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a b s t r a c t
A new magnetic nanocomposite (MNC) was prepared by grafting 3-chloropropyltrimethoxysilane 
and melamine (CPMSi-Mel) onto the surface of Fe3O4@TiO2 nanoparticles. Then, nanocomposite of 
chloroacetyl-chitosan (CACS) and (Fe3O4@TiO2-CPMSi-Mel) was fabricated from coprecipitation of 
CACS on the (Fe3O4@TiO2-CPMSi-Mel) nanoparticles. The synthesized MNC was characterized by 
Fourier transform infrared spectroscopy, X-ray diffraction analysis, field emission scanning electron 
microscopy, transmission electron microscopy, CHN elemental analysis, thermogravimetric analy-
sis, and vibrating sample magnetometer. The ability of MNC for removing heavy metal ion (Cd2+) 
from polluted water was studied, and the effects of different parameters on the adsorption charac-
teristics were investigated. The adsorption equilibrium data were well explained by the Langmuir 
isotherm model. The sorption kinetics was tested with pseudo-first-order and pseudo-second-order 
reaction and the rate constants of kinetic models were calculated. Results indicate that Cd2+ uptake 
process followed the pseudo-second-order rate expression. Furthermore, thermodynamic studies 
specify that adsorption was spontaneous and endothermic. The adsorption mechanism onto MNC 
was controlled by electrostatic attraction between MNC and Cd2+. Excellent adsorption capacity with 
other advantages such as reusability, easy separation, and environment-friendly composition make 
them suitable adsorbents for removal of heavy metal ions from environmental and industrial wastes.
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1. Introduction

Heavy metals as trace amount are essential for the body 
and must be supplied in the diet. However, most of them are 
toxic in certain chemical forms at high dose. Among them, 
from environmental point of view cadmium, mercury, and 
lead are potentially toxic even at low concentration [1,2]. 
Cadmium has been used for many years as an agent in elec-
troplating, coating, and a pigment in the industry. In recent 

years, cadmium consumption is mainly limited to recharge-
able nickel-cadmium batteries for reason of its adverse health 
effects [3–5]. While heavy metals occur naturally on Earth, the 
main contribution of environmental pollution comes from 
the anthropogenic sources including mining, metal smelting, 
industrial effluents, solid and liquid waste disposal, agri-
culture, and atmospheric deposition. Unfortunately, unlike 
organic pollution, heavy metal persist indefinitely in the envi-
ronment and cannot be destroyed or degraded. Therefore, a 
variety of methods has been proposed for heavy metals pollu-
tion treatment, such as adsorption, chemical precipitation [6], 
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osmosis [7], and cation-exchange [8]. Biosorption, as a passive 
adsorption, offers an effective, convenient, and low cost 
way for the removal of a wide range of metallic pollutions 
in environmental remediation [9–11]. Chitosan is excellent 
biosorbent in treatment technologies due to the presence of 
high number of hydroxyl and amino groups in its polymeric 
structure, which makes it suitable candidate for metal ions 
recovery [12,13]. The adsorption properties of chitosan are 
a function of the degree of deacetylation in its manufactur-
ing process, the type of the metal ion, and the pH. Chemical 
modification and group functionalization are key issues to 
increase the adsorption capacity, selectivity, and synthesis of 
new chitosan analogues [14,15]. Magnetic chitosan nanocom-
posites have attracted a great deal of attention due to their 
unique properties, which combines easily separation from the 
solution by magnetic field, and enhancement of the sorption 
capability using functionalized biopolymer [16–18]. Various 
magnetic composites of chitosan have been applied as absor-
bent matrix in wastewater treatment. For example, magnetic 
composites using poly(vinyl alcohol) and chitosan were fab-
ricated to employ as dye remover [19]. A modified magnetic 
resin was prepared by grafting Schiff base of thiourea and 
glutaraldehyde on the surface of chitosan to increase selec-
tive adsorption of mercury(II) ions. [20] These category of 
studies demonstrate that the combination of the high adsorp-
tion properties of biopolymer such as chitosan derivatives 
with magnetic properties of magnetic nanomaterials result 
in new functional structures, which can be effectively uti-
lized for treatment of toxic metal pollutions with the lowest 
impact on the environment [21,22]. In extension to our previ-
ous studies in the field of synthesis of novel structures with 
reliable sorption potential, herein, the preparation of an effec-
tive magnetic multicomponent nanoadsorbent for removal 
of cadmium ion and exploration of its characteristics were 
surveyed [23–25]. The adsorption of Cd(II) on the nanocom-
posite was studied in different conditions of treatment time, 
temperature, adsorbent dosage, and pH of solution. Different 
isotherm models were applied to experimental data for char-
acterization of adsorption equilibrium isotherm. Moreover, 
the adsorption kinetics was modeled from experiments and 
the related mechanisms were proposed.

2. Materials and methods

2.1. Materials 

FeCl2·4H2O and FeCl3·6H2O (Sigma-Aldrich) were used 
as received for magnetic particle synthesis. Ammonium 
hydroxide (25wt%), chitosan, (CS, molecular weight = 1,100 
kDa, deacetylation degree 75%) titanium(IV) oxide, 
N-methylpyrrolidone (NMP), chloroacetyl chloride (CAC), 
3-chloropropyltrimethoxysilane (CPMSi), cadmium chloride, 
and melamine (Mel) were all purchased from Sigma-Aldrich 
Company (Germany). Potassium carbonate, potassium iodide, 
sodium hydroxide, methanol, dimethylsulfoxide (DMSO), 
N,N-dimethylformamide (DMF), diethyl ether, and acetone 
were obtained from Merck company (Darmstadt, Germany).

2.2. Preparation of chloroacetyl-chitosan

Chitosan (1 g) was dissolved into NMP (45 mL) under 
bubbling argon gas. After reducing temperature of solution 

to 0°C, chloroacetyl chloride (5.9 mL, 75 mmol) in NMP 
(5 mL) was added. Mixed solution was stirred for 15 min and 
3 h at 0°C and room temperature, respectively. The poly-
mer synthesized (named as chloroacetyl-chitosan (CACS)) 
was precipitated from solution by addition of diethyl ether. 
After filtration, CACS was rinsed twice with diethyl ether 
(20 mL) and methanol (20 mL), and then dried under vacuum 
condition [26].

2.3. Preparation of magnetic Fe3O4@TiO2 nanoparticles

Coprecipitation method of Bo et al. [27] was used 
with some modification for synthesis of magnetic nano-
particles. FeCl3·6H2O (2 g, 7.32 mmol) and FeCl2·4H2O 
(0.73 g, 2.70 mmol) were added to a flask containing TiO2 
(1 g, 12.53 mmol) and distillated water (35 mL). Solution 
was thermostat at 85°C and vigorously stirred for 30 min 
under bubbling nitrogen gas. Magnetic nanoparticles were 
immediately obtained in form of black solids by addition 
of ammonia (25%, 4 mL) to the solution. The nanoparticles 
produced were washed three times with water, and then one 
time with acetone. Nanoparticles was gathered by magnetic 
filtration, dried for half of a day at 45°C, and then stored in 
the vacuum desiccator.

2.4. Surface modification of Fe3O4@TiO2 nanoparticles

Fe3O4@TiO2 (2 g) was sonicated in dry toluene (40 mL) 
for 30 min. After addition of 3-chloropropyltrimethoxysilane 
(1 mL), solution was agitated for a day at 90°C under bub-
bling argon. Silanized nanoparticles (Fe3O4@TiO2-CPMSi) 
were magnetically separated and then washed twice with 
ethanol (20 mL).The nanoparticles prepared (0.5 g) were 
added to a flask containing a stirred solution of dry DMSO 
(20 mL), potassium carbonate (0.5 g, 3 mmol), melamine 
(0.25 g, 1 mmol), and potassium iodide(0.6 g, 3 mmol). The 
flask was kept for 3 d at 90°C. The functionalized nanopar-
ticles (Fe3O4@TiO2-CPMSi-Mel) were removed from the 
solution by magnetic filtration, washed twice with ethanol 
(20 mL), and then dried for a day at 50°C in a vacuum oven.

2.5. Preparation of Fe3O4@TiO2-CPMSi-Mel-CACS composite

In a Erlenmeyer flask, Fe3O4@TiO2-CPMSi-Mel (0.2 g) and 
CACS (0.8 g) were added to DMF (20 mL). The reaction was 
catalyzed by potassium carbonate under bubbling of argon 
and stirring at 80°C for 1 d. After cooling to room tempera-
ture, nanocomposites (Fe3O4@TiO2-CPMSi-Mel-CACS) were 
removed from the solution by magnetic filtration, washed 
several times with deionized water and twice with acetone 
(10 mL), and then dried for a day at 50°C in a vacuum oven.

2.6. Characterization methods

Fourier transform infrared (FT-IR) spectroscopy of the 
sample was obtained on a Bruker Tensor 27 spectrome-
ter (Bruker, Karsrohe, Germany). X-ray diffraction (XRD) 
analysis of nanocomposite was recorded at 25°C on a Riga 
kuD/Max-2550 powder diffractometer (XRD, Shibuya-ku, 
Tokyo, Japan). Field emission scanning electron microscope 
(FESEM) was recorded on a Hitachi S4160 instrument (Tokyo, 
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Japan). Transmission electron microscopy (TEM) analy-
ses were done using a TEM microscope (Philips CM120). 
Thermogravimetric analysis (TGA) was performed on LENSES 
STAPT-1000 calorimeter (Linseis STA PT1000, Selb, Germany) 
under nitrogen gas by scanning at the heating speed of 10°C/
min up to 900°C. Vibrating sample magnetometer (VSM) was 
supplied by Daghigh Kavir Corporation (Kashan, Iran).

2.7. Adsorption measurement

The effect of sorbent dosage, initial concentration of 
cadmium ion, contact time, pH, and temperature was stud-
ied on adsorption properties of nanocomposite in a series 
of batch experiments. For this purpose, adsorption experi-
ments were conducted in flasks containing 50 mL solution 
of nanocomposite (5–100 mg) with a known initial cadmium 
ion concentration (10–100 mg/L) at constant pH value (in the 
range of 3–10) and for temperatures of 25°C–45°C. The initial 
and final Cd2+ concentration was determined by an atomic 
adsorption spectrophotometer (Hewlett-Packard 3510, 
NovAA-400, Analytic jena AG, Jena, Germany). Adsorption 
efficiency, R%, and its capacity, q (mg/g), were determined by 
using Eqs. (1) and (2).

R
C C
C

e% =
−

×0

0

100  (1)

q
C C
m

ve=
−

×0  (2)

where C0 and Ce is initial and final Cd2+ concentration (mg/L), 
m is mass of nanocomposite in solution (g), and v is volume 
of experiment solution (L).

3. Results and discussion

This study was performed on the basis of presenting new 
bio-based composite which can be incorporated in water 

purification industry. Chitosan as one of the promising 
and reliable biostructures has been employed and modi-
fication of the structure using magnetic nanoparticles has 
been done. The whole procedures as depicted in Scheme 1 
were done using common synthetic methods and explained 
in details previously. To evaluate the synthesized structure 
and survey on its capability in removal of pollutants, at 
first, spectral and thermophysical characterizations were 
performed. Then, cadmium ion as one of the hazardous 
ions which can cause certain environmental difficulties was 
chosen and efficiency of the adsorbent in removal process 
was evaluated.

3.1. FT-IR analysis

To search for the possible functional groups and approve 
the chemical structure of the prepared biocomposite, 
FT-IR spectra of Fe3O4@TiO2, Fe3O4@TiO2-CPMSi-Mel, Mel, 
CACS, and Fe3O4@TiO2- CPMSi-Mel-CACS were analyzed. 
Stretching vibrations at the range of 500–750 cm−1 in Fig. 1(a) 
are related to Fe-O and Ti-O [28–30]. The presence of OH 
groups on the surface of nanoparticles was confirmed by 
peaks at 3,288 and 1,616 cm−1 due to stretching and bending 
vibration, respectively. Introduction of CPMSi and Mel to 
the surface of Fe3O4@TiO2 can be confirmed by such peaks 
for stretching vibration of Si-O group at 1,027 cm−1, bending 
vibration of CH2 at 1,438 cm−1, and bands at 2,800–3,000 cm−1 
and 1,265 cm−1 represent stretching vibration of C–H2 and 
–CH2Cl groups of CPMSi, respectively (Fig. 1(b)). Stretching 
bands of hydroxyl group is overlapped with –NH2 group of 
Mel at 3,118–3,325 cm−1 [31,32]. Also peaks at 1,154, 1,544, 
and 1,641 cm−1 correspond to –C–N stretching absorption, 
–NH bending, and C=N stretching vibrations, respectively. 
In Fig. 1(c), for Mel, spectral modes of –NH stretching, –NH 
bending, C=N stretching, CN bending, and deformation 
of –NH are assigned as peaks at 3,300–3,450, 1,420–1,550, 
1,650, 1,180, and 811 cm−1, respectively. FT-IR spectrum of 
CACS (Fig. 1(d)) shows a broadened stretching band for 

 
Scheme 1. Represents the synthetic pathway to Fe3O4@ TiO2-CPMSi-Mel-CACS.
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OH and NH at 3,000–3,500 cm−1, stretching band of C–H at 
2,800–3,000 cm−1, and bands at 1,650 and 1,596 cm−1 referring 
to N-chloroacetyl group in the structure [33]. The IR spec-
trum of the nanocomposite (Fig. 1(e)) shows all the expected 
vibrations. The bands at 3,400 and 3,500 cm−1 are related to 
the OH and NH groups of chitosan and melamine. Peak at 
2,875 cm−1 is due to –CH stretching vibration and the bands at 
1,650, 1,423, 1,153.8, 1,027.9, and 565 cm−1 are attributed to the 
amide N-chloroacetyl, NH bending, C–N bending, Si-O-Si, 
and Fe-O vibration, respectively, which are approving the 
presence of functional groups and suggesting the formation 
of the nanocomposite.

3.2. XRD patterns

The crystallographic structure of nanocomposite was 
determined by XRD technique. Fig. 2 demonstrates the 
XRD patterns of the Fe3O4@TiO2 (a), Fe3O4@TiO2-CPMSi-
Mel (b), and Fe3O4@TiO2-CPMSi-Mel-CACS (c) nanoparti-
cles. In pattern (a), the anatase phase of TiO2 was detected 
by its characteristic reflections at about 2θ = 25.30°, 48.15°, 
54.31°, and 63.05° are indexed to (101), (200), (105), and 
(204), respectively. In addition, reflections at 2θ = 38.01°, 
54.31°, and 63.03° are associated with the (311), (422), and 
(420), respectively, crystalline planes of Fe3O4 [34–39]. A 
similar pattern was observed for Fe3O4@TiO2-CPMSi-Mel as 
(b), indicating no change in the crystalline Fe3O4@TiO2 upon 
functionalization with 3-chloropropyltrimethoxysilane and 
melamine. Finally, pattern (c) shows an additional reflec-
tion at 2θ = 20° is indexed (110), indicating the occurrence 
of amorphous chitosan within composite structure [40].

3.3. FESEM and TEM images

The morphology, average size, and distribution of 
nanoparticles were analyzed by FESEM. Images for Fe3O4@
TiO2, Fe3O4@TiO2-CPMSi-Mel, Fe3O4@TiO2-CPMSi-Mel-CACS 
(nanocomposite) and the prepared nanocomposite after Cd2+ 

adsorption are shown in Fig. 3. Fig. 3(a) shows spherical 
shape of nanoparticles of Fe3O4@TiO2 with an average par-
ticle size of 25–27 nm. Fig. 3(b) demonstrates the synthesis 
of Fe3O4@TiO2-CPMSi-Mel with particles size in the range of 
35–37 nm, which were approved by TEM images. Fig. 3(c) 
shows the final nanocomposite and Fig. 3(d) displays the mor-
phology of the surface of nanocomposite after adsorption.

TEM images of Fe3O4@TiO2-CPMSi-Mel-CACS nano-
composite in 50 and 100 nm scales are depicted in Fig. 4. 
Dark sections are attributed to Fe3O4@TiO2 nanoparticles 
with average size in the range of 33–37 nm.

3.4. Thermal analysis

Thermal stability of nanoparticles by measuring the 
amount of weight changes as a function of increasing tem-
perature over period of time was studied by TGA analysis. 
The obtained curves for synthesized compounds Fe3O4@
TiO2, Fe3O4@TiO2-CPMSi-Mel, and Fe3O4@TiO2-CPMSi-Mel-
CACS are shown in Fig. 5. The result for Fe3O4@TiO2 shows 
that nanoparticles were stable over the studied temperature 
ranging from 25°C up to 900°C. As can be seen in Fig. 5(b), 
predictable weight loss due to the decomposition of small 
organic parts around 130°C–250°C is clear. In comparison, 
different pattern was obtained for Fe3O4@TiO2-CPMSi-Mel-
CACS in Fig. 5(c). The main weight losses are attributed to 
the thermal decomposition of organic components originated 
from Mel and CACS [41–43].

3.5. CHN analysis

Table 1 summarizes the results of CHN elemental 
analysis for chitosan, CACS, Fe3O4@TiO2, Fe3O4@TiO2-
CPMSi, Fe3O4@TiO2-CPMSi-Mel, and Fe3O4@TiO2-CPMSi-
Mel-CACS. These results confirm that Mel and CPMSi were 
incorporated onto backbone of chitosan, in good agreement 
with literature [44,45]. Presence of functional groups such as 
amine groups or nitrogen-rich compounds in the composite 

Fig. 1. FT-IR spectra of (a) Fe3O4@TiO2, (b) Fe3O4@TiO2-CPMSi-Mel, (c) Melamine, (d) CACS, and (e) Fe3O4@TiO2-CPMSi-Mel-CACS 
(composite).
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Fig. 2. XRD patterns of Fe3O4@TiO2 (a), Fe3O4@TiO2-CPMSi-Mel (b), and Fe3O4@TiO2-CPMSi-Mel-CACS composite (c).

 
Fig. 3. FESEM image of Fe3O4@TiO2 (a), Fe3O4@TiO2-CPMSi-Mel (b), Fe3O4@TiO2-CPMSi-Mel-CACS (nanocomposite) (c), and 
nanocomposite after Cd2+ adsorption (d).

  
Fig. 4. TEM image of Fe3O4@TiO2-CPMSi-Mel-CACS, (a) (50 nm) and (b) (100 nm).
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structure will enhance the adsorption capacity due to the 
greater interaction between metal ion and the mentioned 
functional groups.

3.6. Magnetization of nanoparticles

Magnetization curves of Fe3O4@TiO2, Fe3O4@TiO2-CPMSi-
Mel, and Fe3O4@TiO2-CPMSi-Mel-CACS were obtained by 
VSM at room temperature, and depicted in Fig. 6. According 
to the result, the  saturation magnetization values of 28.97 
(emu/g) and 8,500.43 Oe for Fe3O4@TiO2, 27.87 (emu/g) and 
8,436.04 Oe for Fe3O4@TiO2-CPMSi-Mel and 3.29 (emu/g) 
and 8,501.08 Oe for Fe3O4@TiO2-CPMSi-Mel-CACS were 
obtained. A slight reduction of saturation magnetization 
was observed when CPMSi and Mel were immobilized on 
the surface of Fe3O4@TiO2. In contrast, Fe3O4@TiO2-CPMSi-
Mel-CACS exhibits a high decrease in magnetization, which 
could be due to CACS layers surrounding the nanoparticles 
[46]. The separation efficiency of Fe3O4@TiO2-CPMSi-Mel-
CACS from water by low magnetic field is shown in Fig. 6(B). 
As shown, in the absence of any magnetic field, it takes 
about 20 min for the sedimentation of nanocomposite. While, 
under a low magnetic field (<0.045 T), the sedimentation time 
decreases by 120-folds. Fast and simple magnetic separation 
of nanocomposite from solutions makes them an efficient 
adsorbent for treatments of polluted water.

3.7. Adsorption studies

3.7.1. Effect of pH

The pH factor is an essential element affecting the efficient 
elimination of ions from aqueous solutions. Dependence of 
metal ion adsorption to the pH factor can largely be related 
to the type and the ionic state of functional groups existing in 
the adsorbent surface as well as metal chemistry in solution. 
So, to explain this effect, Cd(II) adsorption was examined at 
pH values of 3, 5, 6, 7, 9, and 10. Fig. 7 shows that removal 
percentages are enhanced by increasing pH, and by passing 
through an inflection point around pH = 6 reaches to high 
values in alkaline conditions. The effect of pH can also be 
explained by pHzpc of the adsorbent. According to our sup-
plementary experiments the pHzpc of the prepared nanocom-
posite was found to be 5.2. By regarding the structure of the 
product, when the pH of the adsorbate solution is lower than 
the pHzpc, the surface charge of the adsorbent will be positive, 
while it will be negative at a pH above the pHzpc. Thus, in 
acidic condition, the effect of protons is predominant so as 
a result the amine groups are protonated and the surface of 
the adsorbent is positively charged. Due to the existence of 
repulsion forces, the availability of surface to adsorb posi-
tive metal ions is decreased and leads to a less adsorption 
capacity so the uptake of Cd2+ will be low. However, once the 
pH of the adsorbate solution is higher than pHzpc, the surface 
would be negatively charged and will lead to the electrostatic 
attraction between metal ion and adsorbents surface, result-
ing in higher adsorption of Cd2+. Moreover, at higher pH, 
the concentration of Cd2+ decreases because of the formation 
of low soluble hydrolysis species. Therefore, this study was 
performed at optimum pH = 6. [31,47]

3.7.2. Effect of adsorbent dosage

The removal efficiency of Cd2+ was studied in the dosage 
range of 5–100 mg of adsorbent in 50 mL of Cd2+ solutions 
(50 mg/L). As evident in Fig. 8, the removal percentage 

 
Fig. 5. TGA of Fe3O4@TiO2 (a), Fe3O4@TiO2-CPMSi-Mel (b), and Fe3O4@TiO2-CPMSi-Mel-CACS (c).

Table 1
CHN elemental analysis

Sample %C %N %H

Chitosan 39.66 6.58 6.01
CACS 41.67 7.01 6.95
Fe3O4@TiO2 – – –
Fe3O4@TiO2-CPMSi 2.93 – 0.01
Fe3O4@TiO2-CPMSi-Mel 6.76 6.60 0.70
Fe3O4@TiO2-CPMSi-Mel-CACS 50.26 12.04 7.62
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increases sharply up to adsorbent dosage of 30 mg, and then 
remains approximately constant. This increase in the adsorp-
tion is for the reason that more binding sites are accessible on 
the surface of adsorbent to form complexes with metal ions 
as the amount of the adsorbent increases. Accordingly, all the 

subsequent adsorption studies were performed in solutions 
with the optimum dosage of adsorbent (30 mg).

3.7.3. Influence of contact time

Fig. 9 represents the results of adsorption dependency 
to the contact time which was investigated for a 50 mL of 
50 mg/L Cd2+ solution with an adsorbent dosage of 30 mg 
at pH of 6.0. As is clear, the removal efficiency increases 
rapidly with increasing contact time, and reaches finally to 
an equilibrium state within about 40 min. The metal sorption 
versus time increases with saturation, suggesting that the 
possibility of monolayer covering of metal ions on the surface 
of the adsorbent.

3.7.4. Effect of initial metal Ion concentration on 
sorption of metal ion

In this study, the experiments were done at different 
initial concentrations (10–100 mg/L) to determine the effect 
of initial Cd2+ concentration on removal efficiency. Fig. 10 
represents results of the adsorption efficiency at optimum 
conditions (pH = 6, time = 120 min, and adsorbent dos-
age = 30 mg). The removal of metal ion increases as initial 
concentration of Cd2+ increases from 10 to 40 mg/L, because 
of the higher collision probability between metal ions and 
active surface sites resulting in the enhancement of adsorp-
tion capacity. With further increases in initial concentration 
of Cd2+, the removal efficiency decreases due to the saturation 
of the active surface sites.

3.7.5. Adsorption isotherms studies

In this work, the equilibrium adsorption data were 
described by well-known adsorption isotherms of Langmuir, 
Freundlich, and Temkin isotherm models, by which metal 
ion uptake per mass unit of adsorbent, qe (mg/g), was related 

   

Fig. 6. (A) Magnetization curves of Fe3O4@TiO2 (a), Fe3O4@TiO2-CPMSi-Mel (b), and nanocomposite (c), (B) sedimentation of 
nanocomposite from water in the absence (first three samples) and presence of low magnetic field (last sample).
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to the adsorption equilibrium concentration of metal ion, Ce 
(mg/L). The linear form of Langmuir, Freundlich, and Temkin 
isotherm are given by Eqs. (3), (4) and (5), respectively [48–51].

C
q q b

C
q

e

e

e= +
1

max max

 (3)

log log logq K
n

Ce f e( ) = ( ) + 






 ( )1  (4)

q B A B Ce e= +ln ln  (5)

where qmax (mg/g) is the maximum adsorption capacity and 
b (L/mg) is the Langmuir constant. kf and n are the Freundlich 
constants, B = RT/bT corresponds to the heat of adsorption, 
where R, T (K), and bT (J/mol) are the ideal gas constant, the 
absolute temperature, and Temkin constant, respectively. 
Temkin isotherm constant A (L/g) is related to the maximum 
energy of binding. Langmuir model considers the homo-
geneous surface of adsorbent with the possibility of mono-
layer adsorption. Whereas Freundlich isotherm assumes the 
surface heterogeneity in adsorption and the ability to the 
formation of multilayer during the adsorption. The Temkin 
isotherm model assumes that the heat of adsorption of all 
molecules decreases linearly rather than logarithmically 
with coverage because of the interactions between the adsor-
bent and adsorbate and the adsorption is characterized by a 
uniform distribution of binding energies.

Fig. 11 shows the fitted plots of three types of isothermal 
models. All of the parameters derived from the isother-
mal models are shown in Table 2 at different temperature. 
The correlation coefficients indicate that the experimental 
adsorption data were best fitted by Langmuir model at all 
three temperatures that indicating monolayer adsorption 
behavior. The essential features of the Langmuir isotherm 
can be expressed in terms of a dimensionless constant 
separation factor (RL) defined as Eq. (6):

R
bCL = +
1

1 0

 (6)

where C0 (mg/L) is the initial concentration of Cd2+ and b is 
the Langmuir constant. The RL values between 0 and 1 indi-
cate favorable adsorption for all the initial concentrations and 
temperatures studied. In this study RL values were calculated 
and are given in Table 2. The value within 0.012–0.047 con-
firms favorable adsorption process for Cd2+ ions at all three 
studied temperatures.

The maximum adsorption capacity, qmax, was 98.03, 99.00, 
and 101.01 mg/g at 303, 313, and 323 K, respectively. As shown 
in Table 3, this result is highly comparable with the adsorption 
capacity of some other modified chitosan-based adsorbent.

3.7.6. Adsorption kinetics

The adsorption mechanism was investigated by examina-
tion of pseudo-first-order and pseudo-second-order kinetic 
models on experimental adsorption data. The equation of 
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pseudo-first-order and pseudo-second order model is given 
as Eqs. (7) and (8), respectively.

ln lnq q q K te t e−( ) = − 1  (7)

t
q k q

t
qt e e

= +
1

2
2  (8)

where qt (mg/g) is the amount of Cd2+ ion adsorbed on the 
surface at time t, k1 (min–1) and k2 (g/(mg min)) are the rate 
constant of pseudo-first-order and pseudo-second-order 
model, respectively. The plots of these two kinetics models 
are shown in Fig. 12. The kinetic parameters derived from 
the fit of experimental data on both kinetics models are listed 
in Table 4. The pseudo-second-order model gives a higher r2 
than pseudo-first-order model that indicating the adsorption 
kinetics of Cd2+ on nanocomposite is best described by the 
pseudo-second-order kinetics model.

The adsorption rate is mainly limited by a chemical 
adsorption process [64]. It is reasonable because the chelat-
ing species exchange process that is mainly a second-order 
chemical reaction takes places with a much slower rate than 
the common exchange process controlled mainly by diffu-
sion. Moreover, since there are several chelating groups on 
the composite surface, it may act as a chelating exchanger in 
adsorption process. Therefore, it is expected that the chemical 
complexation reaction occurs during adsorption of Cd2+ on 
the studied adsorbent [65].

3.7.7. Adsorption thermodynamics

The change of Gibbs free energy (ΔG°), enthalpy (ΔH°), 
and entropy (ΔS°) of adsorption were calculated by Eqs. (9) 
and (10) to evaluate the thermodynamics behavior of Cd2+ ion 
adsorption onto Fe3O4@TiO2-CPMSi-Mel-CACS [66].

∆G RT K° = − °ln  (9)

lnK S
R

H
RT

° =
°
−

°∆ ∆  (10)

Thermodynamics adsorption equilibrium constant, K°, 
was determined at each temperature by plotting qe/Ce against 
Ce and then finding extrapolated value at Ce = 0. Accordingly, 
the values of ΔH° and entropy ΔS° were determined by plot-
ting ln K° versus 1/T. The results are shown in Table 5. The 
negative value of ΔG° indicates that adsorption of Cd2+ ion 
adsorption onto Fe3O4@TiO2-CPMSi-Mel-CACS is favorable 
and takes place spontaneously under the studied condi-
tions. In addition, ΔG° decreases by increasing temperature, 
indicating the adsorption is a favorable process at higher 
temperatures. The ΔH° value is negative, indicating the 
adsorption of Cd2+ ion adsorption onto Fe3O4@TiO2-CPMSi-
Mel-CACS is an exothermic process. The positive ΔS° value 
reveals that the randomness increases upon adsorption on 
the adsorbent surface, which may be due to solvent–adsor-
bate molecules displacement and adsorbent–adsorbate 
complex rearrangement.

Table 2
Isothermal model parameters derived for adsorption of Cd2+ ion 
on Fe3O4@TiO2-CPMSi-Mel-CACS

Isotherm 
model

Parameters Temperature (K)

303 313 323

Langmuir qm (mg/g)
b (L/g)
r2

RL

98.03
0.29
0.99
0.012

99.00
0.26
0.98
0.012

101.01
0.24
0.99
0.047

Freundlich n
kf (mg/g) 
 (L/g)1/n

r2

3.24
29.96
0. 84

3.53
33.11
0.78

3.71
35.51
0.77

Temkin A (L/g)
B
r2

2.61
21.22
0.95

3.63
19.26
0.88

4.01
18.61
0.86

Table 3
Adsorption capacity (mg/g) of some modified chitosan nanocomposite for Cd2+ adsorption

Adsorbent Adsorption capacity (mg/g) Reference
Nanoparticle (Fe3O4,TiO2) (101,12.2) [52]
Chitosan/activated carbon composite 52.63 [53]
Chitosan nanofibrils 60.9 [54]
Chitosan biopolymer 38.5 [55]
Ca(II) imprinted chitosan microspheres 50.89 [56]
Chitosan–MAA nanoparticles 1.84 [57]
Magnetic chitosan-2-aminopyridine 84 [58]
Surfactant-modified chitosan 125 [59]
Chitosan-based composite 87.72 [60]
Chitosan pyruvic acid derivative 98.04 [61]
Chitosan crosslinked with epichlorohydrin–triphosphate 83.75 [62]
Chitosan microspheres containing 8-hydroxyquinoline -5 sulfonic acid 32.9 [63]
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3.7.8. Reusability

Regeneration of an adsorbent for subsequent reuse is an 
important factor in practical applications. In this work, reus-
ability of adsorbent was evaluated by five times regeneration–
adsorption experiments. Regeneration was conducted by 
transferring 30 mg of Cd2+-loaded adsorbent into 50 mL of 
0.01 M HCl and NaHCO3 and then stirring for 3 h. Thereafter, 
adsorption experiment was repeated. As shown in Fig. 13, 
the removal efficiency of regenerated adsorbent was 83.33%, 
80.72%, 78.64%, 74.47%, and 67.55% for five consecutive 
recycles, respectively. This result indicates that Fe3O4@TiO2-
CPMSi-Mel-CACS has a good reusability and can be used as 
an efficient adsorbent for Cd2+ separation process.

4. Conclusions

The Fe3O4@TiO2-CPMSi-Mel-CACS nanocomposite was 
synthesized successfully via in situ precipitation methods 
and the sorption experiments showed a high affinity for 
Cd(II) ion. The reactive inserted functional groups present 
on the surface of the adsorbents provided more adsorp-
tion sites for metal ions. On the other hand, the presence of 
melamine with nitrogen groups significantly affects nano-
composite sorption capability, and enhanced the adsorption 
percentage of metal ions. The results disclosed that the high-
est removal of Cd(II) ions happens in approximately within 
40 min at pH 6.0 with 30 mg of adsorbent. The outcomes of 
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Table 4
Kinetic parameters for Cd2+ adsorption on Fe3O4@TiO2-CPMSi-Mel-CACS

Kinetics model Parameters Temperature (K)

303 313 323

Pseudo-first-order qe (mg/g)
k1 (min–1)
r2

44.70
0.117
0.77

36.59
0.099
0.96

48.42
0.010
0.86

Pseudo-second-order qe (mg/g)
k2 (g/(mg min))
r2

71.42
0.003
0.99

68.02
0.002
0.98

67.56
0.003
0.99
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Fig. 13. Cd2+ removal efficiency by Fe3O4@TiO2-CPMSi- 
Mel-CACS in five regeneration cycles.

Table 5
Thermodynamic parameters for Cd2+ adsorption on Fe3O4@TiO2-
CPMSi-Mel-CACS

Temperature (K) ∆G° (J/mol) ∆H° (J/mol) ∆S° (J/mol K)

303 −14,283.24 −7,679.68 21.85
313 −14,559.02
323 −14,779.83
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isotherm studies of the Cd(II) metal ion on the Fe3O4@TiO2-
CPMSi-Mel-CACS nanocomposite revealed good agreement 
with the Langmuir models. In addition, this study shows 
that using melamine moiety in the nanocomposite structure 
can afford special sorption capacities for removing the other 
heavy metal ions pollutants. This novel nanocomposite with 
the mentioned thermophysical and removal capabilities can 
be regarded as a reliable choice for further industrial and 
biomedical applications.
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