

Langmuir

Pseudo-second-order

NaCl-treated Ceratophyllum demersum

6.0

Langmuir

Pseudo-second-order

35.7

5.73

CS@NZVI

7.0

Freundlich

Pseudo-second-order

142.8

Ünlü & Ersoz ()
Azouaou et al. ()
Semerjian ()
Huang et al. ()
Jaafarzadeh et al.
()
This study

desorbent solutions such as HCl, NaCl, NaOH and methanol could provide a good potential for regeneration of
CS@NZVI.

CONCLUSIONS
Results revealed that CS@NZVI has a high potential and
adsorption capacity for Cd2þ ion removal from aqueous solutions. At a pH of 7 ± 0.2, the adsorption efﬁciency was
enhanced by an increase in the contact time and adsorbent
Figure 5

|

Reusability and regeneration results for the adsorption of Cd2þ by CS@NZVI
composite in aqueous solution.

dosage and a decrease in the initial Cd2þ concentration. The
equilibrium adsorption data were found to ﬁt best using
a Freundlich isotherm and pseudo-second-order kinetic
models. The maximum adsorption capacity obtained was

to 83.9%. This suggests that the CS@NZVI can be reused

142.8 mg/g based on the Langmuir isotherm. The adsorp-

for at least three successive cycles while maintaining high

tion process of Cd2þ onto the synthesized composite was

adsorption efﬁciency. As implied in Figure 5, however,

chemisorption. Moreover, the adsorbent was successfully

the desorption percentage of DI-water is very low for all

recycled for three cycles with a little decrease of variation

studied cycles. This means that DI-water is not suitable

in adsorption ability. The CS@NZVI provides very promis-

to be used as a desorbent solution for the regeneration of

ing results for cost-effective treatment of wastewaters

CS@NZVI loaded with Cd2þ ions. It seems that some

contaminated by Cd2þ, as well as high adsorption capacities,
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good and rapid separations and an efﬁcient technology for
heavy metals removal.
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