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a b s t r a c t
A modified magnetic nano-biocomposite based on zeolite (CoFe2O4@CMC@HZSM-5) was syn-
thesized and characterized by X-ray diffraction, Fourier-transform infrared spectroscopy, 
field-emission scanning electron microscopy, vibrating sample magnetometer, and Brunauer–
Emmett–Teller tests. CoFe2O4@CMC@HZSM-5 was applied as an adsorbent for the efficient 
removal of Pb(II). Then, the applicability of the nano-biocomposite adsorbent was investigated for 
the lead removal. To determine the relationship between effective parameters on lead adsorption, 
the response surface methodology was applied. Maximum removal efficiency by CoFe2O4@CMC@
HZSM-5 under optimal conditions with a contact time of 300 min, pH = 5, Pb(II) concentration of 
400 mg/L, and 0.4 g of the adsorbent (reactor volume = 200 mL) was 96% for synthetic and 75% 
for real samples, respectively. The adsorption of Pb(II) by CoFe2O4@CMC@HZSM-5 followed the 
Langmuir isotherm and pseudo-second-order kinetic models. According to the negative ΔH° val-
ues, the adsorption of Pb(II) onto CoFe2O4@CMC@HZSM-5 was exothermic and thermodynamics 
studies indicated that was not possible and spontaneous in nature. The magnetic nano-biocompos-
ite adsorbent had good reusability and attained a high removal efficiency of 91% for Pb(II) after 
six consecutive adsorption cycles, thus can be recommended as a coefficient adsorbent for the 
removal of Pb(II) from contaminated water.

Keywords:  Organometallic adsorbent; Pb(II); Magnetic nanocomposite; Bio-adsorbent; Response 
surface methodology

1. Introduction

Water pollution is a serious environmental prob-
lem and receives growing attention due to the deficiency 
of clean water [1–4]. Because of the rapid industrializa-
tion, the ecosystem and living organisms are at the risk of 

heavy metal pollution [5]. Water polluted by heavy metals 
has received considerable attention since these metals are 
non-biodegradable, poisonous and carcinogenic, and can 
accumulate in living systems [6].

Aqueous lead is a major pollutant found all over world 
and can releases into the environment, particularly into 
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water resources, because of anthropogenic actions [1,7]. 
Lead contamination is the result of various industrial activ-
ities, like lead batteries, phosphate fertilizers, electronics, 
wood vehicle emissions, painting, plating, textile, petro-
leum, and petrochemical industries, and has become a 
global concern in the last few decades [5,8]. The concentra-
tion of lead in natural water is 0.4–0.8 mg/L. This amount in 
the raw surface and underground water is 0.04–0.008 mg/L 
with an average of 0.01 mg/L [9,10]. Based on the World 
Health Organization, at a concentration of >70 μg/dL, lead 
(Pb(II)) is harmful for the central nervous system, basic 
cellular processes, liver, reproductive system, kidneys, and 
brain performance [6,11].

Various technologies to remove pollutants from con-
taminated wastewater, including chemical precipitations, 
ion exchange, and advanced oxidation processes [12–20], 
membrane filtration, electrolysis or reverse osmosis tech-
niques, have been suggested and studied. Some disadvan-
tages of removal methods include incomplete processing, 
high cost, production of toxic sludge (physical and chemi-
cal methods), clogging pores and wastewater ponding (fil-
tration) [21]. The adsorption process is a priority because 
of its lower initial cost, simplicity of operation, lack of 
harmful secondary production, low sensitivity to stream 
fluctuations, the ineffectiveness of toxic chemicals in the 
process, removal of most organic pollutants [16,19,22–28], 
and cost-effectiveness [4,23,29,30].

Zeolite is defined as crystalline aluminium silicate 
produced through shared oxygen atoms in an aluminum 
framework and silicate tetrahedral in different pore sizes. 
Among different adsorbents, zeolite is promising for metal 
purification and has an efficiency as high as that of adsor-
bents in gas purification, ion exchangers, petroleum refine-
ment catalysis, and petrochemistry because of its elevated 
cation exchange capacity (CEC) [31–33]. Zeolite has been 
applied in its primary form and corrected form using differ-
ent chemical reagents, like surfactants, organic compounds, 
and inorganic substances. The modification process can 
be performed in single steps such as cation exchange or 
multiple steps such as cation exchange, oxidization, and 
reduction [34–38]. One of the major problems in the use 
of nanometer and micrometer powder adsorbents is their 
separation from the environment after synthesis and the 
completing the adsorption process. Adsorbent separation 
from the reaction medium challenge by time-consuming 
methods such as filtration and centrifugation will be elim-
inated by magnetization. Synthesis and use of magnetic 
composites can be the solution to this problem; after the 
ion exchange process, the adsorbent can be isolated from 
the adsorption environment easily and rapidly by using a 
permanent or electric magnet [39,40].

Various adsorbents such as Ni/ZnO-HZSM-5[2], Ru/
hierarchical HZSM-5 [1], alkali-modified HZSM-5, PVA/
zeolite nanofibers[41], magnetic zeolite [42], iron oxide-
coated zeolite [43], zeolite/aluminum composite [44], man-
ganese oxide-coated zeolite [45], magnetic zeolites [46], 
Cu(I)-Y-zeolite [47], versatile magnetic gel from peach gum 
polysaccharide, indian saffron – turmeric (Curcuma longa) 
embedded supermacroporous cryogel discs and other 
adsorbents have been incorporated to remove heavy metals 
from aqueous media [48–55].

Because of the availability, cost-effectiveness, renew-
ability, and stable nature of cellulose, different eco-friendly 
cellulose-oriented materials have been provided and 
applied as sorbents or photocatalysts to remove aque-
ous pollutants [56–61]. Nonetheless, using raw cellulose 
because of its lower surface area, poor interaction with 
pollutants, lower solubility, and reusability is restricted. 
Accordingly, ether, ester, ionic functionalization, and cel-
lulose combined with nanomaterials can offer advanced 
cellulose derivatives [62–64]. Carboxymethyl cellulose 
(CMC) is essential to improve the structural features of 
CoFe2O4@CMC@HZSM-5 nano adsorbent. Due to the pres-
ence of CMC in the structure of CoFe2O4@CMC@HZSM-5 
nano-biomagnetic composite, resulting in the larger surface 
area of adsorbent. Also, carboxyl and hydroxyl groups in 
CMC induce the electrostatic attraction between Pb and 
CoFe2O4@CMC@HZSM-5 nano-biomagnetic composite sur-
face. Therefore, several molecules of Pb are located in near 
the adsorbent surface [65].

Based on the literature, CoFe2O4@CMC@HZSM-5 has 
not been utilized as a magnetic nanoadsorbent yet. Thus, in 
this study, compositing zeolite with cobalt ferrite increased 
the adsorbent adsorption ability, and adsorbent separa-
tion from the environment was eliminated by magnetiza-
tion. This study aimed at preparing magnetically separable 
CoFe2O4@CMC@HZSM-5 as a nano-adsorbent for removing 
lead from aqueous solutions. Also, we investigated effec-
tive factors, including solution pH, adsorbent dose, pri-
mary concentrations, and contact length. The synthesized 
adsorbent had an enhanced capacity to remove Pb(II).

2. Experimental procedure

2.1. Materials and solutions

All chemical materials, including Pb(NO3)2, HCl, NaOH, 
FeCl3·6H2O, and CoCl2·6H2O were analytical-grade reagents 
purchased by Merck (Germany). Artificial zeolite (HZSM-
5) with a 5.5 Å pore size and mole ratio of SiO2/Al2O3 = 80 
was purchased from Iran Zeolite Company (Tehran, Iran). 
The water used for preparing all solutions was obtained 
from a deionized water system. The solutions’ pH was 
set with sodium hydroxide or hydrochloric acid solution.

2.2. Analytical methods

The solutions’ pH was assessed via a pH meter 
(model: WTW). A magnetic stirrer (model: Shimi Tajhiz) 
was employed for stirring, and scales (model: Shimadzu-
Libror) were used for weighing. The Pb concentration in 
solutions was assessed with flame atomic absorption spec-
troscopy (FAAS) (model: Varian Spectra A 220, Australia) 
whit an air-acetylene flame (λ = 240.7 nm) [5].

2.3. Preparation of CoFe2O4@CMC@HZSM-5

The magnetic nanocomposite was prepared using salts 
of iron chloride FeCl3·6H2O, cobalt chloride CoCl2·6H2O, 
CMC and HZSM-5 zeolite. First, salts of iron chloride 
FeCl3·6H2O and cobalt chloride CoCl2·6H2O (2:1) were dis-
solved in 100 mL of distilled water (DW) followed by 1 g 
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of CMC and finally 1 g of HZSM-5 zeolite were added to 
the solution. Subsequently, NaOH was added to the result-
ing suspension for 1 h until the solution pH reached 13. 
The reaction container’s color changed and became black 
after 1 h of stirring. Then, the reaction container was trans-
ferred to the microwave and was irradiated by micro-
wave waves. The radiation process was performed in 
three periods of 5 min with 50% power of the microwave 
and 30 s with the off mode. The product was a light and 
black powder that was subjected to washing many times 
using DW and dried in the oven (100°C within 24 h) (Fig. 1).

2.4. Characterization techniques of CoFe2O4@CMC@HZSM-5

To measure the porosity of the surface area adsor-
bents, the Brunauer–Emmett–Teller (BET) method using a 
Micrometrics Model 021LN2 transfer device was employed. 
Fourier-transform infrared spectroscopy (FT-IR) using a 
WQF-510 FT-IR Spectrometer was used to determine the 
adsorbent’s functional group. To determine the presence 
of the crystalline structure of cobalt ferrite in the adsor-
bent, X-ray diffraction (XRD) with a Philips X-Pert device 
(the Netherlands) was employed. Characterization of the 
specimens was done using a field-emission scanning elec-
tron microscopy (FE-SEM) (200 Nova Nano SEM, FEI Co.). 
The magnetic properties of the CoFe2O4@CMC@HZSM-5 
were characterized by vibrating sample magnetometer 
(VSM) (Lake Shore Cryotronics-7404) at room temperature.

2.5. pH point of zero charge (pHPZC) measurements

For determination of the pH point of zero charges 
(pHpzc) of the CoFe2O4@CMC@HZSM-5 was used solid 
addition method. 100 mL of KCl solution (0.1 M) was pre-
pared at 10 different pH (2–11) values. 0.01 g of CoFe2O4@

CMC@HZSM-5 was added to each solution. The prepared 
solutions were kept at room temperature (24 h). The pH 
initial (pHi) and final pH (pHf) values of the solutions 
were evaluated by pH meter. ΔpH (pHf – pHi) and pHi 
the chart was drawn for determination of the pHpzc. The 
intersection point of ΔpH = 0 was taken as pHZPC. The pH 
of solutions was adjusted by NaOH and HCL 0.1 N [65].

2.6. Batch sorption studies for lead removal

The experiments were performed at the Environmental 
Health Engineering Research Center of Kerman University 
of Medical Sciences (Iran). This study with reactor volume = 
200 mL examined the parameters affecting removal effi-
ciency, including pH (1–9), contact duration (30–360 min), 
primary Pb(II) level (50–800 mg/L), and adsorbent dosage 
(0.01–0.4 g). Stock heavy metal solution (1,000 mg/L) was 
provided through dissolving Pb(NO3)2 in 100 mL of deion-
ized water, and then other solutions were prepared with 
the intended concentrations. After adding the required 
amount of adsorbent to each sample, the adsorbent and 
heavy metals were thoroughly mixed using a magnetic 
stirrer (300 rpm). Batch experiments were conducted in 
flasks with a volume of 100 mL at 25°C in triplicate.

The adsorbent was separated from the reaction medium 
with an external magnet. The Pb2+ level in solutions was cal-
culated by an atomic absorption spectrometer (λ = 240.7 nm) 
[6]. The adsorption capacity adsorbent (analyte sorbed level 
by the sorbent) (Qe, mg/g) and the percentage of removal 
efficiency were determined by two following formulas:

Q
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Fig. 1. Schematic representation of CoFe2O4@CMC@HZSM-5 synthesis.
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where Qe is the adsorption capacity of CoFe2O4@CMC@
HZSM-5 in mg/g, C0 indicates the primary level in mg/L, 
Ce represents the equilibrium level of metal ions in 
mg/L, V refers to the metal ion solution volume (L), and 
m represents the amount of adsorbent (g) [18].

2.7. Adsorption isotherms

Analysis of the equilibrium values was done using two 
adsorption isotherms: Langmuir and Freundlich. The for-
mer supposes that the adsorption process in monolayer 
is done on the adsorbent characterized by a homogenous 
surface with binding sites with the similar affinity for the 
adsorption, however, no interaction is observed between 
adsorbates. The latter supposes that the adsorption is done 
on the heterogeneous surface, where there is an interac-
tion between adsorbed molecules and the adsorbed ion 
content rises sharply with an increase in the primary con-
tent [7]. The linear types of Langmuir and Freundlich 
models are demonstrated in Eqs. (3) and (4), respectively.
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qe (mg/g) represents adsorption capacity and Ce (mg/L) 
indicates equilibrium concentration; Qo (mg/g) shows the 
highest adsorption capability related to Pb2+ on the sur-
face of CoFe2O4@CMC@HZSM-5; b (L/mg) represents the 
rate of adsorption (Langmuir constant); KF and n repre-
sent Freundlich constants; KF indicates adsorption ability 
(mg/g)(L/mg) 1/n; and n shows the tendency to adsorb [66].

2.8. Adsorption kinetics and thermodynamics

Kinetic investigations present crucial data on the 
adsorption mechanism. For determining this mecha-
nism, Pb(II) ions adsorption was evaluated as a function of 
time. Pseudo-first- as well as pseudo-second-order mod-
els were adopted for determining the adsorption kinetics. 
The linear types of pseudo-first- and pseudo-second-order 
models are given in Eqs. (5) and (6), respectively.
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where qe (mg/g) represents adsorption capacity, qt rep-
resents Pb(II) capacity adsorbed on the CoFe2O4@CMC@
HZSM-5 surface at time t (mg/g), k1 and k2 indicate the 

constants of the equilibrium rate of first- and second-order 
kinetics, respectively (1/h), and t represents the adsorption  
time (h) [6].

To determine the temperature impact on the Pb(II) 
sorption behaviors by CoFe2O4@CMC@HZSM-5, Eqs. (7)–(9)  
were applied for calculating the intrinsic thermodynamic 
factors associated with the sorption process, like an alter-
ation in Gibbs free energy (ΔG°), enthalpy (ΔH°), and 
entropy (ΔS°) [Eqs. (7)–(9)].
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where R indicates the gas constant (8.314 (J/mol K)), 
T denotes temperature (K), m represents the adsorbent 
dose (g/L), and Kc is the equilibrium constant.

2.9. Design of experiments

Response surface methodology was applied for esti-
mating all variables effect on the Pb(II) removal using 
CoFe2O4@CMC@HZSM-5. The model benefits from the 
mathematical and statistical methods [6,60]. Data analysis 
was performed using Minitab 19 and Excel 2016. To prevent 
systemic errors, experiments were conducted in random 
order with three replicates [23].

2.10. Real solution

The adsorption test was carried out with synthetic 
solutions. Following determination of optimal conditions, 
the experiments were performed on wastewater from the 
wastewater steel industry for evaluating the interventions 
effect in a real sample.

3. Results and discussion

3.1. Characterizing the CoFe2O4@CMC@HZSM-5

3.1.1. FT-IR spectroscopy

Comparative FT-IR of CMC, HZSM-5, and CoFe2O4@
CMC@HZSM-5 are demonstrated in Fig. 2. In the FT-IR 
spectrum of carboxymethyl cellulose the wide absorp-
tion band at 3,424 cm–1 belonged to the stretching vibra-
tions of the OH groups. The absorption band at 2,920 cm–1 
belonged to the stretching vibrations of the CH2 groups. 
The typical vibration of CMC was at 1,111 and 1,160 cm–1, 
representing the stretching vibration of the C–OH groups. 
The strong broad band at 3,444 cm–1 corresponded to 
the stretching vibrations of the intra molecular hydro-
gen bond. The band at 2,920 cm–1 showed the stretching 
vibrations of the C–H bonds. Moreover, the strong peak at 
1,648 cm–1 was associated with the stretching vibrations of 
the carboxyl group, and the absorption bands in the range 
1,100 to 1,150 cm–1 belong to C–O stretching vibrations in 
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carboxymethyl cellulose. In the FT-IR spectrum of HZSM-5 
the wide absorption band at 3,424 cm–1 belonged to the 
stretching vibrations of the OH groups. The absorption 
bands at 1,102 cm–1 (internal asymmetric stretch), 799 cm–1 
(external symmetric stretch), 548 cm–1 (double ring vibra-
tion) and 450 cm–1 (T–O bending vibration of the Si–O and 
Al–O internal tetrahedral) were attributed to the typical 
characteristics of HZSM-5. In addition, an asymmetric 
stretch vibration of the band at 1,221 cm–1 was a strong 
evidence for HZSM-5 zeolite [30]. Meanwhile, this band 
can demonstrate the absence of amorphous silica and even 
can be used to determine the crystallinity of HZSM-5 zeo-
lites [37,38]. In the FT-IR of CoFe2O4@CMC@HZSM-5, the 
wide absorption band at 3,431 cm–1 was associated with the 
stretching vibrations of hydroxyl groups that overlaid with 
acidic OH group of carboxyl group. The absorption band 
at 1,623 cm–1 belonged to the stretching vibrations of the 
carboxyl group, confirming the presence of carboxymethyl 
cellulose in the structure of CoFe2O4@CMC@HZSM-5. 
Also, Strong absorption bonds at 1,349 and 1,381 cm–1 
indicates the presence of HZSM-5 zeolite in the structure 
of CoFe2O4@CMC@HZSM-5. In addition, the absorption 
bands around 400–600 cm–1 in CoFe2O4@CMC@HZSM-5 is 
related to vibrations of metal-oxygen groups (Co–O, Fe–O) 
in the cobalt ferrite and zeolite structure (Si–O, Al–O).

3.1.2. FE-SEM and energy-dispersive X-ray 
spectroscopy of CoFe2O4@CMC@HZSM-5

The surface morphology of the adsorption material was 
assessed by FE-SEM. Morphological results of magnetic 
nanocomposites CoFe2O4@CMC@HZSM-5 are illustrated 
in Fig. 3. The attendance of CMC in the CoFe2O4@CMC@
HZSM-5 structure causes form the smoothly, uniformly, 
and loosely aggregated sphere-shaped of magnetic nano-
composites. Based on the particles size, it can be understood 

Fig. 2. The FT-IR spectrum of CMC, HZSM-5, and CoFe2O4@
CMC@HZSM-5 magnetic nanocomposite.

(a) (b)

Fig. 3. The FE-SEM images of magnetic nanocomposite CoFe2O4@CMC@HZSM-5 (a and b).
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that the average particles size of CoFe2O4@CMC@HZSM-5 
are about 27 nm.

The synthesized CoFe2O4@CMC@HZSM-5 magnetic 
nanoadsorbent purity and chemical structure were evalu-
ated by energy-dispersive X-ray spectroscopy (EDS) anal-
ysis (Fig. 4). The results demonstrate 46.44% O, 26.82% 
Fe, 14.16% Co, 8.56% C, 3.88% Si, and 0.15% Al in the 
chemical structure of CoFe2O4@CMC@HZSM-5 magnetic 
nanoadsorbent which are following the expected values.

3.1.3. XRD of CoFe2O4@CMC@HZSM-5

The XRD patterns were prepared separately from 
CMC, HZSM-5, CoFe2O4, and CoFe2O4@CMC@HZSM-5 
and were compared with each other (Fig. 5). In the CMC 
XRD pattern, the index peak can be seen in the area of 
18.28°, 23.15° and 24.06° peaks are belong to HZSM-5 and 
the values which are seen in 2θ = 30.26°, 35.70°, 43.35°, 
53.74°, 57.29°, and 62.81° are related to cobalt ferrite. The 
XRD results of CoFe2O4@CMC@HZSM-5 magnetic nano-
composite in the range from 10° to 80° (2θ = 10°–80°) 
are depicted in Fig. 5. The sharp diffractions in regions 
18.28°, 23.15°, 24.06°, 30.26°, 35.70°, 43.35°, 53.74°, 57.29°, 
and 62.81° indicated the crystalline structure in the spinel 
shape, which was consistent with the Joint Committee on 
Powder Diffraction Standards (no. 96-900-5813). The pres-
ence of sharp and strong peaks in this pattern and com-
parison of peak locations with reference data indicated 
the crystalline structure of cobalt ferrite with complete 
crystallization that has preserved the crystalline structure 
of CoFe2O4@CMC@HZSM-5, after being composite with 
carboxymethylcellulose and zeolite. An average value 
of CoFe2O4@CMC@HZSM-5 crystallite size of 8.67 nm as 
calculated by XRD. According to the literature the crys-
tallinity and crystallite size of the adsorbent are import-
ant features which could affect the reactive performance 
and the removal mechanism [69–70].

3.1.4. Vibrating sample magnetometer

The results of VSM analysis of magnetic nanocompos-
ite CoFe2O4@CMC@HZSM-5 are demonstrated in Fig. 6.  
Magnetic coercive force (Hc), saturation magnetization 
(Ms), and remnant magnetization (Mr) are equal to 0.73 Oe, 
41.36 emu/g, and 50 emu/g, in that order. The results 
revealed that the magnetic nanocomposite CoFe2O4@CMC@
HZSM-5 had a ferromagnetic effect with elevated saturation 
magnetization and high magnetic coercive force. It could 
be quickly separated and retrieved from the reaction con-
tainer using a magnet and could be reused in subsequent  
periods.

3.1.5. Brunauer–Emmett–Teller

Information obtained from the BET test showed that sur-
face area, pore volume, and pore size equaled 235.2181 m2/g, 
0.207319 cm3/g, and 3.52 nm, respectively. The results of 
BET analysis of magnetic nanocomposite CoFe2O4@CMC@
HZSM-5 are given in Table 1.

3.2. Effect of pH solution on removal efficiency

pH is a major parameter influencing the surface charge 
of solid adsorbents, as well as the forming metal hydrox-
ide [5]. The pH effect on the Pb(II) removal using CoFe2O4@
CMC@HZSM-5 was investigated at pH 1–9 and different 
Pb(II) initial concentrations of 50 to 800 mg/L. The findings 
are dividable into two pH regions. In the first pH region 
(1–5), the adsorption efficiency quickly increased follow-
ing an increase in pH. CoFe2O4@CMC@HZSM-5 indicated 
a highest removal of 96% at pH 5. Fig. 7 shows the pH tests 
results, the interaction between two variables (pH and 
time), and their impact on Pb(II) removal efficiency from 
aqueous solutions.

The Pb(II) removal efficiency elevated from 5% to 
96% after an increase in pH from 1 to 5. In the second pH 

Fig. 4. The EDS of CoFe2O4@CMC@HZSM-5 magnetic nanoadsorbent.
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region (5 to 9), the adsorption efficiency kept nearly con-
stant. The data achieved from pH for the study of Pb(II) 
ion can be described as follows: (1) the surface features 
of CoFe2O4@CMC@HZSM-5, and (2) the surveyed Pb(II) 
features in aqueous solution. In aqueous solutions, the 
magnetic surface is covered by FeOH groups [67]. The 
solution pH can influence the surface charge of CoFe2O4@
CMC@HZSM-5, and this affects Pb(II) adsorption by the 
surface of CoFe2O4@CMC@HZSM-5. The cause of this 
event is related to the cationic structure of lead and pHZPC 
of CoFe2O4@CMC@HZSM-5. pHZPC is one of the parame-
ters used in the adsorption process. pHZPC indicates the 
point at which the charge at the surface of the adsorbent 
is zero and at pHs higher than that, the adsorbent surface 
has a negative charge and below that the adsorbent surface 
has a positive charge. In this study, the pH of CoFe2O4@

CMC@HZSM-5 was determined 3 (pHZPC = 3). The surface 
charge of CoFe2O4@CMC@HZSM-5 was negative at pH 
above 3 and the number of negative charges was increased 
with increasing pH. Increasing the solution pH reduces 
the positive charge and enhances the negative charge of 
the adsorbent surface, which increased the attraction 
force between the adsorbent and the Pb(II) [63]. At a low 
pH (pH < 3), surface functional groups of the magnetic 
zone and zeolite (adsorbent) have positive charges, mak-
ing a strong repulsion force between them and Pb2+. Our 
findings are in line with those of several investigations, 
including Uogintė et al. [6] and Venkateswarlu et al. [68].

3.3. Effect of primary Pb(II) level on removal efficiency

Investigating the impact of primary Pb(II) level on 
removal efficiency showed that with increasing lead con-
centration, removal efficiency enhanced. The results of the 
primary Pb(II) level effect, the interaction of the two vari-
ables (the amount of adsorbent and Pb(II) level), and their 
impacts on Pb(II) removal efficiency from aqueous solutions 
are displayed in Fig. 8.

By increasing lead level from 50 to 400 mg/L the removal 
efficiency was increased, but no remarkable change was 
observed after that, so that the maximum removal of lead 
was 96% at 400 mg/L concentration. In other words, accord-
ing to Le Chatelier’s principle, while using a disturbance 
or stress to a system in equilibrium, the equilibrium can 
move in such a way as to counteract the constraint effect. 

Fig. 5. The XRD patterns of CMC, HZSM-5, CoFe2O4 and 
CoFe2O4@CMC@HZSM-5 magnetic nanocomposite.

Fig. 6. Magnetic hysteresis curve of magnetic nanocomposite 
CoFe2O4@CMC@HZSM-5.

Table 1
The results of BET analysis of magnetic nanocomposite CoFe2O4@
CMC@HZSM-5

Entry Parameter Extent

1 BET surface area 235.2181 m2/g
2 Pore volume 0.207319 cm3/g
3 Pore size 3.52 nm
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Hence, by an increase in the Pb concentration, the equilib-
rium system decreases its concentration. With increasing 
lead level more than 400 mg/L due to the saturation of 
the exchange sites by adsorption, removal efficiency was 
decreased. The results of the effect of primary Pb(II) level 
on removal efficiency were in line with the of Shirzadi et al. 
[5] and Miranda et al. results [7].

3.4. Impact of contact time on removal efficiency

We examined the Pb(II) adsorption at different contact 
times. The contact time ranged from 30 to 360 min, and 
after the test, the Pb(II) level in the solution was assessed. 
According to the results, the removal efficiency was 96% 
after 300 min Therefore, the optimum contact time was 
5 h to remove Pb(II). Fig. 9 indicates the results of the con-
tact time impact, the interaction of two variables (Pb(II) 
concentration and time), and their impact on removal 
efficiency of Pb(II) from aqueous solutions.

Following increasing the contact time, the remaining 
Pb(II) level in the solution was reduced. The contact time 
to achieve equilibrium condition was 300 min and there-
after remained approximately stable due to the saturation 
of the consumed adsorbent [5]. The findings obtained by 
the contact time impact on removal efficiency was similar 
to the results of Shirzadi et al. [72] and Eljamal et al. [30].

3.5. Effect of the amount of adsorbent on removal efficiency

The Pb(II) removal efficiency was directly associated 
with changes in the amount of adsorbent by an increase 
in the amount of adsorbent from 0.01 to 0.4 g. Fig. 10 rep-
resents the findings obtained by the effects of adsorbent 
dose, interaction of two variables (the amount of adsorbent 
and pH), and their impact on Pb(II) removal efficiency from 
aqueous solutions.

The adsorbent level and removal efficiency are directly 
dependent on the Pb(II) removal from solutions with 
CoFe2O4@CMC@HZSM-5. With increasing the amount of 
adsorbent from 0.01 to 0.4 g, the removal efficiency was 
increased from 10% to 96% because of the increased adsorp-
tion surface active sites, and thereafter remained approx-
imately stable. The reasons for this result are the increase 
in active surface sites and the increase in the encounter 
between the Pb(II) and CoFe2O4@CMC@HZSM-5. When 
the amount of adsorbent was increased, adsorption capac-
ity (qe) was decreased. These results are in line with the 
results of other studies, including Huang et al. [29] and 
Gaffer et al. [45].

3.6. Adsorption isotherm assessment

Adsorption isotherms were applied for estimating 
the level of lead ion adsorbed onto the CoFe2O4@CMC@
HZSM-5. The Langmuir and Freundlich isotherm of 
Pb(II) using CoFe2O4@CMC@HZSM-5 are illustrated in 
Figs. 11a and b. Table 2 represents the equilibrium infor-
mation obtained from Pb(II) adsorption by CoFe2O4@
CMC@HZSM-5. The R2 value of the Langmuir model was 

Fig. 7. Effect of pH, interaction of two variables (pH and 
time (min)) and their impact on removal efficiency of Pb(II) 
from aqueous solutions (Pb(II) concentration = 400 mg/L and 
amount of adsorbent = 0.4 g).

Fig. 9. Effect of contact time, interaction of two variables 
(Pb(II) concentration (mg/L) and contact time (min)), and their 
impact on removal efficiency of Pb(II) from aqueous solutions 
(pH = 5 and amount of adsorbent = 0.4 g).

Fig. 8. Effect of initial Pb(II) concentration, interaction of two 
variables (initial Pb(II) concentration (mg/L) and the amount of 
adsorbent (g)), and their impact on removal efficiency of Pb(II) 
from aqueous solutions (contact time = 300 min and pH = 5).
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0.99 and that of the Freundlich model was 0.96. Also, the 
P value of Langmuir and Freundlich model equaled 0.001 
and 0.004, in that order. Therefore, the adsorption reaction 
of Pb+2 by CoFe2O4@CMC@HZSM-5 follows the Langmuir 
isotherm model. Accordingly, the Pb+2 adsorption using 
CoFe2O4@CMC@HZSM-5 is a type of monolayer adsorp-
tion. At the Langmuir adsorption isotherm, it is assumed 
that the adsorbed interacts with only a limited number of 
uniformly sites on adsorbent. In the Langmuir isotherm 
model, adsorption is limited to a single layer on the sur-
face. Therefore, for all ions of a solution in the absorption 
process, there will be the same energy and enthalpy. 1/n 
is a heterogeneity parameter and n is the amount of devi-
ation from the sorption line. If the value of n is equal to 1, 
the sorption is linear. If n is less than 1, the sorption pro-
cess is a chemical process and if it is above 1, the sorption 
process is a physical process. Therefore, in this process, 
which n is less than 1, indicates that the sorption of lead 
on the CoFe2O4@CMC@HZSM-5 is a chemical process [69].

Fig. 10. Effect of dose of adsorbent, interaction of two vari-
ables (the amount of adsorbent (g) and pH), and their impact 
on removal efficiency of Pb(II) from aqueous solutions (Pb(II) 
concentration = 400 mg/L and contact time = 300 min).

(a)

(b)

Fig. 11. Langmuir (a) and Freundlich isotherm (b) for adsorption of Pb(II) by CoFe2O4@CMC@HZSM-5.
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3.7. Adsorption kinetics and thermodynamic study

The pseudo-first-order and pseudo-second-order mod-
els of Pb(II) on CoFe2O4@CMC@HZSM-5 are shown in 
Figs. 12a and b, respectively. The information about the 
adsorption kinetics of Pb(II) by CoFe2O4@CMC@HZSM-5 
is given in Table 3. The R2 of the pseudo-first- and pseu-
do-second-order models was 0.95 and 0.99, respectively. 
Moreover, the P-value of these models equaled 0.002 and 
0.005, respectively. Accordingly, the adsorption reaction 
of Pb(II) using CoFe2O4@CMC@HZSM-5 is consistent 

with the pseudo-second-order model that agrees with the 
Arancibia-Miranda et al. [5] and Shirzadi et al. [7] results. 
This proves the efficiency of adsorption at low Pb(II) con-
centrations [70,71]. Adsorption experiments were com-
pleted using synthetic solutions and at optimal conditions 
for real wastewater.

Table 4 shows the calculated thermodynamic data.
According to the negative ΔH° values, the removal of Pb(II) 

using CoFe2O4@CMC@HZSM-5 magnetic nano-biocomposite  

Table 2
Parameters of the Langmuir and Freundlich adsorption isotherm 
models for adsorption of Pb(II) by CoFe2O4@CMC@HZSM-5

Langmuir Freundlich

Qo (mg/g) b (L/mg) R2 KF (mg/g)(L/mg) n R2

142.8 0.03 0.99 2.02 0.5 0.96

Table 3
Adsorption kinetic coefficients of Pb(II) by CoFe2O4@CMC@
HZSM-5

Pseudo-second-order Pseudo-first-order

Pb(II) (mg/L) R2 k2 qe R2 k1 qe

50 0.99 0.03 91.2 0.95 0.1 83.22
200 0.99 0.04 72.14 0.95 0.11 81.86
400 0.99 0.06 56.63 0.95 0.12 87.92

(a)

(b)

Fig. 12. Pseudo-first-order model (a) and pseudo-second-order model (b) of Pb(II) by CoFe2O4@CMC@HZSM-5.
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is an exothermic process. As a result, according to Le 
Chatelier’s principle, with increasing temperature, the 
progress of the reaction decreases and following that maxi-
mum absorption capacity is also reduced. Positive values of 
free energy indicate that the process in nature is not possi-
ble and spontaneous. These results are consistent with the 
findings of Zahedinia studies on the efficiency of Populus 
nigra sawdust in the removal of methylene blue from 
aqueous solutions [72].

3.8. Proposed sorption mechanism

CMC decreased the particle size of magnetic nano- 
biocomposite and increases the surface area of the nano- 
adsorbent. Additionally, the negative charge of carboxylate 
as functional groups of CMC causes electrostatic interac-
tion between surface of the adsorbent and lead cations [73]. 
The adsorption mechanism is shown in Fig. 13.

Also, after the lead adsorption process, the adsorbent 
structure was investigated by EDS and mapping analyzes 
and the results are shown in Fig. 14. According to the results 
of EDS and mapping analyzes, it is observed that lead is 
adsorbed on the adsorbent surface.

3.9. Pb(II) removal from real wastewater

The highest removal efficiency and maximum adsorp-
tion capacity of Pb(II) using CoFe2O4@CMC@HZSM-5 

with a 300-min contact time, pH = 5, Pb(II) concentration 
400 mg/L, and the amount of adsorbent 0.4 g were 96% and 
116.52 mg/g, respectively. The Pb(II) removal efficiency 
and adsorption capacity under optimal conditions for the 
real sample were reported as 75% and 90.32 mg/g, respec-
tively. We chose the wastewater of a steel company as the 
real sample because it contained heavy metals. The qual-
ity of wastewater of the steel company containing lead is 
presented in Table 5. The removal efficiency in the real 
wastewater solution showed a decrease. The reduction in 
removal efficiency occurred by interference, such as the 
cations and anions available in the real wastewater.

Table 6 represents the removal efficiency of CoFe2O4@
CMC@HZSM-5 for Pb(II) removal than that of other 
adsorbents.

This nanosorbent had a high efficiency in comparison 
with other mentioned adsorbents in less time, lower dose 
of adsorbent and higher concentration of Pb(II) and in real 
conditions it has shown high efficiency.

3.10. Regeneration and reusability of CoFe2O4@CMC@HZSM-5

The regeneration and reusability of the CoFe2O4@
CMC@HZSM-5 magnetic nanoadsorbent were investigated 
for further evaluation of its possible use to treat Pb(II)-
polluted water. Desorption test were carried out through 
ammonium acetate and disodium ethylenediamine tetraac-
etate (EDTA-2Na) as the eluents. The former is commonly 

Table 4
Thermodynamic parameters for Pb(II) sorption on CoFe2O4@CMC@HZSM-5

Temp. (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (kJ/mol K) Kc Ce

288 10.7869
–136.21 4.99

90.47 210
298 11.3101 96.07 204
308 11.6120 93.2 207
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used for measuring the cation exchange capacity (CEC) 
of clays due to its favorable ion-exchange capacity. The 
latter is commonly applied for eluting the metal ions cap-
tured by different adsorbents towing to its potent chelat-
ing capacity. Lead was desorbed from the surfaces of the 
CoFe2O4@CMC@HZSM-5 magnetic nanoadsorbent through 
soaking in 5 × 10–3 mol/L of the EDTA-2Na solution. Also, 
the same eluent was used for performing the regener-
ation test, and the recovered CoFe2O4@CMC@HZSM-5 
was then reused for different sorption/desorption exper-
iments. The lead removal efficiency slightly decreased 
from 96% to 91% after six successive cycles of adsorp-
tion–desorption experiments (Fig. 15). The small reduc-
tion in lead removal efficiency percentage can be caused 
by the slight loss of CoFe2O4@CMC@HZSM-5 concentration 
in the recovery process. However, our results indicated 
that the CoFe2O4@CMC@HZSM-5 magnetic nanoadsor-
bent exhibits a hopeful reproduction and recycling poten-
tial for the Pb(II) removal. In other words, this adsorbent 
material is able to support long-term use for the disposal 
of Pb(II)-bearing wastewater resulting in favorable cost  
performance.

(b)

(a)

Fig. 14. The EDS (b) and mapping (b) of CoFe2O4@CMC@HZSM-5 magnetic nanoadsorbent after lead adsorption.

Table 5
Physicochemical properties of wastewater from steel company

Entry Parameter Amount

1 pH 7.4
2 EC (ds/m) 20.7
3 Turbidity (mg/L) 55
4 TSS (mg/L) 62
5 BOD (mg/L) 97
6 COD (mg/L) 50
7 SO4

2– (mg/L) 15.68
8 NH4

+ (mg/L) 3.7
9 VFC (μg/L) 481
10 Cu (mg/L) 0.06
11 Zn (mg/L) 0.12
12 Cd (mg/L) 0.33
13 Cr (mg/L) 0.1
14 Ni (mg/L) 0.038
15 Hg (mg/L) 0.41
16 Pb (mg/L) 0.02
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4. Conclusion

This study reported the synthesis of CoFe2O4@CMC@
HZSM-5 as a novel magnetic nanoadsorbent to decon-
taminate Pb(II). Maximum removal efficiency Pb(II) by 
CoFe2O4@CMC@HZSM-5 magnetic nanoadsorbent in opti-
mum conditions, including contact time of 300 min, pH 
of 5, level of 400 mg/L Pb(II), and an adsorbent amount 
of 0.4 g, was 96% for synthetic and 75% for real samples, 
respectively. The adsorption reaction of Pb(II) by CoFe2O4@
CMC@HZSM-5 was in accordance with the Langmuir iso-
therm and pseudo-second- order kinetic models. Thermo-
dynamics studies indicated that the adsorption of Pb(II) 
onto CoFe2O4@CMC@HZSM-5 was exothermic and was not 
possible and spontaneous in nature. Regarding its several 
effectiveness, including being environmental-friendly, 
cost-effectiveness, high stability and sorption capacity, 
satisfying reproduction performance, and easy mag-
netic separation characteristic, CoFe2O4@CMC@HZSM-5 
can use as a potential adsorbent to treat polluted water 
including Pb(II) and heavy metals.
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