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a b s t r a c t

Heavy metals are among the environmental pollutants that human exposure to water
and food can cause acute and dangerous poisoning. There are various methods for the
removal of heavy metals. Among them, adsorption is considered to be an effective
method for the removal of heavy metals. In this study, magnetic graphene oxide (MGO)
nanocomposites functionalized with different amine ligands were used to remove Pb2+

from aqueous solutions. X-ray diffraction, Fourier-transform infrared spectroscopy, Scan-
ning electron microscopy, Energy-dispersive X-ray spectroscopy and Vibrating-sample
magnetometer analyzes were applied to determine the structure and characterization
of the synthesized nanocomposites. Then, the factors affecting the adsorption efficiency
such as pH, adsorbent amount, contact time and lead concentration were investigated
and the optimum conditions for Pb2+ removal was the initial Pb2+ concentration of
20 mg/L, pH = 4, the adsorbent weight of 40 mg and the reaction time of 10 min.
Pb2+ adsorption efficiency for adsorbents functionalized with ethylenediamine (EDA),
melamine and monoethanolamine was compared. It was observed Pb2+ adsorption
efficiency for these three adsorbents were 98%, 96.34% and 97.65%, respectively. Kinetic,
isotherm and thermodynamic studies were also performed for the synthesized adsorbent
and its recovery in the sequential adsorption and desorption cycle was investigated.
The EDA functionalized MGO (EDA-MGO) adsorbent demonstrated 8.8% decrease in Pb2+

adsorption efficiency after 5 successive cycles of adsorption and desorption.
© 2021 Elsevier B.V. All rights reserved.

1. Introduction

In recent decades, the amount of human origin contaminants such as heavy metals have increased substantially in
oth surface and ground waters. The increase in water pollution has been considered as a grave danger for aqueous media
nd has led to the contamination of agricultural products. As a result, human health is severely threatened (Ngambia et al.,
019; Ramanayaka et al., 2019; Zhang et al., 2017).
All of the natural waters contain a variety of contaminants resulting from processes of erosion, washing, and

eathering. In addition to these natural contaminants, other pollutants resulting from domestic wastewater and industrial
astewater are added. Water sources pollutants can be classified into different categories depending on the nature of
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their origin. By nature of the contamination, water pollutants can be divided into three major groups of minerals (such
as acidifying compounds, chemical fertilizers and heavy metals), biological (such as viruses, bacteria and parasites) and
organic compounds (Khataee et al., 2019; Thomas and Langford, 2007; Zhou et al., 2019).

Heavy metals are considered as a severe threat to human beings due to their bioaccumulation, non-biodegradability
nd toxicity. Various toxic heavy metal ions are produced through several industrial activities, including electroplating,
ining, radiator manufacturing, metal smelting, alloy industries, electrical and electronic industries, petrochemicals and
lectronics. These activities lead to an increase in the concentration of heavy metals in the environment and wastewater
Fernandes and Baeyens, 2019; Gu et al., 2015; Javanbakht and Ghoreishi, 2017; Rasoulpoor et al., 2020). Therefore, it is
rucial to separate and to remove these heavy metals from wastewater and drinking water.
There are various methods for the removal of heavy metals such as ion exchange (Rae et al., 2019), coagulation

Cai et al., 2020), membrane processes (Azamat et al., 2020; Safarpour et al., 2016), polymers (Gómez-Ceballos et al.,
020), Zero-valent iron-based technologies (Wu et al., 2020a), electrochemical processes (Sun et al., 2020), and adsorption
Hernández-Cocoletzi et al., 2020). Most of these methods have disadvantages that limit their use. For example, ion
xchange is confined to low concentrations of metallic solution where the membrane matrix is usually exposed to
ontamination with organic matter and other wastewater solids. This method has high initial investment and maintenance
osts (Barakat, 2011). Coagulation and flocculation have high chemical consumption and increases the sludge production
Golob et al., 2005). The disadvantages of membrane processes are limited flow rate, membrane clogging, high initial
nvestment cost, high maintenance and operating cost (Madaeni and Mansourpanah, 2003). Electrochemical processes
ave high operating costs (Kurniawan et al., 2006). Among these methods, adsorption is considered as an effective way
o remove heavy metals from wastewater.

Adsorption is a cost-effective technology for removing heavy metals from the environment. Due to its high capacity,
electivity, low concentration efficiency, flexibility in operation, high efficiency and availability of a wide range of
dsorbents, adsorption has attracted much attention (Chen et al., 2018; Demiral and Güngör, 2016). Therefore, the
evelopment of new and effective adsorbents to remove heavy metals has been one of the most active research efforts in
astewater treatment. Among various adsorbents, including silica gel, clays and zeolites, graphene-based materials are
romising adsorbents for removing heavy metals due to their excellent electrical and mechanical properties (Chowdhury
nd Balasubramanian, 2014; de la Luz-Asunción et al., 2020). Carbon-based nanomaterials such as fullerenes (Yi et al.,
020), carbon nanotubes (CNTs) (Ali et al., 2019), activated carbon (Huang et al., 2020), graphene and graphene oxide
GO) (Lertcumfu et al., 2020; Wu et al., 2020b) have received much attention due to their excellent properties such as
igh surface area, adsorption capacity and selectivity in water treatment processes (Bethi et al., 2016; Khataee et al.,
013b; Wang et al., 2018). Graphene production methods are divided into two general categories. The first is methods in
hich graphite and its derivatives are used to produce graphene and the second is obtained without the use of graphite.
Graphene oxidation creates a new structure with different amounts of oxygen in its structure, depending on the

xidation conditions. Graphene oxide has outstanding charge carrier mobility and it can act as electron receivers and
onors (Khataee et al., 2019; Motlagh et al., 2019). There are different oxygenated functional groups on the GO surface.
hese groups can be divided into two groups: the first group is functional groups on the surface of GO (such as hydroxyl
nd epoxide groups) and the second group is groups formed on the edge of GO (such as carboxylic acid and carbonyl
roups) (Marcano et al., 2010). Graphene surface modification is necessary for many applications, since graphene may be
neffective in specific applications such as heavy metal ion adsorption (Cao and Li, 2014). As a result, the modification of
O through functional groups is ongoing research. Functional groups placed on magnetic GO, such as amine and carboxyl,
ave different chelating ability with heavy metal and toxic cations. Under the ambient pH conditions, functional groups
an affect heavy cations and remove or reduce toxins from aquatic environments (Zhao et al., 2017a).
Advantages of this type of adsorbents include selective chelating power over specific metal cations, cation adsorption

t very low concentrations of aqueous solutions, non-toxicity and metals recovery from aqueous media that can increase
O adsorption capacity for heavy metal ions (Gul et al., 2016). When GO becomes magnetic, its magnetic properties make
t easy and fast to separate the adsorbent and provides reusability of adsorbent (Geng et al., 2012). Binding of magnetic
articles to the GO surface can enhance the absorption capacity of GO and facilitate process efficiency (Yang et al., 2009).
The overall goal of this project is to investigate the ability of functionalized magnetic GO nanoparticles to adsorb

b2+. GO is synthesized via improved Hummers method. Afterward, it is magnetized and functionalized. X-ray diffraction
XRD) analysis, Fourier transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM) and Vibrating-sample
agnetometer (VSM) are applied to investigate the properties of the resulting nanostructures. The effect of parameters
uch as adsorbent weight, pH, time and Pb2+ initial concentration on the process will also be investigated via experimental
esign. The isoelectric pH, isotherm, kinetics and thermodynamics of the synthesized adsorbent will also be investigated.

. Materials and methods

.1. Chemicals

Ethanol 96% (Kimia Alcohol Zanjan, Iran), potassium permanganate 99% (Merck, Germany), sulfuric acid 98% (Merck,
ermany), sodium hydroxide 99% (Merck, Germany), graphite (Merck, Germany), phosphoric acid 35% (Merck, Germany),
ydrochloric acid 35% (Merck, Germany), iron (III) chloride hexahydrate (Merck, Germany), sodium nitrate (Merck,
2
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Germany), lead (II) nitrate 99.5% (Merck, Germany), ethylenediamine ≥99% (EDA, Merck, Germany), ethylene glycol
99.5% (Merck, Germany), melamine 99% (Merck, Germany), monoethanolamine (MEA, Merck, Germany), acetic acid
6% (Merck, Germany) and sodium acetate ≥99% (Merck, Germany) were supplied in this research. All chemicals were
onsumed without further purification.

.2. Characterization and instruments

Philler magnetic stirrer (Taiwan), 86502 Az pH meter (Taiwan), MIRA3 FEG-SEM Tescan (Czech Republic), Bruker FT-
R Tensor 27 model (Germany), Philips PW1730 XRD device (the Netherlands), Hermle Labortechnik centrifuge Z 36
K model (Germany–Denmark), Furat electronics shaker-incubator machine BS630 model (Iran), Analytik Jena atomic
bsorption machine Nova AA 400 model (Germany) and MDFK Meghnatis daneshpazhouh Kashan VSM apparatus (Iran)
ere applied in current study for adsorbent preparation and characterization.

.3. Synthesis of functionalized magnetic graphene oxide

For the synthesis of GO from graphite, there are three standard methods known as the Hummers method, the modified
ummers method and the improved Hummers method. In this research, the improved Hummers method was used and
he most significant difference with the two previous methods is the use of phosphoric acid instead of sodium nitrate.
or the synthesis of GO by the improved Hummers method, 1 g of graphite was stirred continuously at room temperature
or 18 h with 120 ml of sulfuric acid and 14 ml of phosphoric acid. It must be noted that the volumetric ratio of sulfuric
cid/phosphoric acid must be 9:1 in this method. After 18 h, 6 g of potassium permanganate was added slowly as an
xidizing agent to the acidic graphite solution. The reaction temperature should be about 20 ◦C. Afterward; the resulting
olution was stirred continuously at 50 ◦C for 12 h. Next, a solution containing 300 ml of deionized water and 10 ml of
xygenated water solution was prepared. Then, the solution containing graphite was slowly added to this solution. It must
e noted that the last step takes place in the ice bath. The resulting solution was remained the same until its sediments
ere settled and it was washed with hydrochloric acid and deionized water for several times to achieve neutral pH. The
esulting solution was placed in an ultrasonic bath for 20 min and immersed in a freeze dryer to produce powdered GO
Alkhouzaam et al., 2020; Guerrero-Contreras and Caballero-Briones, 2015).

For the preparation of magnetic graphene oxide (MGO), the prepared GO was dispersed in ethylene glycol by improved
ummers method. Then, this solution was stirred by adding sodium acetate and iron (III) chloride hexahydrate to the
ixture at 30 ◦C. The solution temperature was kept at above 190 ◦C to form black sediments. Afterward, the sediments
ere filtered and washed with distilled water and ethanol and dried in an oven.
Later the resulted MGO was mixed with diluted acetic acid (12% V/V). Subsequently, the EDA was added and dissolved

n ethylene glycol to form MGO functionalized with EDA (EDA-MGO). After stirring at 60 ◦C, the mixture was washed with
thanol and water and separated with a magnet. Finally, the nanoparticles were dried in the oven (Zhao et al., 2017b).
For functionalization of GO with melamine, 0.2 g of GO was poured into 35 ml of ethylene glycol and it was sonicated

or 3 h. Next, 0.7 g of iron (III) chloride hexahydrate, 4.5 g of melamine and 1.4 g of sodium acetate was added to GO
issolved in ethylene glycol and the solution was sonicated for half an hour at 50 ◦C. The prepared solution is placed in
Teflon-coated autoclave at 200 ◦C for 6 h. The resulted precipitate by the reaction is removed from the solution by a
agnet due to its magnetic properties. To remove impurities from the sediment, it was washed with deionized water and
thanol and dried at 45 ◦C (Hao et al., 2010) and the MGO functionalized with melamine (M-MGO) was obtained.
For GO functionalization with MEA to form MGO functionalized with MEA (MEA-MGO), the same steps of function-

lization with melamine were repeated, except that instead of melamine, MEA was added to the solution. In this study,
DA, melamine and MEA were used as ligands to activate MGO.

.4. Calculating adsorption efficiency

In this research, adsorption efficiency (AE) was applied to analyze the results. AE represents the amount of adsorbed
b2+ as follows (Eq. (1)):

AE% =
(C0 − C)

C0
× 100 (1)

where C0 represents the initial Pb2+ concentration of the solution, C represents the concentration of Pb2+ solution
after adsorption according to the atomic absorption results and AE represents the adsorption efficiency during specific
adsorption times.
3
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Table 1
Variables levels for Pb2+ removal.
Variables Parameters and levels

−2 −1 0 1 2

[Pb2+]0 (mg/L) (X1) 5 10 15 20 25
pH (X2) 2 4 6 8 10
Adsorbent weight (mg) (X3) 10 20 30 40 50
Time (min) (X4) 5 10 15 20 25

2.5. Optimization of the adsorption process via response surface methodology

In this project, the central composite design (CCD) method was used to optimize the adsorption process to remove
b2+. The number of experiments will vary according to the number of parameters in this method. To evaluate the effect
f operating parameters on the Pb2+ removal process and modeling, four main factors include initial Pb2+ concentration
mg/L), initial solution pH, reaction time (min) and adsorbent weight (mg) were evaluated (Table 1). Then, Minitab16
oftware designed the experiment based on these four factors and 31 experiments were recommended by the software.
he following polynomial second-order equation was used to correlate between dependent and non-dependent variables
Eq. (2)):

Y = β0 +

k∑
i=1

βiXi +

k∑
i=1

βiiX2
i +

k∑
1≤i≤j

βijXiXj (2)

here Y is the response variable (adsorption efficiency), Xi and Xj are the experimental levels of variables, βi is the linear
correlation coefficient, βii is the second-order correlation coefficient, bij is the cross-correlation coefficient and i, j and k
are the number of variables (Arsalani et al., 2018; Khataee et al., 2013a, 2010).

3. Results and discussion

3.1. Characterization

Fig. 1 illustrates the FT-IR spectra of EDA-MGO, M-MGO and MEA-MGO. As can be seen, since all three synthesized
MGOs were functionalized with substances having amine functional groups, there is a little difference in their IR spectra.
For this reason, the interpretation of these three spectrums was done together. According to the figures, the peak at
3250 cm−1 represents the hydroxyl functional groups (O–H) and the peak at 3391 cm−1 represents the amine (N–H)
functional groups. The peaks of 2829 cm−1 and 2914 cm−1 represent the C–H bonds, indicating the formation of carbon
shell on the adsorbent. Other common peaks observed in the graphene structure are C==O peaks, which appear in the
spectrum of 1697 cm−1. The absorbance peak at the 1398 cm−1 region corresponds to the C–N bond on the adsorbent
surface. The absorption peak in the range of 530 cm−1 corresponds to the Fe–O bond in the magnetic iron nanoparticles,
which indicates the coating of magnetic iron nanoparticles with the carbon. The presence of C–O bonds at 1431 cm−1

and C==C at 1552 cm−1 also indicates the correct structure of synthesized GO (Cao et al., 2015; Guo et al., 2013).
Fig. 2 shows the XRD patterns of GO, MGO, EDA-MGO, M-MGO and MEA-MGO. The peak present at 2θ of 11.2◦ is

attributed to the synthesized GO (Verma et al., 2020; Wang et al., 2016). The peaks at 2θ of 34.3◦, 43.2◦, 57.5◦ and 63.2◦

represent the (0 2 2), (1 1 3), (0 0 4), (2 2 4), (1 2 5) and (0 4 4) sheets which corresponded to Fe3O4, indicating that GO
has been successfully magnetized (Huang et al., 2018; Wang et al., 2016). It is also observed that with the magnetization
of GO, its peak intensity in EDA-MGO and MEA-MGO was increased at 2θ = 36◦. For EDA, the peaks at 28.2◦, 34.3◦, 43.2◦,
57.5◦ and 63.2◦ were observed. For melamine, the peaks at 27.2

◦

, 33.3
◦

and 44.2
◦

and for MEA, the peaks at 24.2
◦

, 34.8
◦

,
38.2

◦

, 48.5
◦

and 63.2
◦

were observed.
Fig. 3a displays the SEM images of GO which is confirmed the layered structure of synthesized GO. Fig. 3b shows the

SEM image of the synthesized MGO. As can be seen, the iron particles are present on the surface of GO layers, which
means the GO was successfully magnetized. This was in accordance with the dot mapping results of the MGO (Fig. SM-
2b). Fig. 3c displays the SEM images of EDA-MGO. It is observed that with the functionalization of MGO, the prominence
and roughness of MGO layers increased and the EDA functional groups were unevenly distributed on the surface. Fig. 3d
demonstrates the SEM images of M-MGO. It is observed that, like EDA functionalization, in the M-MGO, the prominence
and surface area of M-MGO was increased. The amine functional groups were unevenly distributed on the surface and the
layered form of the surface was preserved. Fig. 3e shows the SEM images of MEA-MGO. It is observed, MEA-MGO’s surface
is also layered and the surface prominence of GO is lower than the EDA-MGO and M-MGO. Fig. 3f demonstrates the SEM
images of EDA-MGO after the Pb2+ adsorption process. It is observed that by the adsorption of lead via EDA-MGO, the
bulk density and accumulation of Pb2+ particles on the surface are increased and the particles are stacked together. The
adsorbent particle size was also increased a little with the functionalization and the adsorption of Pb2+. It was observed
that the average layer thickness of GO was about 30 nm and the average particle size of GO was increased from 18.44 nm
4
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Fig. 1. FT-IR spectra of EDA-MGO, M-MGO and MEA-MGO.

Fig. 2. XRD patterns of (a) GO, (b) MGO, MGO functionalized with (c) EDA, (d) melamine and (e) MEA.

after magnetization to 28.90 nm after functionalization with EDA, to 23.90 nm after functionalization with melamine, to
23.50 nm after functionalization with EDA and finally to 35.02 nm after adsorption of Pb2+ by EDA-MGO.

EDX and dot mapping analysis was applied to prove the presence of iron and amine on the adsorbent surface and
nvestigate the distribution of the elements on the adsorbent surface. The results are shown in Figs. SM-1 and SM-2 and
5
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Fig. 3. SEM images of: (a) GO, (b) MGO, (c) EDA-MGO, (d) M-MGO, (e) MEA-MGO before Pb2+ absorption and (f) EDA-MGO after Pb2+ adsorption.

able SM-1, according to the weight percentage of elements at the GO structure. Carbon (C), oxygen (O), iron (Fe), nitrogen
N) and lead (Pb) are found in the investigated structure. The Fe amount indicates the presence of iron in the adsorbent,
hich means GO adsorbent was magnetized. The presence of N indicating the functionalization of the adsorbent with the
mine functional group and the presence of Pb shows the adsorption of Pb on the EDA functionalized adsorbent.
The EDX and dot mapping results of MGO illustrates the presence of C, O and Fe in the MGO structure, indicating that

he GO was first magnetized. Carbon is mainly present in GO nanostructures and oxygen is found in GO functional groups.
ron is also found in the structure due to the magnetization of GO. The EDX and dot mapping results of EDA-MGO, M-MGO
nd MEA-MGO show the presence of O, C, Fe and N in the GO structure. The weight percentage results of each adsorbent
ndicate that in the second stage MGOs are functionalized with EDA, melamine and MEA due to the presence of nitrogen
n the adsorbent structure. The EDX and dot mapping result of Pb-EDA-MGO shows that O, C, Fe, N and Pb are present in
he compound structure. The presence of lead in the structure also indicates the removal and absorption of lead by the
dsorbent.
The magnetic behavior change of the EDA-MGO adsorbent was compared with pure Fe3O4 using the hysteresis loops

recorded by VSM (Fig. SM-3 and Table SM-2). The minor SQR values out of S-shaped hysteresis loop that is the signature
figure of the superparamagnetic materials. As expected, the magnetization amount of the EDA-MGO adsorbent decreased
to 25.47 emu/g. Nonetheless, the magnetism of the samples was strong enough for their facile separation (Fig. SM-4).

3.2. Analysis of variance

Using Minitab 16 software and based on the results, the following correlation coefficients and the following second-
order equation between response variable and independent variables were obtained:

Y = 21.5819 + 1.04568X1 − 2.85283X2 + 1.20901X3 + 4.99015X4 − 0.23971X1X2 + 0.04160X1X3 − 0.03848X1X4

− 0.17534X2X3 + 0.23358X2X4 − 0.02441X3X4 − 0.08376X2
1 − 0.57334X2

2 − 0.00740X2
3 − 0.15601X2

4 (3)
6
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Table 2
Experimental and RSM predicted results for Pb2+ adsorption.
Run [Pb2+]0 (mg/L) pH Adsorbent weight (mg) Time (min) Adsorption efficiency (%)

Experimental Predicted

1 20 4 20 20 85.00 85.16
2 25 6 30 15 93.00 92.40
3 10 4 20 10 86.00 85.91
4 15 6 30 15 93.75 94.36
5 15 6 30 15 94.00 94.36
6 15 6 30 15 95.40 94.36
7 15 6 30 15 94.55 94.36
8 20 8 20 10 83.80 83.68
9 15 6 30 15 94.50 94.36
10 15 6 10 15 92.00 91.99
11 15 6 30 25 83.40 82.77
12 20 4 40 20 89.00 89.43
13 20 8 20 20 92.20 92.88
14 20 8 40 20 86.50 87.00
15 15 6 30 15 94.60 94.36
16 20 4 40 20 93.00 94.36
17 15 6 30 15 94.70 94.36
18 15 6 50 15 91.42 90.80
19 20 4 40 10 98.00 98.32
20 10 4 40 10 91.00 90.61
21 20 8 40 10 82.00 82.68
22 20 4 20 10 85.00 85.30
23 10 4 20 20 90.00 89.62
24 5 6 30 15 79.00 79.56
25 15 10 30 15 77.00 76.43
26 15 2 30 15 94.00 93.94
27 20 4 20 20 85.00 85.16
28 25 6 30 15 93.00 92.40
29 10 4 20 10 86.00 85.91
30 15 6 30 15 93.75 94.36
31 15 6 30 15 94.00 94.36

Table 3
ANOVA analysis of Pb2+ adsorption.
Source variations Sum of squares Degree of freedom Adjusted of Mean square F-value

Regression 845.329 19 44.491 211.51
Residuals 2.314 11 0.210
Total 847.643 30

It should be noted that the above equation is uncoded. Table 2 shows the experimental results and the results based
on the Eq. (3). According to the results, it can be concluded this model can accurately model the experimental results and
can be used to predict the output variable under different conditions.

Statistical analysis of variance (ANOVA) is commonly applied to test the significance and appropriateness of the
obtained model. Table 3 shows the results of the ANOVA. The correlation coefficient (R2) obtained from this method
s 99.23%, which is a good and acceptable value and indicates how much variability in the response variable can be
xplained by experimental factors and their interactions. The obtained value also indicates that 99.23% of the variability
n Pb2+ adsorption efficiency can be justified by independent variables and the model cannot be justified for 0.27% of
he variation. Comparison of the experimental results of the Pb2+ adsorption efficiency with the results of the response
urface methodology (RSM) is shown in Fig. 4, which is well overlapped (99.2%).

.2.1. The effect of pH and Pb2+ concentration on adsorption efficiency and isoelectric point determination
Figs. 5 and 6a show the isoelectric point graph, two-dimensional and three-dimensional graphs of the effect of pH

nd Pb2+ concentration on the adsorption efficiency of EDA-MGO adsorbent with 30 mg adsorbent and duration of 15
in. As can be seen, by increasing the pH until about 6 and increasing the concentration of lead until about 20 mg/L,

he adsorption efficiency will increase. After passing through these points, the adsorption efficiency will decrease. The
H value of the solution plays an important role in the whole process and the adsorption capacity (Ifthikar et al., 2020).
t affects not only the surface charge of the adsorbent but also the ionization degree of the substances available in the
olution. It also affects the separation of the functional groups in the active sites of the adsorbent and solution. Therefore,
lectrostatic attraction between the adsorbent and the heavy metal is pH-dependent and in this process, pH of up to 6 is
avorable.
7
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Fig. 4. Comparison of experimental results of adsorption efficiency with the predicted results of the RSM.

Fig. 5. Isoelectric point diagram of EDA-MGO.

This could be described by the fact that at low pH, a high concentration of H+ could react with amine groups to form
rotonation and Pb2+ uptake is decreased consequently. In other words, H+ could compete with Pb2+ ions for adsorption

sites on the copolymer and reduce the metal ions adsorption capacity. At higher pH values (higher than 3), the nitrogen of
primary amine group on the adsorbent was completely deprotonated, so Pb2+ uptake was intense and the reactive sites of
he adsorbent could be occupied with Pb2+ ions. At pH values higher than 6, the adsorption efficiency value of Pb2+ was
decreased a little and adsorption process occurs simultaneously with the precipitation of metal hydroxide (Hosseinzadeh,
2018; Mahmoud et al., 2010).

For the isoelectric point test, six 0.1 N sodium nitrate solutions were prepared and the pH of the solutions was adjusted
to 2, 4, 6, 8, 10 and 12 by hydrochloric acid and sodium hydroxide. Each of these solutions contained 40 mg of the
adsorbent. Then, all of the samples were stirred for 2 days. After 2 days, the pH of the solutions was re-measured and
pHi and ∆pH were collected (Fig. 5). According to the isoelectric point graph, it was found that the isoelectric point pH is
about 6.8. It was observed that at acidic pH, the adsorbent surface charge is negative and at the basic pH, the adsorbent
surface charge is positive. Considering the Pb2+ charge, acidic pH is favorable to create electrostatic attraction between
the adsorbent and the heavy metal, which is consistent with our findings through experimental design.

3.2.2. The effect of adsorbent weight and pb2+ concentration on adsorption efficiency
Fig. 6b shows two-dimensional and three-dimensional graphs of the effect of adsorbent weight and Pb2+ concentration

on adsorption efficiency for a solution with pH = 6 and reaction time of 15 min. As can be seen, as the adsorbent weight
8
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Fig. 6. Two and three-dimensional diagrams of (a) the effect of pH and Pb2+ concentration, (b) the effect of adsorbent weight and Pb2+ concentration
and (c) the effect of adsorption time and adsorbent weight on adsorption efficiency.

increases, the adsorption efficiency increases. As the concentration of lead decreases, the adsorption efficiency decreases.
The adsorbent amount is another important factor since it determines the amount of pollutant removal. The reason for the
increase in adsorption efficiency is partly related to the flow fission phenomenon (difference of concentration between
the adsorbent and the adsorbed material), which means that the adsorption phenomena occurs rapidly on the adsorbent
at higher concentrations. This results in a decrease in the concentration of adsorbed material in the solution compared to
the lower concentration of the adsorbent (Alpat et al., 2008; Wang and Ariyanto, 2007).

3.2.3. The effect of time and adsorbent weight on adsorption efficiency
Fig. 6c shows two-dimensional and three-dimensional diagrams of the effect of time and adsorbent weight on

adsorption efficiency for a solution with pH = 6 and lead concentration of 15 mg/L. It can be seen from the graphs that the
adsorption efficiency at different weights increases slightly with the increase of the adsorbent weight due to the increase
in the adsorbent surface. Usually, the adsorption increases by the time passing. After passing the optimum adsorption
time in this experiment (14–20 min), the adsorption efficiency will be decreased slightly at each of the experimented
adsorbent weights.
9
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Fig. 6. (continued).

3.2.4. Determination of optimum Pb2+ removal conditions
The optimum way to eliminate Pb2+ is to achieve maximum adsorption efficiency. Therefore, optimal test conditions

ere determined via Minitab 16 software (Table 4). According to the obtained results, the optimum conditions for the
b2+ removal are the initial Pb2+ concentration of 20 mg/L, pH = 4, the adsorbent weight of 40 mg and process time of 10
in. The maximum Pb2+ adsorption efficiency at these conditions was 98.32%. After obtaining the optimum conditions, an
xperiment was performed in these conditions and the results showed a good agreement between the experimental value
98%) and the predicted value (98.32%) of the model. This demonstrates the success of applying the RSM in optimizing
he adsorption process.

.3. Comparison of MGO functionalized with EDA, melamine and MEA and comparison with literatures

To investigate the Pb2+ removal values by M-MGO and MEA-MGO adsorbents, Pb2+ removal experiments were
erformed in optimum conditions and the obtained values for EDA-MGO, M-MGO and MEA-MGO adsorbents were
ompared. It was observed that Pb2+ adsorption efficiency for EDA-MGO, M-MGO and MEA-MGO were 98.00%, 96.34%
10



M. Zarenezhad, M. Zarei, M. Ebratkhahan et al. Environmental Technology & Innovation 22 (2021) 101384

a

o

Fig. 6. (continued).

Table 4
Optimal amounts of operational parameters for maximum Pb2+ adsorption efficiency.
Variables Optimum amount

[Pb2+]0 (mg/L) (X1) 20
pH (X2) 4
Adsorbent weight (mg) (X3) 40
Time (min) (X4) 10
Predicted adsorption efficiency 98.32
Experimental adsorption efficiency 98.00

and 97.65%, respectively. The observed difference in Pb2+ adsorption efficiencies is negligible and the obtained values

re approximately the same. Therefore, considering these quantities and economic issues, EDA-MGO was selected as the

ptimum adsorbent at this process. It is also considered the reason for lower Pb2+ adsorption efficiency of the M-MGO
11
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Table 5
Comparison of adsorption capacity of adsorbents for Pb2+ adsorption.
Adsorbent Adsorption capacity (mg/g) Ref.

Magnetic chitosan 47.91 Wang et al. (2016)
MnO2-modified graphite 92.35 Zhao et al. (2017a)
MnO2/CNTs 78.74 Ma et al. (2007)
Magnetic activated carbon 253.20 Zhang et al. (2020)
Porous lignin xanthate resin 64.90 Li et al. (2015)
Sultone-modified MACb 147.05 Nejadshafiee and Islami (2019)
ACPAHa 21.80 Rao et al. (2009)
Fe3O4 166.67 Tamez et al. (2016)
Schleichera oleosa bark 69.40 Khatoon et al. (2018)
EDA-MGO 425.83 This study

aActivated carbon prepared from Phaseolus aureus hulls.
bMagnetic activated carbon.

Table 6
Investigation of thermodynamic parameters.
T (◦C) ∆G◦ (KJ/mol) ∆H◦ (KJ/mol) ∆S◦ (KJ/mol)

25 −11.0046 2366.66 44.8745 −11.9020

adsorbent compared to the other two adsorbents is the bulkiness of melamine and the creation of a space barrier (Afsar
et al., 2020).

The adsorption capacity of the synthesized EDA-MGO adsorbent was compared with literatures. As can be seen at
able 5, the results are inspiring comparing the obtained data for Pb2+ adsorption via various adsorbents. The high
dsorption capacity of EDA-MGO adsorbent due to its high surface area and layered structure could be very helpful at
emoving heavy metals such as Pb2+ and the adsorbent can be easily separated via its magnetic properties.

.4. Investigation of adsorption isotherms, reaction kinetics and thermodynamic parameters of the adsorption process

The Langmuir, Freundlich and Temkin isotherms graphs were plotted and analyzed (Fig. 7a–c and Tables SM-3-5).
t was observed that the data have the highest overlap amount with the Langmuir isotherm. Therefore, the adsorption
rocess on the applied EDA functionalized graphene adsorbent is carried out in a layered manner (Zhao et al., 2017a).
To investigate the reaction kinetics, Pb2+ solution with an initial concentration of 20 mg/L and adsorbent weight of

0 mg at pH = 4 was prepared and stirred at ambience temperature. The solutions were sampled at 1, 2, 3, 5, 7, 10, 13,
7, 21 and 25 min and the kinetic data and graphs of the first-order, second-order and permeation models were plotted
Fig. 8a–c and Table SM-6). By comparing the obtained correlation coefficient values, it was found that the kinetics of the
dsorption reaction follows the second-order type.
For thermodynamic studies, solutions with concentrations of 20 mg/L at temperatures of 25 ◦C and 45 ◦C at 1 to 25

in intervals were applied (Şimşek et al., 2017). By Eqs. (4)–(6), the ∆S and ∆H values of the reaction were calculated:

KC =
C

Ci − C
(4)

lnKC =
∆S
R

−
∆H
RT

(5)

∆G = ∆H − T∆S (6)

In the mentioned equations, ci is the initial concentration, c is the concentration at the specified times and Kc is the
thermodynamic constant at the specified temperature (25 ◦C and 45 ◦C). The results are presented in Table 6. As we know,
thermodynamics is the study of physical and chemical changes and the temperature dependence of the adsorption process
provides essential information on some thermodynamic parameters such as enthalpy, entropy and Gibbs free energy. The
positive ∆H value indicates that the adsorption process is endothermic and confirms the strong chemical force between
the metal and the adsorbent molecules, which indicates the chemical adsorption (Şimşek et al., 2017; Zhao et al., 2017a).
The positive ∆S value of the adsorption process in this system will cause the disorder on the solid/soluble surface. The
negative ∆G value is also a reason for the spontaneous adsorption process.

3.5. Process reusability check

To ensure the reusability of the Pb2+ adsorption process, the efficiency of Pb2+ adsorption was tested in 5 consecutive
cycles using 0.5 M HCl solution at the optimum point (Zhao et al., 2017a). It was observed the adsorption efficiency after
12
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Fig. 7. (a) First-order, (b) second-order and (c) permeation model kinetic diagrams.

5 cycles was decreased about 8.8% from 98% to 89.2% (Fig. 9), which indicates that the adsorption process is reliable and
with acceptable efficiency (Zavareh et al., 2015). It also shows that the EDA-MGO adsorbent can be easily regenerated via
treatment with Pb2+ solution and has high durability.

4. Conclusion

In this study, MGO nanocomposites functionalized with EDA, melamine and MEA were applied to remove Pb2+

from aqueous solutions. For this purpose, the improved Hummers method was used for the synthesis of GO. Then, the
synthesized GO was magnetized and finally was functionalized with EDA, melamine and MEA. The XRD, FT-IR, SEM and
EDX analyzes were applied to determine the structure and characterization of the synthesized nanocomposites. The results
13



M. Zarenezhad, M. Zarei, M. Ebratkhahan et al. Environmental Technology & Innovation 22 (2021) 101384
Fig. 8. (a) Langmuir, (b) Freundlich and (c) Temkin isothermal diagrams.

confirmed that GO synthesis processes, magnetization and functionalization were successfully performed. Next, the factors
affecting the adsorption efficiency such as pH, adsorbent amount, contact time and initial concentration of Pb2+ were
investigated and the optimum conditions for removal were obtained. At the initial Pb2+ concentration of 20 mg/L, pH =

4, the adsorbent weight is 40 mg and the reaction time is 10 min; about 98% of Pb2+ removal was observed. Comparing
the experimental results of the Pb2+ adsorption efficiency with the RSM model results exhibited that the results of the
experimental section and the model have good overlap (99.2%).
14
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Fig. 9. Adsorbent reusability diagram over 5 cycles.

The Pb2+ adsorption efficiency for EDA-MGO, M-MGO and MEA-MGO adsorbents was compared and it was observed
that Pb2+ adsorption efficiency for these three adsorbents were 98%, 96.34% and 97.65%, respectively. Therefore, the
EDA-MGO adsorbent had the highest adsorption and was considered as the optimum adsorbent. Kinetic and isotherm
studies were performed for EDA-MGO adsorbent and it was observed that the adsorption process follows the second-
order kinetics and Langmuir isotherm. Thermodynamic parameters were investigated and the process was found to be
spontaneous and endothermic. Also, the adsorption repeatability of the EDA-MGO was evaluated in 5 successive cycles
of adsorption and desorption and the adsorbent demonstrated 8.8% decrease in Pb2+ adsorption efficiency, which is
cceptable. According to studies, the synthesis reaction of magnetized graphene oxide with each of the melamine and
EA ligands has not been reported in journals. The study of the adsorption behavior of the adsorbents named with Pb2+

as been done for the first time in this research work. The results of this study presented that this method is an excellent
echnique to remove Pb2+ from wastewater containing this metal.
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