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ABSTRACT: The worm-like exfoliated graphite (EG) based adsorbents prepared from 
low-cost natural graphite flakes via facile synthesis processes have been found to be 
efficient adsorbents when it comes to removing Pb (II) from aqueous solution. EG was 
fabricated by chemical intercalation and microwave assisted exfoliation. Furthermore, 
the magnetic exfoliated graphite (MEG) was developed by incorporating CoFe2O4

particles into the EG layers using the citric acid based sol-gel technique. Adsorption 
behaviour of Pb (II) on the as-prepared adsorbents was investigated by taking several 
experimental conditions into consideration such as contact time, initial concentration, 
adsorbent dosage, and pH value. The results with initial neutral pH indicated that the 
adsorption isotherms for Pb (II) on the EG and MEG were well consistent with the 
Langmuir isotherm model revealing the maximum adsorption capacity of 106 mg/g and 
68 mg/g for EG and MEG, respectively. The adsorption kinetics of Pb (II) was found to 
adhere to the pseudo-second-order kinetic model. The chemical interaction between π 
electrons on graphite sheets and Pb (II) ions was suggested to play an essential role in the 
adsorption mechanism. The introduction of magnetic CoFe2O4 to the EG was found to 
induce the shift of optimal pH value to a more basic condition. The characterization of 
the adsorbents was performed using relevant analysis techniques such as Scanning 
electron microscope (SEM), X–ray powder diffraction (XRD), vibrating-sample 
magnetometer (VSM), and Fourier-transform infrared (FTIR). The results of this work 
suggest a high possibility for the application of the as-prepared modified graphite to 
remove hazardous substances in practical wastewater treatment systems.

ABSTRAK:
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1. INTRODUCTION  
In the past decades, environmental contamination due to the presence of heavy metals 

in wastewater from industrial processes and products has increasingly grown. Heavy metal 
contamination adversely affects human health and organisms due to the high toxicity of 
metal ions even at low metal concentration. Among many kinds of heavy metals, lead (Pb) 
poisoning has caused a major public health risk as it can lead to symptoms like delirium, 
convulsions, persistent vomiting, coma, and also cause serious damage to hematopoietic, 
central nervous, and reproductive systems [1]. Thus, the efficient decontamination of 
water containing Pb2+ has been considered as one of the most important tasks for 
environmental scientists. There are various techniques for this, including membrane 
filtration, solvent extraction, chemical precipitation, and adsorption. Among the 
aforementioned techniques, the adsorption method is still more favoured since it can offer 
many important benefits such as high removal efficiency, simple operation, wide 
adaptability, recyclability, and economic feasibility.  

Among a cascade of adsorbents developed for decontamination of heavy metals, a 
number of products from graphite have been demonstrated to be very efficient [2-7]. The 
adsorption behaviour of heavy metal ion appeared to depend strongly on the textural, 
physical, and chemical properties of graphite related adsorbents that are essentially 
determined by the synthesis approach. In attempts to obtain high adsorption capacity, 
several preparation protocols and precursors have been employed. For instance, graphene 
layers fabricated from graphite rods by complete exfoliation to graphene layers containing 
30 wt.% PF6 – showed high adsorption capacity for Pb2+ (406.6 mg/g)  and Cd2+ (73.42 
mg/g) [2]. Additionally, the lead ion uptake of graphene nanosheets was found to be 
significantly improved under vacuum heat treatment [3]. Reportedly, the introduction of 
Fe3O4 particles onto graphene platforms could support high removal efficiencies and fast 
adsorption rates for Cu2+, Cd2+ and Pb2+ [5]. In another work [4], the graphene surface 
modified by iron nanoparticles exhibited the maximum adsorption capacity of 4.86, 3.26, 
and 6.00 mg/g for Cr(VI), As(V), and Pb (II) respectively at an initial metal ion 
concentration of 5.0 ppm. More recently, high removal efficiency of Pb (II) and Cd (II) 
ions were achieved using the composite of a significant amount of spinel magnetic 
particles and graphene sheets [6]. The adsorption of heavy metals on graphene-related 
materials was suggested to occur via chemical interaction of functional groups on the 
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adsorbent surface. Despite very high adsorption capacity and fast adsorption kinetics, the 
practical application of graphene/graphene oxide structured materials in the removal of 
hazardous substances still faces several difficulties including the cost and the complication 
of their fabrication process.  

Owing to its layered structure, graphite can allow easy addition of various atoms and 
molecules into these layers to form graphite intercalated compounds (GICs). Exfoliated 
graphite (EG) is a modified graphite material that has a certain expansion degree of
distance between the carbon layers afforded via thermal exfoliation of the GICs. The 
exfoliation process can be obtained by either using microwave irradiation or thermal shock 
[8-15]. The EG exhibits fascinating properties such as low density, large surface area, and 
a worm-like porous structure and thus has found a number of applications such as 
electromagnetic interference shielding, electrochemical electrodes, vibration damping, 
and, recently, purification of oil-polluted water [16,17]. However, the utilization of EG 
can cause some problems due to difficulty in gathering the low-density materials after 
adsorption. In order to restrict this shortcoming, the magnetic component was added to the 
EG adsorbent to allow easy recovery of the used adsorbents from wastewater under a 
magnetic field [18-21].

Herein, we developed efficient adsorbents from the low-cost, abundantly available 
natural graphite flakes for remediation of lead-contaminated water. The exfoliation of 
graphite flakes was assisted by microwave irradiation, which is advantageous over 
conventional heating in terms of efficient, uniform heat distribution, and short-time 
treatment. Furthermore, a sufficient amount of magnetic CoFe2O4 species was 
incorporated into the exfoliated graphite layers via the simple citric acid based sol-gel 
process to afford the feasible collection of used materials from solution under an applied 
magnetic field. The presence of a small amount of CoFe2O4 particles between the graphite 
sheets can not only provide EG with susceptibility to magnetic field but can also help 
stabilize the structure of expanded graphite layers. The adsorption of Pb (II) was studied 
taking into account the effects of various experimental factors including adsorbent dosage, 
initial Pb2+ concentration, contact time, and pH value. The adsorption isotherms and 
adsorption kinetics were interpreted using the relevant adsorption models. Properties of 
the adsorbents were analyzed using SEM, XRD, VSM and FTIR techniques.

2.   EXPERIMENTAL PROCEDURE
2.1  Chemicals and Materials 

Natural flake graphite with granule size > 1.25 mm and carbon content ≥ 85% was 
collected in Yen Bai province, Vietnam. Chemicals including H2SO4 (98%) and H2O2
(30%), Fe(NO3)3.9H2O, Co(NO3)2.6H2O, NH4.OH, Pb(NO3)2 were supplied by Guang 
Chemical Company, China. 

2.2   Preparation of the Exfoliated Graphite (EG) and the Magnetic Decorated 
Exfoliated Graphite (MEG) 
The EG was synthesized by intercalation method using H2O2 as an oxidizing agent 

and H2SO4 as an intercalating agent as follows. Natural graphite flakes were added into the 
mixture of H2SO4 and H2O2 (20:1.6 v/v). After 50 minutes, the intercalated mixture was 
continually washed with water until the pH value reached 5-6. Then, the resulting black 
powder was collected by vacuum filtering and dried in an oven. The EG was obtained by 
exfoliation in a microwave oven at the power of 750 W for 10 s. In the next step, the 
magnetic CoFe2O4 nanoparticles were then introduced to EG surface by sol-gel method as 
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the following procedure. A mixture of Fe(NO3)3.9H2O, Co(NO3)2.6H2O (with molar ratio 
of Fe3+/Co2+= 1:2) were homogeneously dissolved in 0.02 M citric acid solution (with 
molar ratio of acid/Fe3+ = 4:1). In order to keep the sols stable, the solution had the pH 
regulated to about 7-8. Following this, EG was added and the solution was stirred for up to 
30 minutes or until the floating EG disappeared on the surface of the solution. The 
obtained composites were further baked in a furnace at 600 oC for 1 hour. 

2.3  Adsorption Experiments 
In the batch adsorption experiments, Erlenmeyer flasks containing 50 ml of aqueous 

solution of Pb (II) ions and a predetermined amount of absorbent were shaken at 200 rpm 
for 2 h. The residual concentrations of heavy metals were confirmed by AAS analysis. The 
removal efficiency and the adsorption capacity (qe) were calculated as follows:  

    (1)

Where Co and Cf are the initial and equilibrium Pb (II) concentrations (ppm), respectively. 

    (2)

where V (ml) is the volume of the Pb (II) solution, W (g) is the weight of the adsorbent, 
dadsorbent (g/l) is the dosage of the adsorbent. 

Investigated input factors included shaking time, initial Pb (II) concentration, 
adsorbent dosage, and pH of solution. The processes are as follows. First, the effect of 
contact time on lead (II) adsorption was conducted by shaking the mixture of 3 g/l of 
adsorbent and 100 ppm of Pb (II) concentration in different time intervals (10-360 min) in 
a neutral medium. Second, the effect of the initial lead concentration was studied by 
adding 3 g/l of adsorbent to Pb (II) solution of various concentrations (10-600 ppm) in a 
neutral medium for 120 min. Third, for adsorbent dosage, we investigated its effect by 
varying EG dosage from 1 g/l to 6 g/l, where the initial concentration of Pb (II) ions and 
contact time were 100 ppm and 120 min, respectively in a neutral medium. Lastly, the 
investigation of the effect of initial pH was conducted by varying pH value from 2 to 12 in 
initial Pb (II) solution of 100 ppm and adsorbent dosage of 3 g/l for 120 min.

2.4  Characterization Methods 
The X–ray powder diffraction (XRD) of AC was recorded on a D8 Advance Bruker 

powder diffractometer with a Cu–Kα excitation source at a scan velocity of 2o (2θ) min-1.
The angle range (2θ) was investigated between 0o and 50o. A scanning electron 
microscope (SEM) technique was employed on the S4800, Japan instrument to investigate 
the morphology of adsorbent surface. Fourier transform infrared (FT-IR) analysis of 
samples was determined using a Bruker ALPHA FT-IR spectrophotometer with KBr as a 
matrix in the range of 4000−400 cm−1. To determine specific surface area and porous 
structure, the nitrogen adsorption/desorption measurement of adsorbent was performed on 
Nova Station B. A GMW 3474-140 magnetometer equipped with a superconducting 
magnet capable of producing fields up to 16 Koe was used to measure static magnetic 
moment. To detect the amount of Pb (II) ions remaining in solution, atomic absorption 
spectroscopy (AAS) measurement was conducted with AA 6800 Shimadzu equipment.
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3.  RESULTS AND DISCUSSION 
3.1  Adsorptive Removal of Pb (II) using the Exfoliated Graphite (EG) 
3.1.1 Characterization of the Exfoliated Graphite

Morphology of the graphite flake and the EG were characterized by SEM as 
presented in Fig. 1. It can be seen that structure of the graphite consists of rigidly stacking 
multilayers (Fig. 1a). After the intercalation followed by microwave exfoliation, the 
worm-like particles and layered aggregative structure with interconnected open pores are 
shown in Fig. 1b. A closer view in Fig. 1c reveals a multi-porous structure. Figure 2 
reveals N2 adsorption/desorption curves of NG and EG. It can be seen that the type IV 
isotherm was determined for EG which indicates the existence of a large number of 
mesopores and very little micropores in graphite-based adsorbents. The obtained results 
showed that the specific surface area for the EG is 30.0 m2/g while such parameter of raw 
graphite is 6.5 m2/g, implying the formation of highly porous structure after exfoliation 
process.

Fig. 1: SEM images of the graphite (a) and EG (b, c). 

Fig. 2: The N2 adsorption/desorption isotherm curves of graphite and expanded graphite. 

3.1.2 Effects of Experimental Conditions on Adsorption Behavior of Pb2+ on EG 

The influence of the contact time on the percentage removal of Pb (II) using EG 
adsorbent was displayed in Fig. 3a. Visually, prolonged contact leads to increased lead ion 
adsorption and equilibrium was attained after shaking for 120 min. Initially, the removal 
of Pb (II) occurred rapidly, reaching approximately 75% within the first 50 min. The 
adsorption then rises gradually before reaching the saturated level at 81.8 % at 120 min. 
The high initial adsorption rate of Pb2+ on EG can be attributed to easy diffusion of lead 
ions to its large external surface area and possibly into the wrapping adsorption space 
between stacking layers and large pores in each particle [6]. After 50 min, the significant 
occupation of Pb2+ ions inside the pores and also on the external surface may become a 

206



IIUM Engineering Journal, Vol. 20, No. 1, 2019 Thuong et al.

 

barrier hindering the contact between the active sites and other Pb2+ ions thus resulting in a 
slower adsorption rate.  Based on this result, further adsorption experiments were all 
conducted in 2 hours. 

Regarding initial concentration, the graph suggested that this factor induced a 
downward trend to the adsorption of Pb (II) at a fixed EG dosage (Fig. 3b). The efficiency 
dropped from 81.6% to 26% as the concentration increased from 100 ppm to 600 ppm. At 
low initial concentration, increased availability of adsorption sites could easily bind the Pb 
(II) ions [3]. As the concentration of Pb2+ ion in the solution was higher than the 
adsorption capacity of the EG, the removal efficiency started to drop. By contrast, the 
increment of adsorbent dose from 1 g to 6 g/l increased the percentage removal of Pb (II) 
from 45.2% to 89% (Fig. 3c). The efficiency of lead uptake steadily rose with as the 
adsorbent dose increased from 1 g/l to 3 g/l but further addition of EG up to 6 g/l just 
afforded a slight enhancement in percentage removal. It can be explained that increasing 
the adsorbent dose provided a greater amount of active sites to capture metal ions thus 
allowing higher treatment efficiency. 

The relationship between adsorption of Pb2+ and the pH value of the solution is 
presented in Fig. 3d. It can be observed that variation of pH value between 2 and 8 did not 
significantly alter the Pb2+ uptake on EG while the adsorption was much more favoured in 
strongly basic solution, as evidenced by a steady increase (from 74% to 97%) in removal 
efficiency in relation to increased pH value of 10 and 12. In more basic condition, the 
decreased competition of H+ led to an increase in the adsorption of lead ions. Justification 
for that could be the protonated surface functional groups and severe competition with the 
adsorption of lead ions caused by excess H+ at low pH values [22]. At the pH of 12, the 
removal percentage achieved its highest level of almost 97%, possibly owing to the 
combined effect of adsorption and precipitation [3]. 

Fig. 3: The effect of adsorbent dosage (a), the initial concentration (b), the contact time (c) 
and the pH (d) on the removal efficiency of Pb (II) using EG. 
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3.1.3 Adsorption Kinetics and Adsorption Isotherms 

In order to analyse the adsorption kinetics, we fit the experimental data with the linear 
form of the pseudo-first-order and pseudo-second-order kinetic models described 
respectively as follows: 

     (3)

       (4)

where qe (mg/g) is the amount of pollutant adsorbed at equilibrium, qt (mg/g) is the amount 
of pollutant adsorbed at time t, k1 (min-1) is the pseudo-first-order rate constant, and k2
(g/mg.min) is the pseudo-second-order rate constant [23]. Estimated parameters of the two 
models are summarized in Table 1. The high correlation coefficient R2 (0.9984) shows 
good consistency between he pseudo-second order kinetic model and the experimental 
data. In contrast, the fitting to the pseudo-first-order kinetic model was more deviated as 
demonstrated by a lower correlation coefficient (R2 = 0.7255).

Table 1: Isotherm and kinetics parameters for the adsorption of Pb (II) on EG 

Pseudo-first-order Pseudo-second-order Langmuir isotherm Freundlich isotherm
qe(mg/g) 5.3150 qe(mg/g) 27.7008 qe(mg/g) 106.3830 KF 1.5866

k1 (min-1) 0.0076 k1 (min-1) 0.0058 KL (l/mg) 0.0109 1/n 0.572
R2 0.7255 R2 0.9984 R2 0.9768 R2 0.8158

RL 0.1867

The way in which the adsorbates interact with EG adsorbent is crucial and could be 
described via adsorption isotherms. Such isotherms give some insights into the adsorption 
process and provide important parameters to disclose the adsorption mechanism. 
Reportedly, Langmuir and Freundlich isotherms could accurately characterize the 
adsorption behaviour of heavy metals on various substrates. The Langmuir isotherm 
model is based on the assumption that the adsorption occurs at specific homogeneous sites 
within the adsorbent and there is no significant interaction among adsorbed species [24]. 
The following equation presented the Langmuir isotherm [23]:

       (5)  

where qe (mg/g) is the amount of adsorbates adsorbed at equilibrium, qm (mg/g) is the 
maximum monolayer adsorption capacity of the adsorbent, Ce (mg/l) is the concentration 
of the adsorbate under equilibrium condition and KL (l/mg) is the Langmuir constant. 
From Langmuir’s model, the separation factor RL is calculated as follows: 

       (6) 

where C0 (mg/l) is the highest metal concentration in solution and KL (l/mg) is the 
Langmuir constant. Adsorption is considered (i) unfavourable if RL> 1, (ii) linear if RL= 1, 
(iii) favourable if 0 < RL< 1 and (iv) irreversible if RL= 0. From Table 1, it could be 
concluded that the adsorption of Pb (II) onto the surface of EG was favourable since the 
calculated RL value fell within 0 and 1. Values of the constants can be deduced from the 
Figure 4c, which plotted linear relationship of (1/qe) versus (1/Ce).
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Inherent within the Freundlich isotherm model, it is assumed that the stronger binding 
sites are occupied first and the affinity for binding is inversely proportional with number 
of occupied sites due to the adsorption of adsorbates onto heterogeneous surfaces. The 
Freundlich isotherm is defined as the following equation: 

      (7) 

where KF [(mg/g).(l/mg)n] is Freundlich constant and 1/n is the adsorption intensity. The 
value of 1/n indicates that adsorption is favourable (n < 1, monolayer adsorption) and a 
value more than 1 implies cooperative adsorption. 

Fig. 4: Adsorption kinetics and isotherms for Pb (II) ions: Pseudo-first-order (a) and 
pseudo-second-order (b) kinetic plot, Langmuir (c) and Freundlich (d) adsorption isotherm 

of the EG. 

Langmuir isotherm and Freundlich isotherm showed correlation coefficients (R2) of 
0.9768 and 0.8158 respectively for Pb (II) ions on graphite layers. These results suggested 
the close fit of experimental data of adsorption for Pb (II) ion with the Langmuir isotherm 
model (R2=0.98) indicating the formation of Pb2+ monolayers over EG surface. The 
maximum adsorption capacity of Pb (II) ions onto EG was calculated to be 106 mg/g. In 
addition to this, the adsorption of EG for Pb (II) ions was favourable since the RL value 
was found to be between 0 and 1. 

3.1.4 FTIR Analysis

Recorded FTIR spectra of before and after Pb (II) adsorption representing the 
mechanism of adsorption of Pb (II) ions on the EG is presented in Figure 5. The spectrum 
of EG reveals the presence of characteristic peaks as follows: 3445 cm-1 (stretching 
vibration of OH), 2967 cm-1 (stretching vibration of C-H in CH, CH2 and CH3), 1635 cm-1

(stretching vibration of C=O), 1385 cm-1 (blending and scissor vibration of CH3 and CH2), 
1048 cm-1 (stretching vibration of C-O), 790 cm-1 (deformation vibration of the CH2 bond) 
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[25,26]. During adsorption process, there were some interactions between the EG and Pb 
(II) ions in the aqueous phase, consequently resulting in shifts of the characteristic peaks. 
As observed in Fig. 5, the adsorption peak at 3445 cm-1 before shifting towards 3450 cm-1

is possibly caused by the bonding of OH- with Pb (II) ions [27]. Moreover, the shifts of 
2967, 1635, 1385, 1048 and 790 cm-1 to 2925, 1626, 1390, 1049 and 797 cm-1,
respectively, can be easily recognized. These shifts might be ascribed to electrostatic 
interaction between the π electrons of graphite layers and Pb2+ ions [28]. Note that both 
the external surface and internal surface of pores in EG can take part in the adsorption of 
Pb2+ efficiently. Moreover, it is worthy to note that the curled structure of EG could 
possibly behave like a heavy metal trap and wrapped up Pb (II) ions inside the pores as 
similar with the function of nanotube-structured adsorbent. 

Fig. 5: FTIR spectra of EG and Pb (II) adsorbed EG. 

3.2 Adsorptive Removal of Pb (II) Using the Magnetic Decorated MEG 
3.2.1 Characterization of MEG 

To enable collection of EG using a magnetic field, CoFe2O4 particles were introduced 
to the exfoliate d graphite layers by the citric acid based sol-gel process. In attempts to 
achieve sufficient magnetic susceptiblity with minimized metal oxide loading, the 
influence of different EG/CoFe2O4 ratios was considered. Figure 6a illustrated the 
separation of MEG samples under external magnetic field. The nearly complete separation 
was obtained with the EG:CoFe2O4 ratio of 1:1 and 3:1 while the ratio of 5:1 appeared 
insuffficient. This phenomenon agreed well with results analyzed using VSM 
measurement at room temperature. Figure 6b showed that the magnetization hysteresis 
loops of MEG were the S-like curves; the saturation magnetization values (Ms) increased 
strongly from 5 emu/g to 32 emu/g when reducing the EG/CoFe2O4 weight ratio from 5:1 
to 3:1 but further decrease of this ratio to 1:1 just slightly enhanced the Ms to 42 emu/g. 
Since the EG/CoFe2O4 ratio of 3:1 with Ms of 32 emu/g was able to allow feasible 
magnetic separation, this ratio was selected for further investigation.  

As observed in Fig. 6c, besides the peaks characteristic of EG structure, the additional 
appearance of a small peak at 2θ = 35.5 can be ascribed to the (311) plane of the CoFe2O4
[29,30]. Furthermore, the disappearance of the peak at 44.4o in the spectrum of modified 
EG implied that graphite sheets were further expanded during the heat treatment at 600 oC. 
The successful incorporation of CoFe2O4 particles into EG layers were also confirmed by 
the SEM analysis. Figure 6d shows the morphology of MEG as investigated by SEM 
analysis. The MEG surface was found to consist of various wrinkled and folded domains 
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evenly decorated with CoFe2O4 particles in the nanosize range (about 50-80 nm) without 
large aggregations (inset of Fig. 6d). These analysis results prove the successful 
incorporation of magnetic property to the EG via addition of nanosized CoFe2O4 particles. 

Fig. 6: Properties of magnetic CoFe2O4-EG samples; (A), inset (1): solution without 
MEG, (2) EG:CoF2O4 = 1:1, (3) EG:CoF2O4 = 3:1 and (4) EG:CoF2O4 = 5:1; (B) the 
magnetization hysteresis loops of MEG: CoFe2O4; (C) XRD and (D) SEM of MEG 

(EG:CoF2O4 = 3:1). 

3.2.2 Effect of Experimental Conditions on Adsorption Behaviour of Pb2+ on the MEG 

Impacts of various experimental factors on the percentage removal of Pb2+ using 
MEG adsorbent were shown in Fig. 7. In general, the change tendency is quite similar 
with EG but MEG exhibited lower Pb2+ uptake than EG in neutral solution. For instance, 
at the fixed concentration of 100 ppm, dosage of 3 g/l,  in a neutral environment, the time 
to obtain equilibrium condition was 60 min, which was much shorter than in the case of 
EG (Fig. 7a). This is partly ascribed to the adsorbate-adsorbate steric effects [31]. When 
the expanded graphite was covered by CoFe2O4 species, a number of functional groups 
responsible for metal binding, on either external surface or internal surface of pore 
channels, may be blocked by CoFe2O4 species thus resulting in decrease in adsorption 
performance. Although the CoFe2O4 incorporation was found to reduce the adsorption 
capacity of EG, it still possessed a significant adsorption capacity for practical application. 
At the MEG dosage of 3 g/l, the removal efficiency dropped from about 70% to 22 % 
when increasing the initial Pb2+ concentration from 10 ppm to 600 ppm (Fig. 7b). Raising 
the MEG dosage from 1g/l to 6 g/l also induces a 60 point rise in the percentage removal 
from 22 % to about 82% (Fig. 7c). It can be deduced that the deposition of CoFe2O4
nanoparticles inside the pores may block the diffusion of metal ions to internal surface of 
carbon layers, limiting adsorption capacity and deferring equilibrium of EG (as compared 
to unmodified EG).  
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The pH value appeared to have more significant impact on the adsorption process on 
MEG than on EG. As can be seen from Fig. 7d, an upsurge in percentage removal (from 
22% to nearly 100%) was observed with increasing pH from 2 to 8. Accordingly, the 
optimal pH condition for adsorption on MEG can be defined in the range of 8-10. It means 
that the optimal pH value was shifted to less basic condition after incorporation of 
CoFe2O4. Compared to EG, adsorption of Pb2+ on MEG in the pH range of 8-10 was 
higher (80% vs 96%), which likely indicate the presence of synergistic effect afforded by 
CoFe2O4, carbon layers and hydroxide species present in the solution. 

Fig. 7: The effects of contact time (a), initial concentration (b), adsorbent dosage (c) 
and pH (d) on the removal efficiency of Pb (II) using the MEG. 

3.2.3 Adsorption Kinetics and Adsorption Isotherms 

The studies of adsorption kinetics and isotherms for MEG were performed in the 
similar experimental conditions with EG. The derived model parameters are summarized 
in Table 2. The plots for pseudo-first order and pseudo-second order models are illustrated 
in Fig. 8a and 8b. In a similar manner with EG, the pseudo-second-order kinetic model 
was found to fit well with adsorption data for the CoFe2O4 decorated EG as evidenced by 
a high correlation coefficient (R2 = 0.9997). The rate constant k1 for MEG was found 
higher than that for EG (0.0071 vs 0.0058). 

Table 1: Isotherm and kinetics parameters for the adsorption of Pb (II) on EG 

Pseudo-first-order Pseudo-second-order Langmuir isotherm Freundlich isotherm

qe(mg/g) 6.1404 qe(mg/g) 18.5529 qm(mg/g) 68.0272 KF 0.6208
k1 (min-1) 0.0021 k1 (min-1) 0.0071 KL (L/mg) 0.0109 1/n 1.5212

R2 0.8665 R2 0.9997 R2 0.9936 R2 0.9364

RL 0.1323
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The plots of Langmuir and Freundlich isotherms are presented in Fig. 8c and 8d. 
Again, the Langmuir model still best described the adsorption behaviour of Pb2+ on MEG 
(R2 = 0.9936). The correlation coefficient from Freundlich model was lower at 0.9364. 
The maximum adsorption capacity as calculated from Langmuir equation was 68 mg/g. 
The RL value of 0.1323 indicates favourable adsorption as found between 0 and 1. 

Fig. 8: Adsorption kinetics and isotherm for Pb (II) ion: (a) Pseudo-first-order (a) and 
pseudo-second-order kinetic plots (b), Langmuir (c) and Freundlich isotherms (d) of the 

MEG.

4. CONCLUSION  
Efficient exfoliated graphite-based adsorbents for Pb2+ elimination from aqueous 

solution were developed from the low-cost, abundantly available natural graphite flakes 
via facile preparation procedures. The magnetic EG was also fabricated by incorporation 
of CoFe2O4 particles into the exfoliated graphite layers. Adsorption capacity of EG and 
MEG for Pb (II) ions increased with higher adsorbent dosage, contact time and pH and 
decreased as initial concentration of Pb (II) increased. The pseudo-second order kinetic 
model and Langmuir model are two models that well described adsorption behaviour of Pb 
(II) ions onto both as-prepared EG and CoFe2O4 decorated EG. The Langmuir equation 
suggested that the maximum adsorption capacity of EG and MEG for Pb2+ ions were 106 
and 68 mg/g, respectively. The presence of CoFe2O4 particles in the carbon layers 
shortened the contact time to equilibrium, reduced the elimination efficiency in neutral 
solution but increased that in more basic solution (pH = 8-10). It is suggested that the 
binding Pb (II) ions to EG surface was afforded due to its curled structure and chemical 
interaction between π electrons of carbon layers and positively charged metal ions. 
According to the obtained results, the as-prepared EG and MEG with advantages of low-
cost and abundantly available graphite precursor, non-complicated fabrication process and 
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significant adsorption capacity hold reasonable practicality for treating water for heavy 
metal contamination.
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