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A B S T R A C T  

 

Graphene oxide based nano-composites have attracted huge attention for wastewater treatment specially 
removal of heavy metals. This paper reports adsorption of Pb2+ onto modified magnetic graphene oxide with 
chitosan and cysteine (GO/Fe3O4/Chi/Cys). To study the adsorbent morphology, Field Emission Scanning 
Electron Microscope (FE-SEM) and Fourier Transform Infrared Spectrometer (FTIR) were used in different 
stages of surface modification. In order to reveal the nature of sorption process, linear forms of different 
adsorption isotherms such as Langmuir, Freundlich, Tempkin, and Dubinin–Radushkevich were studied. 
Experimental data were fitted well by Langmuir model with a maximum monolayer coverage capacity (qmax) of 
86.21mg g⁄ . Prediction of qmax from Langmuir model was in good agreement with maximum empirical 
adsorption capacity (qexp=85.4mg g⁄ ). Various types of kinetic models such as pseudo-first-order, pseudo-

second-order, Elovich, and intra particle diffusion were investigated to determine characteristic parameters in 
the adsorption process. The kinetic studies showed that pseudo-second-order model represents the adsorption 
process better than others due to its high correlation coefficient (R2=0.9996). Therefore, the adsorption process 
is chemisorption. 

doi: 10.5829/ijee.2020.11.04.05 
 

 
INTRODUCTION1 
 
Discharge of heavy metals into water as industrial wastes 

produced by battery producers, chemical products 

producers (e.g. plastic, glass and ceramic), metallurgy 

plants, paint producers, farmers, mines and the like has 

become one of the most serious environmental problems. 

This issue risks the general health of human and natural 

ecosystem [1, 2]. For example lead cations (Pb2+) in 

drinking water are responsible for serious health issues 

such as disrupting the functions of the digestive system, 

nervous system and reproductive system [3, 4]. 

A variety of techniques are practiced to eradicate this 

pollutant from water resources which include chemical 

precipitation, reverse osmosis, ion exchange, membrane 

processes, adsorption on activated carbon, etc [5, 6]. Use 

of adsorption process for the removal of heavy metals 

from aqueous media is considered superior to other 

conventional methods in terms of cost effectiveness, high 

efficiency and simple design [7-9]. The adsorption 

technique in wastewater treatment is defined as a surface 

phenomenon, in which metal cations in aqueous solutions 

get accumulated on the surface of the adsorbent [10]. As 
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the efficiency of the adsorption process depends on the 

number of adsorption sites and available specific surface 

area (SSA), choosing appropriate type of adsorbents 

plays a significant role in the efficiency of the process 

[11, 12]. 

In recent years, several different kinds of adsorbents 

have been synthesized for the removal of heavy metals 

from polluted waters, such as carbon nanotubes, fiber 

composites, agricultural wastes, modified activated 

carbon, magnetic nanocarbon, etc. There are some 

drawbacks for most of these adsorbents including low 

adsorption capacity, agglomeration, oxidizing in contact 

with the atmosphere and producing secondary water 

pollution after adsorption process [13]. To overcome 

these problems preparation of composite with other 

materials (surface modification) and using magnetic 

separation technique (MST) can be solutions. During 

magnetic separation, suspended absorbent is separated 

easily from aqueous solution due to the magnetic 

properties of Fe3O4 nanoparticles in absorbent’s 

structure by applying an external magnetic field. 

Therefore, with this method, the possibility of secondary 

water pollution is significantly reduced [14, 15]. Also to 
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improve the performance of adsorbents, the graphene-

based materials such as graphene oxide (GO) and the 

reduced graphene oxide (RGO) sheets, which are 

basically forms of carbon, have been reported as 

promising candidates [16]. The excellent properties of 

GO such as high specific surface area and the presence of 

functional groups with oxygen (e.g. hydroxyl, epoxy, 

carboxyl, and carbonyl) in its structure have made it an 

effective material in the synthesis of different nano-

composites [16-18]. These functional groups can play an 

important role in trapping metal cations. The adsorption 

efficiency of GO can be largely increased by modifying 

its surface with other materials that are included 

functional groups [19]. For this purpose, magnetic 

graphene oxide (GO/Fe3O4) was modified with chitosan 

(Chi) and cysteine (Cys) for adsorption of Pb2+ from 

water. Chi is a biocompatible polymer that provides high 

active sites due to amino (-NH2) and hydroxyl (-OH) 

functional groups in its structure [20, 21]. Furthermore, 

Cys amino acid was used in the last step of surface 

modification due to its thoil (-SH) agent [22]. The 

chemical and physical properties of GO/Fe3O4/Chi/Cys 

were briefly characterized and the impact of effective 

variables on the adsorption performance such as contact 

time, pH solution, adsorbent dosage, and Pb2+ initial 

concentration were discussed in previous work. The 

results are represented in Table 1 [23].  

The isotherms models are considered as equations 

that relate the adsorbate amount on the adsorbent with its 

concentration in solution containing heavy metal at a 

fixed temperature. They accurately describe the 

interaction between heavy metal cations and nano-

composites. Therefore, there is a special need to study 

them in order to optimize the mechanisms of adsorption 

processes, express the surface properties and the 

adsorbents capacities [24, 25]. On the other hand, for 

engineering purposes like the design of industrial 

adsorption units, deep understanding of the adsorption 

process is necessary. Investigation of different adsorption 

kinetics models provides useful information to 

understand the dynamics of adsorption process [26]. 

The aim of this paper is to determine the most suitable 

isotherm and kinetic model for the adsorption of 

Pb2+onto GO/Fe3O4/Chi/Cys through comparing the 

R2s. At first, the morphology of surface and functional 

groups of GO/Fe3O4/Chi/Cys was investigated by using 

FE-SEM  and  FT-IR analysis.  Next,  linear forms of the  

 

 
TABLE 1. The optimal condition of Pb2+ adsorption onto 

GO/Fe3O4/Chi/Cys (at equilibrium concentration = 120 ppm) 

pHOptimum  5.75 

tOptimum  30 min 

Adsorbent dosage 0.1 g 

mg gqexp⁄    85.4  

Langmuir, Freundlich, Tempkin, and Dubinin–

Radushkevich isotherms were utilized to determine the 

best-fit model. Finally, the results of several kinetic 

models (pseudo-first-order, pseudo-second-order, 

Elovich, and intra particle diffusion) were compared and 

studied. 

 
 

MATERIALS AND METHODS 
 
It should be noted that in the present study, modified 

Hummers method was used to synthesize GO and co-

precipitation method was used to produce Fe3O4 

nanoparticles. As covalent bonding of Cys to GO/Fe3O4 

without an intermediate is complicated and inaccessible, 

in this study Chi was used as the middle layer. To bind 

Chi, simple technique of simultaneous precipitation was 

used and  dilute base was added gradually to the mixture 

of Chi and GO/Fe3O4. This relatively simple method 

does not require complex laboratory equipment. 

 
Materials  

All the chemicals used in this study were of analytical 

grade. Chlorodic acid, Glacial Acetic acid, Pyridine 99%, 

FeCl2. 4H2O, FeCl3. 6H2O, sodium hydroxide (NaOH), 

L-cysteine, Natural Graphite powder and Ethanol 

absolute, were procured from Merck (Darmstadt, 

Germany). Sulfuric acid (H2SO4), acetic acid, sodium 

nitrate (NaNO3), potassium permanganate (KMNO4), 

hydrogen peroxide (H2O2), and glutaraldehyde (GA, 

50% w/w solution in water) were bought from Sigma-

Aldrich (Germany). Ammonia solution (25%) was 

supplied by Bismoot Company (Tehran, Iran). Powdery 

chitosan (CS, Mw 1.3x105 Da, 90% deacetylation) was 

obtained from Sinopharm Chemical Reagent Co., Ltd 

(Shanghai, China). All aqueous solutions were prepared 

with ultrapure water from Abanmpco Company, 

Mashhad, Iran. The stock solution of 1000 ppm Pb2+ was 

prepared by dissolving certain weight of dried Pb(NO3)2 

obtained from Merck in ultrapure water. All the required 

concentrations of Pb2+ were obtained by diluting the 

stock solution, in 10 - 400 ppm range.  

 
Instrumentation 

The solution pH was measured using pH metrohm 

(Model 728) and adjusted using HNO3 and KOH 

solutions (0.01 M). The metal concentration of samples 

was determined by linear calibration curves of atomic 

absorption spectrometer (PG instrument 990). After each 

test, all pipes and fittings were washed with ultrapure 

water and then were attached again to the system 

mechanically.  

The chemical structure of GO/Fe3O4/Chi/Cys 

nanocomposite in each stage of surface modification was 

investigated using FTIR within the range of 500-

4000cm−1. The FTIR spectra were recorded with the 
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Spectrum Two FT-IR spectrometer from PerkinElmer 

company (U.K.). The morphology and textural structure 

of GO/Fe3O4/Chi/Cys were characterized by field 

emission scanning electron microscopy (FE-SEM, 

ZEISS SIGMA VP, Germany) with an accelerating 

voltage of 25 kV. Also, a 2 Tesla Neodymium Iron Boron 

(NdFeB) magnet was used to separate the nanoparticles 

from the solutions. 

 

Preparation of adsorbent 

In order to prepare GO/ Fe3O4/Chi/Cys following 

procedure was followed : 

- As the first step, GO was prepared using modified 

Hummers method. Firstly, 5 g graphite powder and 5 g 

sodium nitrate were added to 150 ml sulfuric acid 

solution; the mixture was stirred at 0˚C. Then, 30g 

potassium permanganate was added to the mixture 

gradually. The mixed solution was diluted with ultrapure 

water until a bright brown color appeared. Next, 30 ml 

hydrogen peroxide solution (30% wt.) was added to the 

mixture. The mixture was centrifuged, washed several 

times with hydrogen chloride solution (10% v   ( and 

ultrapure water, and kept wet for the second step of 

surface modification. 

- As the second step, 37.5 g FeCl3. 6H2O and 15 g 

FeCl2. 4H2O were dissolved in 100 ml hydrogen chloride 

solution (0.4 M) and added to 300 ml GO aqueous 

solution from the previous step. After adding Iron 

solution, the mixture was stirred for 2 h and added 

quickly to 700 ml ammonia solution (0.7 M). Ammonia 

solution was degasified earlier for 15 min with argon gas. 

The mixture was stirred at 60˚C for 2 h. Then, it was 

stirred at room temperature for 12 hours. The dark-black 

colored precipitate was collected and washed with 

ultrapure water until it reached neutral pH. Finally, the 

product of GO/ Fe3O4 was kept wet for the third step of 

surface modification. 

- As the third step, 0.5 g Chitosan was dissolved in 30 ml 

acetic acid solution (4% v) and added to the GO/ Fe3O4 

(from the previous step). Next, 0.5 ml glutardialdehyde 

(25% wt.) was added to the mixture and the mixture was 

mixed well for 10 min at room temperature. After that, 

the pH of mixture was adjusted to pH 10 using sodium 

hydroxide (2M). The resultant solution was refluxed at 

60˚C for 1 h. Then, it was stirred at room temperature 

overnight. The mixture was centrifuged, washed with 

ultrapure water, and dried at 60˚C for 48 h. Finally, the 

product of GO/ Fe3O4 /Chi was crushed using ceramic 

mill. 

- As the fourth and last step of surface modification, 0.5 

ml glutaraldehyde (25% wt.) and 1 ml glacial acetic acid 

were suspended in pure ethanol (30 ml). The mixture was 

heated at 80˚C and stirred for 20 min. After that, 0.25 g 

L-cystein was added to 10 ml pure ethanol and heated at 

120˚C. 

 

Next, the two solutions were mixed together well and 

kept at 120ᵒC for 24 h under reflux condition in an oil 

bath. The dark- green colored precipitate was centrifuged 

and washed with hot ethanol and ultrapure water. Finally, 

the product of GO/ Fe3O4/Chi/Cys was dried in an oven 

at 30˚C and crushed with ceramic mill. 

 
Preparation of lead solutions  

For preparing the stock solution (1000 ppm) of Pb2+ 

ions, 1.59 g Pb(NO3)2 was dissolved in ultrapure water 

and transferred into 1 liter volumetric flasks. This stock 

solution was diluted with ultrapure water to obtain a 

specific certain concentration range of Pb2+standard 

solutions. 

 
Adsorption isotherm experiment 

In order to determine the GO/Fe3O4/Chi/Cys-

Pb2+adsorption isotherms, 0.1g of GO/Fe3O4/Chi/Cys 

was added to 40 ml Pb2+ solution at different initial 

concentrations of Pb2+(from 120 to 400 ppm) at 

pHOptimum 5.75 and constant temperature of 295 K. The 

mixtures were put into a shaker with a constant shaking 

speed of 150 rpm. After optimum removal time 

(tOptimum=30 min), the absorbent particles were 

separated quickly by applying an external magnetic field 

and the concentration of the remaining Pb2+ in the 

solutions was determined by linear calibration curves of 

atomic absorption spectrometer. 

 
Adsorption kinetic experiment 

In order to determine an optimum model for the kinetics, 

40 ml Pb2+ solution was exposed to 0.1g 

GO/ Fe3O4/Chi/Cys for different time durations (ranging 

from 5 to 30min), at pHOptimum 5.75 and constant 

temperature of 295 K. After the adsorption process, the 

absorbent in samples was removed using the external 

magnetic field and the remaining concentration of Pb2+ 

was determined. 

 
Data analysis 

The adsorption capacity of GO/Fe3O4/Chi/Cys at the 

equilibrium (qe in mg g⁄ ) was calculated based on the 

following equation: 

qe = ((C0 − Ce) m⁄ ) × v  (1) 

Equation (2) represents the removal efficiency (%R) of 

Pb2+ by GO/Fe3O4/Chi/Cys: 

%R = ((C0 − Ce) C0⁄ ) × 100  (2) 

In the both above equations, C0 (mg. L−1) and Ce 

(mg. L−1) are the initial and equilibrium Pb2+ 

concentrations respectively, v (in liter) is the volume of 

the solution, and m(g) is the adsorbent mass [27, 28]. 
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RESULTS AND DISCUSSION 
 

Characterization of GO/Fe3O4/Chi/Cys 

FE-SEM analysis 

Morphological structure of synthesized adsorbent at the 

first and last stages of surface modification is shown in 

Figure 1. The purpose of this analysis is to observe 

structural changes in the surface of the synthesized 

adsorbent after the surface modification process. During 

the surface modification, the structure of GO changes 

clearly from porous and irregular shape (Figure 1a) to 

non-uniform, and heterogeneous shape (Figure 1b). 

 

FT-IR analysis 

The chemical structure of GO/Fe3O4/Chi/Cys 

nanocomposite in each stage was reported in Figures 2a 

- 2d. 

The FTIR spectra of GO represented in (Figure 2a) 

showed a band at 1616cm−1 attributed to the υ(C=O) of 

the carboxy group. The absorption bands at 1384 and 

1121cm−1are both attributed to υ(C-O) mode. Another 

band is observed at 3411cm−1that can be assigned to the 

υ(OH) vibration. This absorption band is wider in the IR 

spectra of GO/Fe3O4 (Figure 2b), which may be due to 

υ(OH) groups from Fe3O4 particles. Moreover, the band 

observed at 624cm−1is attributed to the vibration of Fe–

O stretching, which confirms that Fe3O4 particles have 

been bonded to GO nanosheets. 

 

 

 
(a) 

 
(b) 

Figure 1. FE-SEM images of GO/ Fe3O4/Chi/Cys at first 

and last stages of surface modification, (a) FE-SEM 

micrograph of the synthesized GO, (b) FE-SEM micrograph 

of the synthesized GO/ Fe3O4/Chi/Cys adsorbent 

The IR spectrum of GO/Fe3O4/Chi is shown in 

Figure 2c. This spectrum exhibited a strong absorption 

band at 3419cm−1 attributed to the υ(-NH). In addition, 

two obvious peaks at 3475 and 3548cm−1can be 

attributed to the NH2 vibrations. The absorption bands at 

876cm−1, 836cm−1, and 777cm−1 are attributed to υ(N-

H) vibrations. The free υ(OH−) groups of chitosan can be 

observed at 3412cm−1. The stretchings υ(S-H) 

(2079cm−1) and υ(S-O) (1120cm−1) can be observed in 

the FT-IR spectrum of GO/ Fe3O4/Chi/Cys (Figure 2d). 

 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2. FT-IR spectra of GO/ Fe3O4/Chi/Cys at different 

stages of surface modification, (a) FT-IR spectra of the GO, 

(b) FT-IR spectra of the GO/ Fe3O4,  (c) FT-IR spectra of 

the GO/ Fe3O4/Chi, d. FT-IR spectra of the 

GO/ Fe3O4/Chi/Cys 
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Equilibrium modeling 

Study of adsorption isotherms 
Adsorption isotherm is an informative diagram that 

demonstrates the relationship between adsorption 

volume of a chemical species by a solid phase in balance 

mode and fixed temperature. Adsorption isotherms are 

tools to describe and predict adsorption level, type, and 

severity of interaction between the adsorbent and 

adsorbate. In this research, the adsorption of Pb2+ ions 

onto GO/Fe3O4/Chi/Cys was studied at a temperature of 

295K. Four different kinds of isotherms were used to fit 

equilibrium sorption data, including Langmuir, 

Freundlich, Tempkin, and Dubinin–Radushkevich 

Equation. 

 
Langmuir isotherm model 

There are four assumptions about Langmuir isotherm: 

1. Uniform surface of the adsorbent; so that every 

adsorption site is the same as the others. 

2. No interaction between the adsorbed molecules. 

3. One mechanism controls all adsorptions. 

4. Only one monolayer is created at the maximum 

adsorption: there is no deposit of adsorbate molecules on 

other, already adsorbed, molecules of adsorbate. Deposit 

happens only on the free surface of the adsorbent. 

Nonlinear and Linear form of Langmuir isotherm are 

expressed as follows: 

qe = (qmaxKLCe) (1 + KLCe)⁄  (3) 

Linearizing Equation (3), we have: 

(Ce qe⁄ ) = (1 KL. qmax⁄ ) + (Ce qmax⁄ ) (4) 

where, Ce is the equilibrium concentration of adsorbate 

(mg l)⁄  and qe (mg g⁄  ) is the amount of adsorbed metal 

on the adsorbent at equilibrium. The qmax (mg g⁄  ) and 

KL (the Langmuire constant) are computed from the slop 

and intercept of the graph Ce qe⁄  versus Ce, respectively 

[29]. 

In order to interpret the condition of the isotherm, 

separation factor or equilibrium parameter (RL) is used. 

It is defined as follows [30]: 

RL = 1 (1 + KLC0)⁄  (5) 

where KL is Langmuir constant related to the adsorption 

energy and C0 is initial concentration. Different values of 

this dimensionless constant show that langmuir isotherm 

can be unfavorable (RL > 1), linear (RL = 1), 

favorable (0 < RL < 1), or irreversible (RL = 0).  

Langmuir isotherm for Pb2+ ions adsorption onto 

GO/Fe3O4/Chi/Cys is depicted in Figure 3. The 

Langmuir constants were calculated and presented in 

Table 2. 

 
Freundlich isotherm model 

Freundlich model is a relationship that describes 

adsorption on a heterogeneous surface. Nonlinear form 

of Freundlich isotherm is expressed by the following 

equation: 

qe = kfce
(1 n⁄ ) (6) 

Freundlich adsorption parameters were determined by 

transforming the Freundlich Equation (6) into linear 

form. 

log qe = log KF + (1 n⁄ ) log Ce (7) 

where qe(mg g⁄  ) is the amount of adsorbed metal on the 

adsorbent at equilibrium, Ce is the equilibrium 

concentration of adsorbate (mg l)⁄ , KF is Freundlich 

isotherm constant (mg g⁄  ) related to the adsorption 

capacity, and n is adsorption intensity. The parameters kf 

and n in this equation are determined from the intercept 

and slope of the plot of log qe versus log Ce (Figure 4 and 

Table 2) [31]. 

 

Tempkin isotherm model 

The Tempkin isotherm assumes that heat of adsorption 

(function of temperature) of all molecules in the layer 

would decrease linearly rather than logarithmic with 

coverage. The nonlinear form of this isotherm can be 

given by the following expression: 

qe = (RT bT⁄ ) ln aTCe (8) 

 

 

 
Figure 3. Langmuir adsorption isotherm of Pb2+ by 

GO/ Fe3O4/Chi/Cys (Experimental conditions employed: 

pH 5.75, agitation speed 150 rpm, adsorbent dosage 2.5 g/L) 
 

 

 
Figure 4. Freundlich adsorption isotherm of Pb2+ by 

GO/ Fe3O4/Chi/Cys (Experimental conditions employed: 

pH 5.75, agitation speed 150 rpm, adsorbent dosage 2.5 g/L) 
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TABLE 2.  Model parameters obtained from linear fitting the 

experimental equilibrium data with the isotherm models 

(adsorbent dosage 2.5 g/L, pH 5.75, contact time 30 min) 

86.21 𝑞𝑚𝑎𝑥(mg g⁄ ) 
Langmuir 0.4659 𝐾𝐿(l mg⁄ ) 

0.99 𝑅2 

0.125 
1

𝑛
 

Freundlich 7.97 𝑛 
47.94 𝐾𝐹(𝑚𝑔 𝑔⁄ ) 
0.92 𝑅2 

302.33 𝑏𝑇(kJ/mol) 
Tempkin 340.3 𝑎𝑇(L/g) 

0.95 𝑅2 
2x10-7 𝐵(𝑚𝑜𝑙2 𝐽2⁄ ) 

Dubinin-Radushkevich 78.57 𝑞𝐷(𝑚𝑔 𝑔⁄ ) 
1.58 𝐸 (kJ/mol) 
0.84 𝑅2 

 

 

Linearizing Equation (8), we have: 

qe = (RT bT⁄ )LnaT + (RT bT⁄ )LnCe (9) 

where qe(mg g⁄  ) is the amount adsorbed at equilibrium; 

R is universal gas constant (8.314 J/mol.K); T is 

Temperature in Kelvin and Ce is the equilibrium 

concentration of adsorbate(mg l)⁄ . The parameters of  aT 

(Temkin isotherm equilibrium binding constant (l g⁄ )) 

and bT(Temkin isotherm constant) are determined from 

the intercept and slope of the plot qe versus LnCe (Figure 

5 and Table 2) [32].  

 

Dubinin–Radushkevich isotherm model 

Dubinin–Radushkevich isotherm is generally applied to 

express the adsorption mechanism with a Gaussian 

energy distribution onto a heterogeneous surface. The 

model has often successfully fitted high solute activities 

and the intermediate range of concentrations data well. 

The nonlinear and linear forms of the Dubinin–

Radushkevich are represented in the following Equations 

(10) and (11), respectively: 

qD = qDexp(−BƐ2) (10) 

Lnqe = lnqD − BƐ2 (11) 

where qe(mg g⁄ ) is the amount adsorbed at 

equilibrium, qD is the theoretical saturation capacity 

(mg. g−1), B is a constant related to mean free energy of 

adsorption per mole of the adsorbate (mol2 J2⁄ ), and Ɛ is 

the Polanyi potential and can be represented as: 

Ɛ = RTLn(1 + (1 Ce⁄ )) (12) 

where R is the universal gas constant (8.314 J mol. k−1⁄ ),  

T  is  the  temperature  (in  Kelvin),  and  E  is  the  mean 

 
Figure 5. Tempkin adsorption isotherm of Pb2+ by 

GO/ Fe3O4/Chi/Cys (Experimental conditions employed: 

pH 5.75, agitation speed 150 rpm, adsorbent dosage 2.5 g/L) 

 

 

sorption energy (kJ mol⁄ ) that is obtained as follows: 

E = 1 (2B)0.5⁄  (13) 

Equation (10) is linearized to Equation (11), which is 

used in Dubinin–Radushkevich graph (Lnqevs Ɛ2). 

Where B and qD were determined from the slope and the 

intercept of the Dubinin–Radushkevich graph 

respectively (Figure 6 and Table 2) [33]. 

Langmuir, Freundlich, Tempkin, and Dubinin-

Radushkevich models were used to determine the 

adsorption equilibrium between GO/Fe3O4/Chi/Cys and 

Pb2+ ions. The isotherm constants for the four models 

were obtained by linear regression method (Table 2) and 

R2 were compared. Higher R2 for an isotherm model 

indicates a better match between the experimental data 

and the isotherm model. From the data in Table 2, it can 

be concluded that Langmuir isotherm (R2 were above 

0.999)  has  a  good  agreement  with  experimental  data 

and this  isotherm is more suitable to predict the 

adsorption  behavior. Moreover, qmax of Langmuir 

model was obtained equal to 86.206 mg g⁄ , which is 

close to the qexp (85.4mg g⁄ ). Hence, based on 

assumptions of Langmuir, the adsorption of Pb2+ ions  

 

 

 
Figure 6. Dubinin-Radushkevich adsorption isotherm of 

Pb2+ by GO/ Fe3O4/Chi/Cys (Experimental conditions 

employed: pH 5.75, agitation speed 150 rpm, adsorbent 

dosage 2.5 g/L) 
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onto GO/Fe3O4/Chi/CS may be monolayer, 

homogeneous, and uniform. The values of RL (between 

zero and 1) indicate a favorable adsorption. 

 

Study of adsorption kinetic 

One of the key issues about surface adsorption process is 

to examine the contact time that determines the pace of 

surface adsorption reaction. The pace is a key and 

important factor in the design of discrete industrial 

systems so that by determining the balance time, the 

adsorption time in the treatment facilities is determined 

[34]. 

In this research, four kinetic models were used to fit 

experimental data, pseudo-first-order, pseudo-second-

order, Elovich, and intra particle diffusion equation. 

 

Pseudo-first-order model 

Nonlinear and linear forms of pseudo-first-order are 

expressed by the following equations respectively:  

qt = qe[1 − exp(−k1t)] (14) 

log(qe − qt) = log(qe1) − (K1 2.303⁄ )t (15) 

where  qe denotes the amount adsorbed at equilibrium 

in (mg g⁄  ), qt in (mg g⁄  ) is the amount adsorbed at time 

t (min), and  K1 (min−1) is the rate constant of pseudo-

first-order model. The values of qe1 and K1 were 

determined from the intercept and the slope of the graph 

of log(qe − qt) versus t (Figure 7 and Table 3) [35]. 

 

Pseudo-second-order model 

The Pseudo-second-order equation is widely used for the 

adsorption of heavy metals from aqueous solutions. The 

pseudo-second-order equation can be written as: 

qt = (K2qe
2t) (1 + qeK2t)⁄  (16) 

Linearizing Equation (16), we have: 

(t qt⁄ ) = (1 K2qe
2⁄ ) + (1 qe2⁄ )t (17) 

where, qe and qt in (mg g⁄  ) are the adsorption capacities  

 
 

 
Figure 7. Pseudo first-order plot for the adsorption of Pb2+ 

on GO/ Fe3O4/Chi/Cys (Conditions: 0.1g adsorbent dosage, 

150 rpm, and temperature 295 K 

at equilibrium and at time t(min) respectively, K2is the 

corresponding kinetic constant (g(mg−1min−1)). Pseudo-

second order kinetics plot is shown in Figure 8. The 

pseudo-second order kinetics parameters (qe2 and K2) 

were determined respectively from the slope and the 

intercept of the graph t qt⁄  versus t (Table 3) [36]. 

 

Elovich model 

The Elovich equation was initially developed for 

studying the adsorption of gas-solid systems. In recent 

years, Elovich’s equation has been applied to describe 

adsorption of inorganic substances on heterogeneous 

solid surfaces, mainly for heavy metal ions from aqueous 

solutions on biomass materials [37]. Nonlinear form of 

the Elovich model is generally expressed as follows: 

(dqt dt⁄ ) = αe−βqt (18) 

Integrating Equation (18) for the boundary conditions 

(qt=0 at t=0 and qt=qt at t=t), gives: 

qt = (1 β⁄ ) ln(αβ) + (1 β⁄ )ln (t) (19) 

where α (mg. g−1min−1) is the initial adsorption rate and 

β is related to the extent of surface coverage and the 

activation energy for chemisorptions (mg g⁄ ) [38]. 

A linear plot obtained for Elovich model is shown in 

Figure 9. The plot of the qt as a function of ln t provides  

β and α values. The results of Elovich kinetics are given 

in Table 3. 

 

Intra particle diffusion model 
The fourth synthetic model is called intra particle 

diffusion model. This model is used to describe multi-

stage and competitive adsorptions. Multi-stage 

adsorption is featured with the transfer of molecules of 

the solved material from the solved phase to adsorbent 

particles surface and then transfer of these molecules into  
 

 

TABLE 3. Calculated parameters of kinetic models for the 

adsorption of Pb2+ on GO/Fe3O4/Chi/Cys (adsorbent dosage 

0.1g, 150 rpm, and temperature 295 K) 

35.85 qe1(mg g⁄ )  
Pseudo-first-order model 0.2098 K1(1 min⁄ )  

0.9492 R2  
84.03 qe2(mg g⁄ )  

Pseudo-second-order 

model 
0.0117 K2(g(mg−1min−1))  

0.9996 R2  
16095.1 α (mg. g−1min−1) 

Elovich model 0.1337 β(mg g⁄ )  
0.824 R2  

3.8598 kid (mg. g−1. min) 
Intra particle diffusion 

model 62.06 c  
0.722 R2  
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Figure 8. Pseudo second -order plot for the adsorption of 

Pb2+ on GO/ Fe3O4/Chi/Cys (Conditions: 0.1g adsorbent 

dosage, 150 rpm, and temperature 295 K 

 

 

solid surface pores. According to Weber and Moris, the 

volume of adsorption in the majority of adsorption 

processes is relative to t0.5 rather than (t). 

The Intra particle diffusion model equation is given 

by Equation (20): 

qt = kidt0.5 + c (20) 

where kid(mg. g−1. min) represents the intra-particle 

diffusion rate constant, c (mg g⁄ )is a constant related to 

the thickness of the boundary layer, and  t is time in min. 

The constants kid and c can be determined from the slope 

and intercept of the linear plot qt versus t0.5(Figure 10 

and Table 3). 

The highest value of R2 (close to 1) indicates the best 

kinetic model for describing adsorption of Pb2+ on 

GO/Fe3O4/Chi/Cys. It is clear from R2 in Table 3 that 

pseudo-second-order model has higher R2 value than 

other kinetic models. Moreover, the closeness of the 

adsorption capacities at equilibrium in second-order 

kinetic model (qe2 = 84.03 mg g⁄ ) to qexp (85.4mg g⁄  ) 

shows that the experimental data were well described by 

the pseudo-second-order kinetic model. This indicates 

that the adsorption process is chemisorption controlled. 

 

 

 
Figure 9. Elovich plot for the adsorption of Pb2+ on 

GO/ Fe3O4/Chi/Cys (Conditions: 0.1g adsorbent dosage, 

150 rpm, and temperature 295 K 
 

 
Figure 10. Intra particle diffusion plot for the adsorption of 

Pb2+ on GO/ Fe3O4/Chi/Cys (Conditions: 0.1g adsorbent 

dosage, 150 rpm, and temperature 295 K 

 

 

CONCLUSION 
 
In this study, GO/Fe3O4/Chi/Cys nanocomposite was 

synthesized and used as adsorbent of Pb2+ ions from 

aqueous solution. The following results were obtained 

from the study.  

1. The FT-IR analysis showed that all target functional 

groups such as epoxide, carbonyl, amino, and thiol were 

formed on the surface of the nancomposite and surface 

modification was successful in each stage. 

2. The Isotherm studies showed that the Pb2+ adsorption 

process onto GO/Fe3O4/Chi/Cys followed the Langmuir 

isotherm model, which indicates that the adsorption 

process is monolayer, homogeneous, and uniform. The 

maximum Pb2+ adsorption capacity from Langmuir 

equation was obtained equal to 86.206 mg g⁄ , which is 

close to qexp (85.4mg g⁄ ). 

3. Adsorption kinetic fitted well with pseudo-second-

order model, which indicates that the adsorption process 

is chemisorption-controlled in nature. 

Finally, this research work revealed that adsorption 

using magnetic composites such as GO/Fe3O4/Chi/Cys 

is becoming a promising option to replace commonly 

used adsorbents in removing Pb2+ ions from aquatic 

solutions, because the resulting product is able to 

decrease secondary water pollution significantly. Unique 

features of GO/Fe3O4/Chi/Cys like desirable adsorption 

capacity (85.4mg⁄g), homogeneous distribution of pores 

on the surface, biocompatibility, low-cost and ease of 

access make this material superior to other carbon-based 

composites for water purification. 
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 چکیده 

در این مقاله نتیجه ارزیابی جذب    .اندهای مبتنی بر اکسید گرافن توجه زیادی را برای تصفیه فاضلاب به ویژه حذف فلزات سنگین جلب کردهنانو کامپوزیت

Pb2+  و سیستئین با کیتوزان  اکسید گرافن مغناطیسی اصلاح شده  روی  برای مطالعه مورفولوژی جاذب،    .گزارش شده است  (GO/Fe3O4/Chi/Cys)  بر 

به    .مختلف اصلاح سطح استفاده شددر مراحل    (FTIR)  طیف سنجی مادون قرمز تبدیل فوریهو     (FE-SEM)میکروسکوپ الکترونی روبشی انتشار میدانی

رادوشکویچ مورد بررسی    -های مختلف جذب مانند لانگمویر، فروندلیچ، تمپکین و دوبینین  منظور آشکار کردن ماهیت فرآیند جذب، به ترتیب فرم خطی ایزوترم

qmax= 86.21mg)  های آزمایشی با حداکثر ظرفیت پوشش تک لایهداده .قرار گرفت g⁄ از   qmax بینیلانگمویر برازش داده شد. پیش سط مدلخوبی تو  ه ب  (

qexp=85.4mg) مدل لانگمیر با حداکثر ظرفیت جذب تجربی g⁄ مانند شبه مرتبه اول، شبه مرتبه    سینیتیکیهای  انواع مختلف مدل  .مطابقت خوبی داشت (

به   مرتبه دوم شبه نشان داد که مدل  سینیتیکی مطالعات . دوم، الوویچ و انتشار ذرات برای تعیین پارامترهای مشخصه در فرآیند جذب مورد بررسی قرار گرفت

 .راین، فرآیند جذب شیمیایی استبناب  .دهدجذب را بهتر از سایرین نشان می، فرآیند  (R2=0.9996) دلیل ضریب همبستگی بالاتر
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