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a b s t r a c t
In this study, bentonite/Fe3O4 nanocomposite was synthesized via a chemical coprecipitation method 
using NaOH as the precipitating agent. The obtained bio-adsorbent was used for cadmium, lead, and 
nickel removal from aqueous solutions. The physical and chemical properties of bentonite/magnetite 
nanocomposite (BMNC) were studied using Brunauer, Emmett and Teller; scanning electron micro-
scope; Fourier-transform infrared spectroscopy; X-ray diffraction, X-ray fluorescence; and dynamic 
light scattering. In this work, the effect of different parameters such as pH, temperature, contact time, 
initial concentration, and BMNC dose was examined on the removal of Cd(II), Pb(II), and Ni(II) ions 
from aqueous solution. The uptake rate of metal ions on the BMNC was rapid. Kinetics behavior of 
bio-adsorption showed that pseudo-second-order model can describe the kinetics of the adsorption 
process better than pseudo-first-order model. To investigate the equilibrium behavior of adsorption, 
Langmuir, Freundlich, and Dubinin–Radushkevich (D–R) isotherm models were investigated and D–R 
isotherm exhibited the best fit with the experimental data. The maximum bio-adsorption capacities by 
Langmuir model were 9.4339, 108.695, and 5.9808 mg/g for cadmium, lead, and nickel, respectively. 
In addition, adsorption onto BMNC follows a physical mechanism. Furthermore, the thermodynamic 
study showed that adsorption process was spontaneous and exothermic.
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1. Introduction

Heavy metal pollutants are generated by natural pro-
cesses and human activities. Due to the amount, duration, and 
toxicity of pollutants in aqueous solution, the metal ions are 
extremely harmful to human life [1]. Toxic heavy metals in 
water can infiltrate the food chain through different ways such 
as drinking water, food, and breathing airborne particles enter 
the human body [2]. The main heavy metals associated with 
environmental contamination, and which offer potential dan-
ger to the ecosystem, are lead (Pb), cadmium (Cd), and nickel 
(Ni) [3]. These metals are being used widely in industries such 
as electroplating, steel, battery, paint, and pigment. Because 
of their toxicity, the presence of these metal ions in high 

quantities will interfere with many beneficial uses of water 
and may threaten aquatic life. So, the removal of these met-
als from water and wastewater is necessary [4,5]. To attenuate 
heavy metals from wastewater, we can use different methods, 
such as coagulation, chemical oxidation, membrane filtration, 
electro-dialysis, reverse osmosis, and chemical precipitation. 
These methods have not been very successful because of high 
capital and operational costs. Adsorption technique is an 
attractive method for water treatment with the advantages of 
high treatment efficiency and no harmful by-product to treat 
water and because of the remarkable advantages like avail-
ability, profitability, ease of operation, and effectiveness than 
other techniques [5–10]. Nanostructured adsorbents have 
strong effects for treatment of contaminants from wastewaters 
due to a large specific surface area, high adsorption capacities, 
and short diffusion paths [11,12]. However, it is difficult for 
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recovery of nanosized adsorbents from aqueous media [13,14]. 
The application of nanostructured magnetic adsorbents (such 
as, Fe3O4 nanoparticles) is a new technology which has recently 
received important attention; because of their potency to be 
easily separated from wastewater using an external magnetic 
field after adsorption, in this way, their reconstruction and 
reuse are essential. For practical application of nanoparticles 
in various potential fields, their surface modification is vital 
[15]. To improve the magnetic features of iron oxide, we can 
combine magnetic nanoparticles with different materials such 
as clay, CaO, MgO, etc. Different methods such as impreg-
nation, ball milling, and chemical coprecipitation have been 
expanded to combine them together to produce magnetic 
nanocomposite. Among them, chemical coprecipitation is the 
most important method because of simple procedure and no 
need of special chemicals [5,6].

Clay (such as bentonite) is found naturally on the surface 
of the earth composed mainly of silica, alumina, water, and 
weathered rock. For over a decade, clay is a matter of much 
attention due to its use as an effective adsorbent to remove 
heavy metal ions from water. Natural clays are low cost, with 
high surface area and a net negative charge on their struc-
ture, which attracts cations like heavy metals [8,16,17].

Many researchers have been worked on the removal of 
heavy metals by means of CaO/Fe3O4 [5], MnFe2O4/bentonite 
nanocomposite [6], Fe3O4/bentonite nanocomposite [16], and 
clay ferrite nanocomposite [18], and their results have cleared 
the use of this adsorbents are very effective on the removal of 
heavy metals from aqueous solutions.

The main aim of this research was to investigate the new 
chemically modified bentonite/magnetite nanocomposite 
(BMNC) as an effective bio-sorbent for the removal of Cd, 
Ni, and Pb ions from aqueous solution. To do this, the effect 
of several parameters such as temperature, pH, time, adsor-
bent dosage, and ion concentrations were investigated. Also, 
equilibrium, kinetic, and thermodynamic studies were done.

2. Materials and methods

2.1. Chemicals

Ferric chloride (FeCl3.6H2O), Ferrous chloride 
(FeCl2.4H2O), Pb(NO3)2, Ni(NO3)2.4H2O, Cd(NO3)2.4H2O, 
HCl, and NaOH were purchased from Merck company 
(Germany).

2.2. Preparation of stock solutions

A preliminary stock solution of lead, cadmium, and 
nickel with 1,000 mg/L concentration was prepared 
through a dissolution of Pb(NO3)2, Cd(NO3)2·4H2O, and 
Ni(NO3)2.4H2O, respectively in deionized distilled water. 
Solutions with required initial concentrations were prepared 
by diluting the base solution with double-distilled water. 
The pH of the working solution was set by 1 M NaOH and 
HCl. Measurement of pH was performed by digital pH meter 
(Metrohm 744, Switzerland).

2.3. Preparation of Fe3O4

Fe3O4 was prepared by using chemical coprecip-
itation method. To do this, 2 mmol FeCl2.4H2O and  

4 mmol FeCl3.6H2O were dissolved in the distilled water; 
then under vigorous magnetic shaking at 70°C, NaOH solu-
tion was added dropwise to increase the solution pH to 10 
and the mixing continued for 1 h. After cooling down, the 
gathered Fe3O4 was washed several times with distilled water 
and dried in an oven at 105°C for 2 h [16].

2.4. Preparation of bentonite/magnetic nanocomposite

The bentonite was added into a solution containing 
2 mmol FeCl2.4H2O and 4 mmol FeCl3.6H2O at ambient 
temperature. The amount of bentonite was adjusted to 
obtain Fe3O4/bentonite mass ratio of 1:10 under severe 
magnetic mixing, the pH was slowly raised by adding 
NaOH solution drop by drop to 10 and stirring continued 
for 50 min and stirring was then stopped. The suspension 
was heated to 95°C–110°C for 2 h. After cooling, the pre-
pared magnetic composite was repeatedly washed with 
distilled water. Upon completion of the oxidation reaction, 
the product was separated from the solution using a mag-
netic field and washed with distilled water. The obtained 
materials were then separated from water and dried in an 
oven at 100°C for 24 h. After cooling, the product is pulver-
ized by a mill [16].

2.5. Analysis methods

The amount of Ni(II), Cd(II), and Pb(II) in aqueous solu-
tions was measured by using flame atomic absorption spec-
trometry (Varian Spectr-AA10, Australia) before and after 
considered time which used air acetylene as fuel. In order to 
study surface changes of bentonite/magnetic composite before 
and after ion adsorption, scanning electron microscope (SEM, 
VEGA, TESCAN, Czech Republic) was used. In addition, to 
specify the functional groups and bio-adsorbents features, 
FTIR device (Perkin Elmer Spectrum Two Spectrometer, UK) 
was used. Moreover, Brunauer, Emmett and Teller (ASAP2020 
analyzer), XRF (X-ray fluorescence, Spectro iQ, USA), XRD 
(X-ray diffractometer, Bruker AXS-D8 advance, Germany), 
and Zeta Plus (Brookhaven, USA) are applied for measuring 
the morphology, elemental analysis, structure features, and 
particle size distribution of the BMNC adsorbent.

2.6. Adsorption experiments

The adsorption of Ni(II), Cd(II), and Pb(II) from aque-
ous solution using BMNC was done discontinuously, and 
the effect of different parameters such as the contact time 
(5–120 min), pH (2–11), sorbent dosage (0.5–25 g/L), tempera-
ture (25°C–55°C), and the initial concentration of metal ions 
(5–50 mg/L) were studied. Each experiment was repeated 
two times, and the average result was given.

After adsorption reached equilibrium, BMNC was easily 
removed through an external magnetic field and the solu-
tion was gathered for metal ion concentration measurement. 
Residual lead, nickel, and cadmium were measured by spec-
trophotometry. In order to determine removal efficiency of 
ions from aqueous solutions, Eq. (1) was used [5]:

% Adsorption =
( )

×100
C C
C
i o

i

−
 (1)
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The adsorption capacity of metal ions, qe (mg/g), was also 
determined by Eq. (2):

q
C C V
We

i o=
−( )

 (2)

where Ci and Co refer to the initial and equilibrium con-
centrations (mg/L) of metal ions, respectively. Also, V (L) 
and W (g) are the adsorption amount at equilibrium state, 
the volume of solution, and the dry weight of BMNC, 
respectively.

3. Results and discussion

3.1. Characterization of adsorbents

The SEM images of the adsorbent surface before and after 
adsorption are shown in Fig. 1.

As shown in Fig. 1(a) for the BMNC, heterogeneous sur-
faces with high various roughness can be seen. Also, Fig. 1(b) 
shows the SEM image of Fe3O4 nanoparticles. In Fig. 1(c) after 
precipitation of Fe3O4 onto bentonite surface, roughness and 
surface area of the adsorbent were increased. After adsorption 
as shown in Figs. 1((d)–(f)), there is a change in the morphol-
ogy of the material surface (less irregular) because of adsorp-
tion between functional groups of BMNC and metal ions.

Also, the adsorbent was found to have a BET surface area 
of 52.1856 m2/g and 105.4410 m2/g, and average pore diame-
ter of 50.38 and 96.14 Å and total pore volume of 0.094 and 
0.178 cm3/g for bentonite and BMNC, respectively.

The chemical composition of bentonite and BMNC using 
XRF is illustrated in Table 1. Table 1 indicates the presence 
of silica and alumina as major constituents of bentonite and 
silica and Fe3O4 as major constituents of BMNC. Other con-
stituents are in the form of impurities.

Fig. 2 shows FT-IR spectra of bentonite, Fe3O4, BMNC, 
BMNC with lead, BMNC with nickel, and BMNC with cad-
mium. Also, functional groups at different wavenumber are 
given in Table 2. As illustrated in this table, adsorbent has 
the functional group including N–H, C–H, C=C, C–I, C–F, 
and C–Br at different wavenumbers and after adsorption 
of metal ions, the functional groups such as S=O, =C–H, 
C–O, and C=O can be also observed. Also, a peak is seen in 
the wavenumber of 3383 cm–1 which is mainly due to the 
intramolecular hydrogen bonding in magnetic particles 
[19]. Additionally, one peak related to NH2 and two peaks 
related to Fe–O are seen in the wavenumbers of 1625, 582 
and 444 cm–1, respectively [16,20].

XRD analysis was performed on samples of bentonite and 
BMNC which is illustrated in Fig. 3. XRD pattern was plotted 
by X-pert software, and XRD lines were indexed. Peaks of 
Fe3O4, SiO2, and Al2O3 compounds observed were matched 
with reference card number 0449-075-01, 2466-083-01, and 
1212-046-00, respectively. Also, in XRD analysis of Fe3O4 
nanoparticles structure, the peaks are seen at different angles 
such as 18.40°, 30.15°, 35.52°, 43.18°, 53.54°, 57.20°, 63.15°, and 
75.03°, which are related to the crystalline phases like (111), 
(220), (311), (400), (422), (511), (440), and (622) [21].

The dynamic light scattering (DLS) measurements reveal 
particles size distribution of bentonite and BMNC which 
are shown in Fig. 4. As clear in this Fig., the average sizes 

of particles are 54.7 and 64.5 nm, for bentonite and BMNC, 
respectively.

3.2. Effect of pH

The impact of pH value on the adsorption of Pb(II), Ni(II), 
and Cd(II) onto BMNC is displayed in Fig. 5 by changing 
pH from 2 to 11, and the rest of the parameters were kept 
constant (adsorbent dosage, 1 g/L; contact time, 60 min; tem-
perature, 25°C; initial metal ions concentration, 5 mg/L; and 
mixing speed, 200 rpm).

This result indicates that there was an increase in adsorp-
tion efficiency with increasing pH from 2 to 6. At low pH val-
ues, H+ ion concentration is much more than the metal ion, in 
this case, H+ ion competes with heavy metal ions to locate on 
active sites of adsorbent and creates repulsive force by locat-
ing on the adsorbent surface which prevents locating ions on 
the adsorbent surface. By increasing pH, H+ ion concentra-
tion decreases in solution and, therefore, enough surface is 
created to locate heavy metal ions on the adsorbent [22]. So, 
the adsorption efficiency increases. The maximum uptake of 
the pb2+, Ni2+, and Cd2+ take place at pH value of 6. At pH > 6, 
adsorption of lead, nickel, and cadmium was then decreased 
because at high pH, the OH− ion concentration increases in 
the solution, the OH− ion forms a complex with the metal ions 
which finally causes the metal ions sediment in the solution 
and prevents them to contact with active sites; therefore, the 
metal ions adsorption efficiency decreases [22]. So, the high-
est amount of these metal ions removal was 95.66, 93.61, and 
94.232, respectively. It was noticed that when the pH value 
was higher than 5, the sorption amount increased dramat-
ically; this was attributed to the fact that heavy metal ions 
started to precipitate, reduces metal ions in water at higher 
pH values [23]. So, the optimal value of pH 6 was obtained.

3.3. Effect of temperature and contact time

To evaluate the effect of contact time on the adsorption 
efficiency, the contact time in the range of 5, 10, 15, 20, 30, 
40, 60, 80, 100, and 120 min was studied. Figs. 6–8 show the 
impact of time on the removal of Pb(II), Cd(II), and Ni(II) 
using BMNC. As can be seen, the removal efficiency of the 
metal ion by the BMNC initially increased rapidly, so, the 
optimal contact time is considered 20 min for lead and cad-
mium and 30 min for the nickel.

Temperature is also known as an important factor in 
adsorption processes [24,25]. As shown in all figures, by 
increasing temperature from 25°C to 55°C, the removal per-
centage of cadmium, lead, and nickel is declined, so the opti-
mum temperature determined 25°C. Reduction in the removal 
efficiency of Pb(II), Cd(II), and Ni(II) by increasing the solution 
temperature can be attributed to a number of reasons such as:

(1) increase in the inclination of ions to separate from 
the adsorbent surface and release to the bulk solution, (2) 
deactivating some of the active sites on the adsorbent sur-
face due to the chemical bonds rupture, and (3) weakening 
the adsorption forces between the heavy metals species and 
active sites of adsorbent [24,25].

The results also clear that the adsorption process of 
cadmium, lead, and nickel ions on the surface of BMNC is 
exothermic.



157F. Ahmadi, H. Esmaeili / Desalination and Water Treatment 110 (2018) 154–167

Fig. 1. SEM images of (a) bentonite, (b) Fe3O4, (c) BMNC before adsorption of metal ions, (d) adsorbent after adsorption of lead ions, 
(e) adsorbent after adsorption of nickel ions, and (f) adsorbent after adsorption of cadmium ions.
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3.4. Effect of metal ion concentration

The effect of initial concentration of lead, cadmium, and 
nickel ions (5, 10, 15, 20, 30, 40, and 50 mg/L) on the adsorp-
tion capacity using BMNC is shown in Fig. 9.

The results clear that at low concentrations, the adsorp-
tion capacity is low and by increasing the initial concen-
tration of ions, the ion adsorption capacity increases. With 
increasing initial concentration of metal ions, they collide 
with each other more and infiltration into BMNC adsorbent 

been made easier so that adsorption capability is increased. 
The highest bio-adsorption performance achieved 95.6% at a 
concentration of 50 mg/L of metal ions.

3.5. Effect of adsorbent dosage

The sorbent dosage is an important parameter because 
this parameter defines the capacity of adsorbent [22]. The 
effect of sorbent dosage on the removal percentage of all three 
ions is shown in Fig. 10. First, by adding BMNC adsorbent 

Table 1
XRF analysis of bentonite and BMNC

LiOSO3Fe3O4P2O5MnOTiO2K2OMgONa2OCaOFe2O3Al2O3SiO2Sample

9.490.511.6330.1690.1050.671.341.971.0511.945.3419.857.75Bentonite
11.260.3650.840.0630.2430.280.621.221.3363.514.728.0821.68BMNC

Fig. 2. FTIR analysis of (a) bentonite, (b) Fe3O4, (c) BMNC, (d) BMNC + lead, (e) BMNC + nickel, and (f) BMNC + cadmium.
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Table 2
FTIR spectra of adsorbent before and after adsorption of Cd(II), Ni(II), and Pb(II)

Functional 
group 

Bentonite BMNC BMNC with cadmium BMNC with nickel BMNC with lead
Peak (cm–1) Peak (cm–1) Peak (cm–1) Peak (cm–1) Peak (cm–1)

N–H 3,697.14 3,412.28 – – 860.09
3,415.33 797.79 709.82

695.88
O–H 3,622.09 – 3,692.48 3,782.29 3,413.20

913.60 3,412.41 3,412.41 2,622.71
917.41

C–H 1,383.23 2,029.47 – 1,384.23 1,476.02
798.58 1,384.38
778.56

C=C 1,637.56 1,617.18 1,621.38 1,616.89 1,616.31
796.68

C–I 530.83 469.73 563.35 471.93 469.73
468.62 467.05

C–F 1,034.95 1,035.43 – 1,038.69 1,036.52
C–Br – 625.89 627.91 620.69 622.34
S=O – – 1,336.97 – –
C–O – – 1,033.71 – –
=C–H – – – 2,925.08 –
C=O – – – – 1,788

Fig. 3. XRD analysis of (a) bentonite, (b) Fe3O4, and (c) BMNC.
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into a solution containing metal ions, the slope is high, and 
removal of metal ions increased from 0.25 to 2 g/L and after 
2 g/L, figure dropped slightly different then the graph has a 
nearly fixed rate. At the adsorbent dosage of 2 g/L, the removal 
efficiencies of Pb, Cd, and Ni ions are obtained 98.32, 96.56, 

and 94.66%, respectively. Increasing the slope of the graph at 
the beginning is due to a large number of active sites of mag-
netite adsorbent. In the later stages due to reducing the active 
sites available to adsorb metal ions, removal rate decreased.

Fig. 4. DLS analysis of (a) Bentonite and (b) BMNC.

Fig. 5. The effect of pH on the removal of cadmium, nickel, and 
lead ions (conditions: contact time, 60 min; initial ion concen-
tration, 5 mg/L; adsorbent dose, 1 g/L; temperature, 25°C; and 
speed mixing, 200 rpm).

Fig. 6. The effects of time and temperature on the adsorption of 
lead ions (conditions: pH, 6; initial concentration of metallic ions, 
5 mg/L; adsorbent dosage, 1 g/L; temperature, 25°C; and mixing 
speed, 200 rpm).

Fig. 7. The effects of time and temperature on the adsorption of 
cadmium ions (conditions: pH, 6; initial concentration of metallic 
ions, 5 mg/L; adsorbent dosage, 1 g/L; temperature, 25°C; and 
mixing speed, 200 rpm).

Fig. 8. The effects of time and temperature on the adsorption of 
nickel ions (conditions: pH, 6; initial concentration of metallic 
ions, 5 mg/L; adsorbent dosage, 1 g/L; temperature, 25°C; and 
mixing rate, 200 rpm).
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The adsorption capacity of cadmium, lead, and nickel 
ions onto the BMNC is depicted in Fig. 11. As can be seen, the 
BMNC has a high adsorption capacity at low concentration 
and by increasing the adsorbent dosage, adsorption capa-
bility reduced. So, the best adsorbent concentration for the 
removal of Pb, Cd, and Ni ions was obtained 2 g/L.

3.6. Isotherm behavior of sorption

The adsorption capacity of Pb(II), Cd(II) and Ni(II), ions 
by the BMNC from synthetic wastewater was considered. 
Adsorption isotherms data were modeled using Langmuir, 
Freundlich, and Dubinin–Radushkevich (D–R) isotherms 
and the results are available in Table 3 and Figs. 12–14.

Langmuir model is based on this assumption which 
the adsorption occurs on the homogeneous surface. The 
Langmuir isotherm model can be written in the following 
form [5,19,24–27]:

C
q K q

C
q

e

e L m

e

m

= +
1

 (3)

where qe, Ce, KL, and qm are the amount of adsorbed metal 
ion in equilibrium state per gram of BMNC (mg/g), the 

equilibrium concentration of metal ions in solution (mg/L), 
the equilibrium constant related to the affinity of binding 
sites (L/mg) and the maximum amount of the Pb(II), Cd(II), 
and Ni(II) per mass of adsorbent (mg/g).

Freundlich isotherm also describes adsorption process 
where the adsorbent has a heterogeneous surface with sites 
that have different energies of adsorption. Eq. (2) presents the 
linearized form of this relation.

ln ln lnq K
n

Ce F e= +
1  (4)

where KF and n are the model constants showing the relation-
ship between adsorption capacity and adsorption intensity, 
respectively.

Another useful isotherm is D–R model which is almost 
similar to Langmuir isotherm model [28]. The linear form of 
this model is as follows:

lnqe = lnXm–βε2 (5)

In this equation, qe, Xm (mol/g), β(mol2/J2) and ε are 
adsorbed metal ions per gram adsorbent, the maximum 
adsorption capacity, activity coefficient of adsorption energy, 
and the Polanyi potential, respectively. The amount of εis cal-
culated as the following equation [28]:

ε = +RT
Ce

ln( )1 1
 (6)

In Eq. (6), R and T are gas universal constant (J/mol k) 
and temperature (K), respectively.

β and Xm are obtained by plotting lnqe against ε2. Also, the 
adsorption energy is calculated from Eq. (7) [26]:

E = 1
2β  (7)

Fig. 9. The effect of initial concentration and adsorption capac-
ity of cadmium, nickel, and lead ions (conditions: pH, 6; initial 
concentration of metallic ions, 5 mg/L; adsorbent dosage, 1 g/L; 
temperature, 25°C; and mixing speed, 200 rpm).

Fig. 10. The effect of BMNC on the removal percent of cadmium, 
nickel, and lead ions (conditions: pH, 6; initial concentration of 
metal ions, 5 mg/L; adsorbent dosage, 1 g/L; temperature, 25°C; 
and mixing speed, 200 rpm).

Fig. 11. The effect of adsorption capacity of BMNC on the 
removal of cadmium, nickel, and lead ions (conditions: pH, 6; 
initial concentration of metallic ions, 5 mg/L; adsorbent dosage, 
1 g/L; temperature, 25°C; and mixing speed, 200 rpm).
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Table 3
Langmuir, Freundlich, and Dubinin–Darushkevich isotherms constant for adsorption of Pb(II), Cd(II), and Ni(II) using BMNC from 
aqueous solutions

LeadNickelCadmiumParametersIsotherm

0.95850.77350.819R2Langmuir
0.50.19410.18RL

108.6955.98089.4339qmax

0.20.830.87b
0.95970.83530.882R2Freundlich
1.30.9131.018n

12.928.679810.9091Kf

0.9720.9410.956R2Dubinin–Radushkevich
11.6815.2514.63Xmax

3.411.922.34E
0.0430.1350.091β (mol2/J2)

Fig. 12. Langmuir linear isotherm plots related to the adsorp-
tion of (a) Pb(II), (b) Cd(II), and (c) Ni(II) ions using BMNC from 
aqueous solutions.

Fig. 13. Freundlich linear isotherm plots related to the adsorption 
of (a) Pb(II), (b) Cd(II), and (c) Ni(II) using BMNC from aqueous 
solutions.
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The adsorption process is endothermic if the value of E is 
larger than 8. Also, E < 8 is indicating the adsorption process 
is physical and 8 < E < 16 is shows that the adsorption process 
is occurred with ion exchange.

All the correlation coefficients, R2, and the constants 
obtained from the models are given in Table 3 and they show 
the D–R isotherm is more proper to describe the adsorption 
equilibrium of Pb(II), Cd(II), and Ni(II) ions by the adsorbent. 
Also, the amount of the adsorption energy for three ions of 
Cd, Ni, and Pb was obtained to be 2.34, 1.92, and 3.40, respec-
tively, which indicating the adsorption process of three ions 
using BMNC is exothermic and physical. Additionally, the 
maximum bio-adsorption capacities by Langmuir model 
were 9.4339, 108.695, and 5.9808 mg/g for cadmium, lead, and 
nickel, respectively.

3.7. Kinetic of adsorption

Kinetic studies of adsorption processes show the inter-
actions between metal ions in aqueous solution and the 
adsorbent. In this study, in order to explain adsorbent kine-
matic behavior, pseudo-first-order and pseudo-second-order 
kinetic models were applied to the data.

Pseudo-first-order model is defined as follows:

ln( ) lnq q q k te t e− = − 1  (8)

where qe (mg/g) is adsorbed ion volume in equilibrium per 
each gram adsorbent, qt (mg/g) is adsorbed ion volume 
per each gram adsorbent at time t and k1 adsorption con-
stant (1/min). The adsorption rate constant (k1) is calculated 
through plotting ln (qe–qt) against t [5,26–27,29].

The linear form of pseudo-second-order model is as 
follows:

t
q k q

t
qt e e

= +
1

2
2  (9)

The first adsorption rate is determined using Eq. (10):

H = Kqe
2 (10)

where k2 is pseudo-second-order kinetic rate constant 
(g/mg.g) [5,26,27].

Linear graphs of pseudo-first-order and pseudo-second-
order models for lead, cadmium, and nickel adsorption 
using BMNC are shown in Figs. 15 and 16, respectively. 
The pseudo-first-order and pseudo-second-order kinetic 
model constants for Pb(II), Cd(II), and Ni(II) ions are also 
summarized in Tables 5 and 6.

According to the determined rates for correlation coef-
ficient (R2), it was shown that pseudo-second-order kinetic 
model was better to describe the kinetic behavior of Pb(II), 
Cd(II), and Ni(II) ions adsorption.

Also, there are a significant difference between calculated 
adsorption capacity using the pseudo-first-order kinetic 
model (qe.cal) and experimental data (qe.exp) in all temperatures 
(according to Table 4), So, the model is not suitable to describe 
the ability of adsorption kinetic. But according to Table 5, the 

values of qe.cal using pseudo-second-order kinetic model have 
a very good matching with experimental data (qe.exp).

3.8. Thermodynamic study

The values of the thermodynamic parameters such as 
changes in Gibbs free energy (ΔG°), enthalpy (ΔH°), and 
entropy (ΔS°) were determined by using the following equa-
tions and presented in Table 6 [5,24–26].

ΔG° = –RTlnKc (11)

∆ ∆ ∆S
R

H
RT

K G
RTc

° ° °

− = =
−ln  (12)

Fig. 14. Dubinin–Radushkevich isotherm plots related to the 
adsorption of (a) Pb(II), (b) Cd(II), and (c) Ni(II) using BMNC 
from aqueous solutions.
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where ΔG°, ΔH°, and ΔS° are in terms of KJ/mol, KJ.mol, 
and J/mol.K, respectively. Also, R and T are the universal 
gas constant, 8.314 (J/mol K) and the absolute tempera-
ture (K).

The apparent equilibrium constant Kc of the adsorption is 
defined as follows:

K
C
Cc =
ad,eq

eq
 (13)

Cad,eq and Ceq are the amount of dye adsorbed on the adsor-
bent at equilibrium (mg/L) and the equilibrium concentration 
of dye in the solution (mg/L), respectively. In this case, the 
activity should be used instead of concentration in order to 
obtain the standard thermodynamic equilibrium constant 
(Kc) of the adsorption system [30].

Gibbs free energy in all four temperatures 25°C, 35°C, 
45°C, and 55°C for three ions of lead, nickel, and cad-
mium is negative. This negative result indicates that the 
adsorption process three ions amounts of lead, nickel, 

Fig. 15. Pseudo-first-order kinetic model plots related to the adsorption of (a) Pb(II), (b) Cd(II), and (c) Ni(II) ions.

Table 4
Pseudo-first-order kinematic model constants for the adsorption of Pb(II), Cd(II), and Ni(II) using BMNC

Pseudo-first-order kinetic model

R2qe.cal (mg/g)K1(1/min)qe.exp (mg/g)Temperature (K)

Cadmium
0.57560.52250.03364.743298.15
0.85730.87960.04984.704308.15
0.89551.06070.05294.639318.15
0.92771.25040.04794.606328.15

Lead
0.59520.55830.03494.813298.15
0.54950.58090.03494.763308.15
0.52320.63700.63704.722318.15
0.43470.53070.53074.612328.15

Nickel
0.36330.61420.03644.725298.15
0.39340.58700.0284.612308.15
0.42650.75720.01894.853318.15
0.44820.80260.02954.467328.15
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(a) (b)

(c)

Fig. 16. Pseudo-second-order kinetic model plots related to the adsorption of (a) Pb(II), (b) Cd(II), and (c) Ni(II) ions.

Table 5
Pseudo-second-order synthetic model constants for the adsorption of Pb(II), Cd(II), and Ni(II) ions using BMNC

Pseudo-second-order kinetic model
R2qe.cal(mg/g)K2(1/min)(mg/g) qe.expTemperature (K)

Cadmium
0.99974.82620.124.743298.15
0.99974.80300.10054.704308.15
0.99964.84730.090884.639318.15
0.99974.73030.075544.606328.15

Lead
0.99984.89230.12514.813298.15
0.99974.85430.110544.763308.15
0.99974.82160.09554.722318.15
0.99964.72140.0954.612328.15

Nickel
0.99974.84730.083174.725298.15
0.99974.72810.084194.612308.15
0.99974.68380.07034.583318.15
0.99974.60820.068454.467328.15

Table 6
Thermodynamic properties for the adsorption of Pb(II), Ni(II), and Cd(II) ions using BMNC

Ions ΔH°(KJ/mol) ΔS°(J/mol.K) ΔG°(KJ/mol)
298.15K 308.15K 318.15K 328.15K

Lead –2.9705 19.2194 –7.1824 –6.7277 –6.2418 –5.5540
Nickel –2.8941 20.3435 –6.5251 –5.8076 –5.1835 –4.8279
Cadmium –3.3048 19.0033 –6.6218 –6.2056 –5.7913 –5.1692
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and cadmium with BMNC adsorbent is the possible and 
spontaneous.

Enthalpy value obtained for three ions of lead, nickel, and 
cadmium with the adsorbent is negative. The negative values 
infer that the adsorption process three ions of lead, nickel, 
and cadmium using the BMNC is exothermic.

The resulting entropy for three ions of lead, nickel, and 
cadmium using this adsorbent is positive. These positive val-
ues indicate that the adsorption process of lead, nickel, and 
cadmium ions using the BMNC is irreversible.

4. Conclusions

This work is to survey the impact of bentonite/Fe3O4 
nanocomposite on the removal of Pb(II), Cd(II), and Ni(II) 
from aqueous solution. To characterize the adsorbent proper-
ties, the analysis of SEM, FTIR, BET, XRD, XRF, and DLS were 
done. To this end, the effect of important parameters like con-
tact time, pH, sorbent dosage, temperature, and the initial 
concentration of metal ions were checked. The results cleared 
that the optimal pH of all three metal ions is obtained 6.

After determining the optimal pH, optimal contact time of 
Cd and Pb ions determined 20 min and nickel ion calculated 
30 min. Also, the best conditions for initial ion concentration, 
BMNC dosage, and temperature were determined 5 mg/L, 
3 g/L, and 25°C, respectively. Of the three models men-
tioned isotherm, D–R model was more favorable than 
Langmuir and Freundlich models due to the higher cor-
relation coefficient. In addition, two pseudo-first-order and 
pseudo-second-order kinematic models were evaluated in 
which pseudo-second-order model was more appropriate 
to investigate the kinetic behavior of BMNC adsorbent. 
Moreover, the thermodynamic behavior of metal ions was 
studied. The results represent that the Gibbs free energy, 
enthalpy, and entropy are negative, negative, and positive, 
which show adsorption process of these metal ions using 
BMNC adsorbent is spontaneous, exothermic, and irreversible.
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