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a b s t r a c t
A novel surface-modified graphene (SMG) was employed as an adsorbent for the removal of Pb(II) 
from aqueous solution at room temperature (295 ± 5 K). The SMG was prepared from graphene (G) 
via oxidation method using concentrated nitric acid. scanning electron microscopy, thermogravi-
metric analysis, Brunauer, Emmett, and Teller, and Fourier transform infrared spectroscopy were 
used to characterize the produced adsorbent. Batch adsorption experiments were carried out under 
different operating conditions; pH (2–7), adsorbent dosage (4–32 mg), and contact time (5–240 min). 
The maximum Pb(II) adsorption was obtained at a pH of 6, adsorbent dose of 20 mg after 100 min at 
298 K. Surface of the SMG had more oxygen functionalities and higher surface area compared with 
the G, thereby resulting in enhanced removal of Pb(II), significantly. Pseudo-second-order kinetic 
model fitted the results better than pseudo-first-order and intra-particle diffusion models. Redlich–
Peterson, Freundlich, and Langmuir isotherm models fitted very well the equilibrium results. 
The SMG was a superior adsorbent for Pb(II) with a maximum adsorption capacity of 140 mg/g. 
Therefore, it can be concluded that SMG can be effectively used to remove heavy metals from waste 
and domestic water.
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1. Introduction

Presence of toxic metals in wastewater and domestic 
water beyond the consent limit has been an issue of great con-
cern due to the potential harming effect on human health and 
environment [1,2]. Lead is listed among priority pollutants 
[3,4] and its tolerable limit in drinking water allowed by US 
Environmental Pollution Agency is 0.015 mg/L [5]. Lead ions 

are released into the environment from various industries 
such as mining, tanneries, metal plating, and other industrial 
emissions [2]. Various techniques such as precipitation [6], 
flocculation [7], ion exchange [8], membrane separation [9], 
and adsorption [10] are utilized to get rid of toxic heavy met-
als. In comparison to other treatment methods, adsorption is 
found to be more effective and cheap in remediation of trace 
metals. Nevertheless, selection of appropriate adsorbent and 
operating conditions has been the key step to achieve maxi-
mum efficiency in adsorption process. Activated carbon [11], 
zeolite [12], and bentonite [13] have been reported for the 



175M. Zubair et al. / Desalination and Water Treatment 80 (2017) 174–183

removal of Pb(II) from aqueous solutions. Yet, due to their 
low adsorption efficiency, researchers are still doing efforts 
to develop superior adsorbents that exhibit higher uptake 
capacity and capture broad range of pollutants with good 
chemical and thermal stability.

Graphene, a unique two-dimensional densely packed 
honeycomb crystal lattice, possesses remarkable properties 
such as high surface area, excellent chemical stability, and 
good thermal and mechanical properties attracted demand-
ing interest in different applications such as polymer nano-
composites [14–17], transparent electrodes [18], and organic 
photovoltaic devices [19].

Graphene and its derivatives exhibited outstanding adsor-
bent characteristics due to its high surface area and presence 
of functional groups on its surface and provides a new win-
dow of research for effective wastewater treatment [20–24]. 
Recently, graphene and its derivatives have been utilized for 
the removal of Pb(II) and Cd(II) [25], Cr(VI) [26], and anionic 
and cationic dyes [24]. Surface modification of carbonaceous 
materials such as activated carbon, carbon nanotubes (CNT), 
carbon nanofibers, and graphene using different chemicals 
and techniques provide various additional surface functional 
groups like carboxylic, carboxyl, hydroxyl, and metal oxides 
on the their surfaces [27].

These functional groups act as active adsorption sites 
thereby improving the interaction and effective bonding 
with pollutants; consequently, enhancing the uptake capacity 
for various pollutants [25,26,28,29]. Performances of heavy 
metals sorption on carbonaceous material systems have been 
demonstrated to be significantly improved via appropriate 
surface modification of the sorbent materials [30–32].

Recently, Ihsanullah et al. [33] modified activated car-
bon, CNT, and carbon fiber using nitric acid and found sig-
nificant improvement in adsorption capacity for Cr(VI) ion. 
Wang et al. [34] also reported enhanced adsorption capacity 
of Pb(II) on tartaric acid-modified graphene. However, to the 
best of our knowledge based on extensive literature review, 
no study was found to have investigated the utilization of 
acid-modified graphene for adsorption of Pb(II) ions from 
aqueous solution. Therefore, the main objective of this study 
was to investigate the adsorption performance of Pb(II) on 
surface-modified graphene (SMG) prepared via chemical 
oxidation using nitric acid. The morphology, surface area, 
and surface functional groups of adsorbents were exam-
ined using scanning electron microscopy (SEM); Brunauer, 
Emmett, and Teller (BET), thermogravimetric analysis 
(TGA), and Fourier transform infrared spectroscopy (FTIR), 

respectively. Adsorption batch study was undertaken to 
investigate the effect of influential parameters such as pH, 
adsorbent dose, and contact time. The experimental results 
were fitted using equilibrium isotherms (i.e., Langmuir 
model, Freundlich, and Redlich–Peterson model) and kinetic 
models (i.e., pseudo-first-order, pseudo-second-order, and 
intra-particle diffusion).

2. Experimental section

2.1. Materials and reagents

Graphene (G) with size of 50 nm was purchased from the 
Grafen Chemical Industries Co. (Turkey). The lead ion stock 
solution was prepared using pure Pb(NO3)2 in ultrapure 
water. All chemicals (NaOH, HCl, and HNO3) were analyt-
ical grade purchased from Sigma Aldrich (USA).

2.2. Surface modification

Surface modification of graphene was performed via 
thermal oxidation method [35]. About 1 g of graphene was 
boiled in 150 mL of HNO3 (69%, AnalaR grade) at 120°C for 
about 48 h with continuous reflux to accomplish maximum 
oxidation. After reaction, the mixture was cooled and diluted 
with ultrapure water and vacuum-filtered through 1 μm 
cellulose acetate filter paper. The mixture was repeatedly 
washed with deionized water until the pH of 7 was reached. 
Finally, the SMG was dried at 40°C for 24 h.

2.3. Characterization

The surface characteristics of raw and SMG were pub-
lished in our previous study [35]. For clarity reasons, Table 1 
summarizes some of these surface properties of graphene (G) 
and SMG. The surface morphology of adsorbents was exam-
ined by SEM using Tescan mira-3 FE-SEM. TGA was per-
formed on Q-600 TA instrument at heating rate of 10°C/min. 
BET surface area and pore size were obtained using ASAP 
2020 Micromeritics. FTIR of SMG was analyzed before and 
after Pb(II) adsorption using Nicolet 6700 spectrometer with 
resolution of 4 cm−1.

2.4. Pb(II) batch adsorption studies

Batch adsorption study was performed to investigate 
the effect of different parameters on the adsorption of 
Pb(II) by raw and modified graphene. In this study, the 

Table 1
Surface properties of graphene (G) and surface-modified graphene (SMG) [35]

Technique G SMG

FTIR Presence of peak at 3,445 and 1,638 cm–1 corresponds 
to hydroxyl group and C=C group of graphene, 
respectively

New peaks at 1,260, 1,102, and 1,016 cm–1 correspond to 
C–O–C, C–OH, and C–O groups, respectively

XRD Diffraction peak detected at 26.9°
Layer to layer spacing estimated through Bragg’s 
equation is 0.33 nm

Diffraction peak shifted to at 21.6° after oxidation
Layer to layer spacing is 0.47 nm

XPS Sp3 (19%), C=O (2.4%), O–C=O (1.2%), π–π (7%) Sp3 (19.4%), C=O (3%), O–C=O (1.7%), π–π (7.3%)
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effect of pH (2–7), adsorbent dosage (4–32 mg), and contact 
time (5–240 min) was investigated. The experiments were 
performed by mixing 10 mg of raw or modified graphene 
(except in case of adsorbent dose effect) with 40 mL of 
20 mg/L of Pb(II) solution in 50 mL round bottom plastic 
tubes at 250 rpm. The tubes were shaken for 180 min (except 
in the kinetic study) to reach equilibrium and then filtered 
using 40 μm cellulose acetate filters. The pH of solutions 
was adjusted using 0.1 N HNO3 and 0.1 N NaOH. Atomic 
absorption spectrophotometer (Thermo Scientific iCE 3000 
Series) was used to measure the concentration of Pb(II) 
before and after treatment.

The equilibrium adsorption capacity qe (mg/g) and the 
percentage removal were calculated using the following 
equations:

Adsorption capacity ( )q
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o e
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100  (2)

where Co and Ce are the initial and equilibrium concentration 
(mg/L) of Pb(II) ion, qe (mg/g) is the equilibrium adsorption 
capacity, W (g) is the weight of the adsorbent, and V (L) is the 
volume of solution.

2.5. Kinetic modelling

The two common models used to study the mechanism 
of the surface reaction are pseudo-first-order (Eq. (3)) and 
pseudo-second-order (Eq. (4))models [36]. Pseudo-first-order 
fits the data when physisorption takes place, while 
pseudo-second-order explains the data if chemisorption is 
controlling the surface reaction. Moreover, intra-particle dif-
fusion model (Eq. (5)) was employed to investigate the role of 
the internal diffusion during the process.

Pseudo-first-order model: ln( ) lnq q q k te t e− = − 1  (3)

Pseudo-second-order model: t
q

t
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t
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2  (4)

Intra-particle diffusion: q k t Ct i= +0 5.  (5)

where qe and qt are the adsorption capacity of Pb(II) on G 
and SMG at equilibrium and time (t), respectively. The other 
parameters are the constants of the models. One can calcu-
late these parameters by plotting Eqs. (3)–(5) as presented in 
Fig. 8. The parameters and correlation coefficients (R2) of the 
three models are calculated using linear square method and 
are listed in Table 3.

2.6. Equilibrium modelling

In order to understand comprehensively how the Pb(II) 
ions are adsorbed on surface of G and SMG and the nature of 
interaction between adsorbate and adsorbents, equilibrium 
data were employed on the most commonly used isotherm 
models namely Freundlich, Langmuir, and Redlich–Peterson 
isotherms:

Langmuir isotherm model: 
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Freundlich isotherm model: ln ln lnq K
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Redlich–Peterson isotherm model: 
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where Ce (mg/L) is the equilibrium concentration of 
adsorbent, qe (mg/g) is the amount of Pb(II) adsorbed at 
equilibrium. The other parameters are constants of the 
models, which can be calculated by fitting the experi-
mental data using linear form of the isotherms (Eqs. (6)–
(8)). For Langmuir isotherm, qm (mg/g) is the maximum 
adsorption capacity and b is the Langmuir constant [37]. 
Dimensionless factor RL is an equilibrium parameter that 
can be calculated using Eq. (9). Adsorption is favourable, 
but reversible when 0 < RL < 1, and unfavourable at RL = 0, 
1, and >1 [38].
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3. Results and discussion

3.1. Structural characterization of graphene

Table 1 illustrates the summary of surface character-
istic (XRD, X-ray photoelectron spectroscopy (XPS), and 
FTIR) of adsorbents characterized in our previous study 
[35]. Fig. 1 shows the scanning electron micrographs of 
adsorbent. The SEM micrograph of graphene displays 
very smooth and continuous surface with wringle edges. 
On the other hand, SEM micrograph of SMG shows very 
rough surface with discrete patterns. This attributes to the 
breakage of graphene structure after modification and pres-
ence of oxygen containing functional groups on its surface 
as shown in XRD and FTIR results (Table 1), respectively. 
Similarly, Ihsanullah et al. [33] found that acid treatment of 
activated carbon and CNT resulted in a rough surface. TGA 
was performed under nitrogen atmosphere to assess the 
thermal stability of G and SMG and are illustrated in Fig. 2. 
In case of SMG, the weight loss of 3% below 100°C ascribed 
the release of water vapor and about 9% at 200°C indicating 
the loss of CO, CO2 due to the pyrolysis of oxygen func-
tionalities. In contrast, the graphene shows very high ther-
mal stability with no major reduction in mass up to 800°C. 
Table 2 shows the BET surface area, pore volume, and 
pore size of G and SMG. Nitrogen adsorption–desorption 
showed that acid modification of graphene increased sur-
face area from 404 to 512.5 m2/g. However, there was no sig-
nificant improvement in pore volume and pore size for the 
SMG compared with that of the G.

Fig. 3 shows the FTIR spectrum of SMG before and after 
Pb(II) adsorption. It was found that after adsorption of Pb(II) 
on the surface of SMG, the peaks at 1,620 and 1,260 cm–1 cor-
responds to C=C and C–O–C groups, respectively, almost 
disappeared. Moreover, the intensity of peaks at 1,102 and 
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1,016 cm–1 associated to C–O group was lowered. This sug-
gests that Pb(II) reacted with oxygen functionalities of SMG. 
Similar behaviour was also reported in previous studies 
[39,40]. The characterization results clearly support that sur-
face modification of graphene using concentrated nitric acid 
was highly effective and expected to improve the active bind-
ing sites on the surface of SMG. This change in surface char-
acteristic enhanced adsorption capacity of Pb(II) on SMG as 
demonstrated in Fig. 4.

3.2. Effect of studied parameters on Pb(II) adsorption

3.2.1. Effect of pH

Fig. 5(A) shows the effect of pH on adsorption capacity 
(qe) of Pb(II) on G and SMG. Fig. 5(B) shows the points of 
zero charge (pHPZC) of G and SMG determined by the pH 
drift method [41] which were found to be 5.5 and 4.7, respec-
tively. Obviously, Fig. 5(A) shows that removal of Pb(II) by 
G and SMG was very low below pH of 4. Removal increased 
when pH was increased. The adsorption capacity of Pb(II) 
on G and SMG at pH 4 was 2.56 and 9.79 mg/g which was 
substantially increased to about 27.04 and 50.84 mg/g, respec-
tively, at pH 7. The effect of pH on the adsorption of Pb(II) 
can be well explained on the basis of ionic chemistry of both 
adsorbate and adsorbents. Different studies demonstrated 
that sorption of neutral compounds is mostly associated to 

Fig. 1. SEM micrographs of graphene (G) and surface-modified graphene (SMG).

Fig. 2. TGA plots of G and SMG.

Table 2
Surface area, pore volume, and pore size of G and SMG

G SMG

BET surface area (m2/g) 404 512.5
Pore volume (at p/po = 0.9725) (cm3/g) 0.586 0.575
Pore size (based on 
Barrett-Joyner-Halenda) (A)

46.47 46.46

Fig. 3. FTIR spectra of SMG before and after Pb(II) adsorption.
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the π–π interaction whereas cationic and anionic compounds 
adsorption is governed by electrostatic interactions [42,43]. 
At a pH of about 6, the predominant soluble species are Pb2+, 
Pb(OH)2, and PbOH+, but between pH 7 and 12, the most 
common species are solid hydroxide and soluble Pb(OH)3–, 
and Pb(OH)4

2– [44].
Very low adsorption capacity at pH < 4 was due to the 

presence of hydrogen ions on the surface of G and SMG as 
confirmed from point zero charge (Fig. 5(B)). These H+ ions 
tend to cover the active sites of graphene surface and repel 
the Pb2+ due to electrostatic interactions. Consequently, the 
available number of active sites and efficiency of adsorp-
tion decreases. As the pH of the solution increases from 4 
to 7, the surface of graphene exhibited lower H+ ions and 
became negatively charged, above its pHPZC. Thus, adsorp-
tion capacity significantly improved. Moreover, Fig. 5(A) 
demonstrates that the adsorption capacity of SMG was 
higher than that of G. For example, at a pH of 7, the adsorp-
tion capacity of Pb(II) was 27.04 and 50.84 mg/g by G and 
SMG, respectively. The improved adsorption tendency of 
SMG is attributed to the existence of oxygen functionalities 
and increased in the binding active sites on graphene sur-
face after oxidation as confirmed from FTIR analysis (Fig. 3). 

These functional groups made SMG more hydrophilic and 
attracted the Pb(II) more efficiently and resulted in better 
uptake of Pb(II). Similar behaviour was also concluded in 
previous studies using modified CNT and activated carbon 
[32,45].

3.2.2. Effect of adsorbent dose

The batch experiment was carried out using varied 
proportions of G and SMG ranging from 4 to 32 mg while 
other parameters such as pH, contact time, and rpm were 
fixed. Fig. 6 shows that amount of adsorbent profoundly 
influenced the uptake of Pb(II) ions. The removal effi-
ciency increased from 15% to 54% for G and from 32% to 
83% for SMG when the adsorbent dose was increased from 
4 to 20 mg. In all scenarios, SMG showed higher percent-
age removal of Pb(II) compared with G. This is attributed to 
greater surface area and abundance of interfacial sites avail-
able for adsorption after oxidation of graphene. At higher 
dose of adsorbents, more availability of interfacial sites for 
adsorption (i.e., exchangeable sites for ions interaction) was 
expected. However, the percentage removal of Pb(II) on 
both adsorbents did not increase after addition of 20 mg of 
adsorbent.

3.2.3. Effect of contact time

Fig. 7 displays the dependence of the Pb(II) adsorp-
tion capacity on G and SMG on contact time ranging from 
5 to 180 min. Both adsorbents showed good adsorption of 
Pb(II) during the first 20 min, that is, adsorption capacity 
increased as the contact time increased (Fig. 7). Evidently, 
the adsorption of Pb(II) onto both G and SMG was very fast 
and equilibrium was achieved very quickly. Clearly, the 
trends showed that the adsorption of the Pb(II) ions was 
high within the first 60 min of the experiment. Afterwards, 
the adsorption rate decreased, apparently, due to the dimin-
ishing functional groups on the surface. Therefore, adsorp-
tion equilibrium was achieved in 100 and 80 min for G and 
SMG, respectively.

 

 

Fig. 5. (A) Effect of pH on adsorption of Pb(II) ion on G and SMG. Conditions: Co: 20 mg/L of Pb(II); adsorbent dosage 10 mg; time 
180 min; temperature 298 K at pH 2–7. (B) Point zero charge of G and SMG.

Fig. 4. Mechanism of improved adsorption capacity of Pb(II) 
on SMG.
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3.2.4. Adsorption kinetics of lead

Adsorption is a multi-step process that involves exter-
nal diffusion, internal diffusion, and surface reaction [25]. 
Usually in a well-mixed system of small adsorbents’ particles 
as in the case of this study, external diffusion is not controlling 
the adsorption process. Intra-particle diffusion is assumed 
to play a key role in adsorption when the constant (C) is zero 
[46]. Fig. 8(C) and Table 3 confirm that intra-particle diffu-
sion was not controlling the adsorption of Pb(II) on G and 
SMG. Noticeably, pseudo-second-order model (Fig. 8(B)) 
fitted much better the data than pseudo-first-order model 
(Fig. 8(A)), especially for SMG. The correlation coefficients 
using pseudo-second-order model were close to 1 and 
higher than those of pseudo-first-order model (Table 3). 

Moreover, the calculated qe agreed well with the experimen-
tal qe value using pseudo-second-order model. This means 
that chemisorption was the main mechanism of adsorp-
tion of Pb(II) on G and SMG. Apparently, the presence of 
oxygen functionalities particularly on SMG surface played 

Fig. 6. Effect of adsorbent dosage on adsorption of Pb(II) ion on 
G and SMG. Conditions: Co: 20 mg/L of Pb(II); time 180 min; 
temperature 298 K at pH 6.5; adsorbent dosage 4–32 mg.

Fig. 7. Effect of contact time on adsorption of Pb(II) ion on G and 
SMG. Conditions: Co: 20 mg/L of Pb(II); temperature 298 K; pH 
6.5; adsorbent dosage 10 mg at time 5–180 min.

Fig. 8. Pseudo-first-order model (A), pseudo-second-order 
model (B), and intra-particle diffusion model (C).
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a key role and likely to be the rate controlling step in our 
graphene–Pb interaction process.

3.2.5. Adsorption isotherm of lead

Fig. 9(A) shows that Langmuir isotherm fitted very 
well the experimental data (R2 > 0.98, Table 4). The values 
of qm and b were estimated from the slope and intercept of 
Fig. 9(A). The monolayer adsorption capacity (qm) was 69.98 
and 140.44 mg/g for G and SMG, respectively. The increase 
in monolayer adsorption capacity (qm) of SMG compared 
with G is attributed to two reasons (i) existence of func-
tional groups on the graphene surface and (ii) higher sur-
face area of SMG compared with G. The nature of Langmuir 
isotherm plot reveals whether the adsorption process is 
favourable or not. The values of equilibrium constant RL for 
G and SMG were 0.12 and 0.18, respectively, which con-
firmed that the adsorption of Pb(II) on both adsorbents was 
favourable, but reversible.

Similarly, Freundlich isotherm fitted very well the results 
(Fig. 9(B)) with a correlation coefficient R2 near to 1 for both 
adsorbents (Table 4). It is well known that Freundlich iso-
therm describes well the adsorption on heterogeneous sur-
face [47]. Obviously, SEM micrographs showed that G and 
SMG were heterogeneous in nature (Fig. 1). Freundlich con-
stants, kf and n, are the indicative of adsorption tendency of 
adsorbent and percentage of heterogeneity with degree of 
adsorption affinity, respectively [48]. The values of 1/n, listed 
in Table 3 for G and SMG to be 0.346 and 0.449, respectively, 
indicated that the adsorption of Pb(II) was favourable (i.e., 1 
< n < 10) [47].

Expectedly, Redlich–Peterson model fitted the data 
with a correlation coefficient of almost 1 (Fig. 9(C) and 
Table 4) because the model is built based on both Langmuir 
and Freundlich models, where both fitted the results [49]. 
Moreover, Redlich–Peterson model contains three empiri-
cal parameters. The values of bR for G and SMG were 0.684 
and 0.573, respectively, which means that graphene had both 
homogenous and heterogeneous adsorption sites.

Table 5 compares the adsorption capacity of G and SMG 
with other related carbon materials. The adsorption capacity 

of G was within the range of maximum adsorption capacities 
in literature. However, SMG was a superior adsorbent com-
pared with other adsorbents (Table 5). Therefore, SMG can be 
used in adsorption process to efficiently remove heavy metal 
ions from water.

Table 3
Kinetics parameters of pseudo-first-order, pseudo-second-order, 
and intra-particle diffusion model for Pb(II) adsorption on G and 
SMG

Kinetic models Parameters Adsorbent
G SMG

Pseudo-first-order k1 (1/min) 0.025 0.035

ln( ) lnq q q k te t e− = − 1 qe (mg/g) 24.779 35.128
R2 0.976 0.875

Pseudo-second-order k2 (g/mg min) 1.20 × 10–3 4.9 × 10–4

t
q

t
k q

t
qt e e

= +
2

2

qe (mg/g) 27.855 54.644
R2 0.995 0.990

Intra-particle diffusion ki (mg/g min1/2) 3.47 2.154

q k t Ct p= +1 2/ C 7.393 3.23
R2 0.973 0.840

Fig. 9. Langmuir isotherm model (A), Freundlich isotherm model 
(B), and Redlich–Peterson model (C).
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4. Conclusion

In this study, graphene (G) was chemically modified 
using nitric acid to improve its adsorption capacity. The 
adsorption capacities of G and SMG, for the removal of Pb(II) 
from aqueous solution, were measured at different operating 
conditions. Maximum removal of Pb(II) on both adsorbents 
were found between pH 6 and 7, contact time of 80–120 min, 
and adsorbent dose of 20 mg at 250 rpm and 298 K. BET sur-
face area of SMG was 512.5 m2/g compared with 404 m2/g 
of G. The adsorption capacity of SMG was 140 mg/g which 
was two folds the capacity obtained by G, implying that 
the chemical modification of G was very efficient for Pb(II) 
sorption. Pseudo-second-order fitted very well the adsorp-
tion results, indicating that the mechanism of adsorption 
was chemisorption. Equilibrium data were explained using 
Langmuir, Freundlich, and Redlich–Peterson isotherm mod-
els. All the models fitted very well the results with correla-
tion coefficient (R2) close to 1. These results demonstrated the 
potentials of SMG as a superior adsorbent for the removal of 
heavy metal ions from aqueous solutions.
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