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a b s t r a c t
Graphene and graphene doped with CeO2 were prepared and characterized by FTIR, BET, XRD, SEM 
and elemental analysis. Adsorption of 2-nitrophenol by graphene and cerium doped graphene (CeO2@
graphene nanocomposite) was studied. The impact of different parameters such as effect of adsorbent 
dosage, contact time and pH of solution were studied. Two common kinetic models, pseudo-first-
order and pseudo-second- order were used to describe the adsorption kinetics. The resultant kinetic 
data were well fitted by a pseudo second-order model. Freundlich and Langmuir models were used 
to study the adsorption isotherms. Comparing with graphene, adsorption capacity of CeO2@graphene 
toward 2-nitrophenol was enhanced significantly. The maximum adsorption capacity of graphene and 
CeO2@graphene were determined 80.64 and 142 mg g–1, respectively. Graphene and CeO2@graphene 
had surface area of 27 and 95 m2 g–1, respectively. The thermodynamic results indicated the spontaneity 
and exothermic nature of the adsorption. CeO2@graphene nanocomposite showed to be a highly effi-
cient adsorbent and could be easily used for separation purposes.
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1. Introduction

Phenol products and nitroaromatic compounds are typical
examples of wastewater pollutants. They are from a number of 
industrial processes including pharmaceutical, chemical, pet-
rochemical, agricultural etc., [1]. Phenolic compounds are pol-
lutants of great concern because of high toxicity and possible 
accumulation in the environment [2,3]. Phenolic compounds 
are in wastewaters from olivemill, oil refineries, plastics, 
leather, paint, pharmaceutical and steel industries, and must 
be removed to satisfy the actual environmental regulations. 
Nitroaromatic compounds also are used in many industrial 
processes, including preparation of pesticides, explosives, tex-
tiles, paper dyes, and other industrial chemicals. These com-
pounds are often detected as water pollutants as a result of 
their release in industrial effluents [4]. Nitrophenols (NPs) are 
the most common organic pollutants in industrial and agri-
cultural effluents. 4-nitrophenol is an important intermediate 
for the manufacture of analgesic and antipyretic drugs. As a 

result of the widespread applications, wastewaters and water 
resources, including groundwater and surface waters, have 
become contaminated with this compound. Different meth-
ods such as biodegradation, photocatalytic degradation [5], 
ozonation [6,7], decomposition by Fenton reagents [8] and 
oxidative degradation [9] were used to remove or eliminate 
phenolic compounds from polluted waters.

Adsorption process has proved as an effective technique 
for separation and removal of wide variety of pollutants from 
wastewater [10]. Adsorption has low initial cost, simplicity 
of design and ease of operation band insensitivity to toxic 
substances [11,12].

It has been found more preferred choice than other tech-
niques for nitrophenol removal. Several adsorbents such as 
activated carbon [13], silica [14], polymeric resins [15] and 
zeolites [16] have all been proposed to remove phenolic pol-
lutants from wastewater.

In most cases, the adsorbents have diameters in the range 
of submicron to micron and have large internal porosities to 
ensure adequate surface area for adsorption. However, the 
diffusion limitation within the particle leads to decreases in 
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the adsorption rate and available capacity. Therefore, it is 
important and interesting to develop a novel adsorbent with 
a large surface area for adsorption, a small diffusion resis-
tance and a high capacity.

Graphene, a single-atom-thick sheet of honey comb 
carbon lattice, exhibits many unique chemical and physi-
cal properties [17–19]. Since its discovery in 2004, extensive 
efforts have been devoted to investigating the technological 
applications of graphene materials, such as graphene-based 
electronics, high strength composite materials, liquid crystal 
displays, and energy storage and conversion devices [20–23]. 
Graphene oxide and different graphene based materials also 
were used as adsorbents [24].

The first aim of the present study is to synthesize and 
characterize graphene and CeO2@graphene nanocomposite. 
Investigation of the efficiency of the graphene and CeO2@
graphene nanocomposite as adsorbents for removal of 
2-nitrophenol from aqueous solutions is the second goal. 
Through the second goal the effect of different variables 
including contact time and pH of solution was evaluated. The 
adsorption kinetic and thermodynamic studies of removal of 
2-nitrophenol were also studied.

2. Experimental

2.1. Materials and methods

The all of chemicals were purchased from Merck chem-
ical co. All of compounds were analytical grade and were 
used as received without any purification.

2-nitrophenol (1-hydroxy-2-nitrobenzene; CAS number: 
88-75-5), with chemical formula of HOC6H4NO2 as a sample of 
pollutant was used. It has molecular weight of 139.4 g mol–1. 
The 2-nitrophenol standard solution of 1,000 mg L–1 was pre-
pared and subsequently whenever necessary diluted. UV-Vis 
spectrophotometer 160A Shimadzu was used for determi-
nation of concentration of 2-nitrophenol. IR measurements 
were performed by FTIR tensor-27 of Burker Co., using the 
KBr pellet between the ranges 400–4,000 cm–1. The powder 
X–ray diffraction studies were made on a Philips PW1840 dif-
fractometer using Ni-filtered Cu kα radiation and wavelength 
1.54 Å. The average particle size and morphology of sam-
ples were observed by SEM using a Hitachi S-3500 scanning 
electron microscope. All pH measurements were carried out 
with an ISTEK- 720P pH meter. The surface area of the sam-
ples was determined using Brunauer–Emmett–Teller (BET) 
Quantachrome Autosorb-1 analyzer. CHN were analyzed by 
costech ECS-4010.

2.2. Preparation of graphene

Graphene was synthesized by the oxidation of graph-
ite powder using Hummers method [24–26]. Firstly, 
120 mL H2SO4 (95%) was added into a 500 mL flask, and 
then cooled by immersion in an ice bath followed by stir-
ring. Subsequently, 5.0 g graphite powder and 2.5 g NaNO3 
were added under vigorous stirring to avoid agglomeration. 
After the graphite powder was well dispersed, 15 g KMnO4 
was added gradually under stirring and the temperature 
of the mixture was kept to be below 10°C by cooling. The 
ice bath was then removed and the mixture was stirred at 
room temperature overnight. As the reaction progressed, the 

mixture gradually became pasty and the color turned into 
light brownish. Secondly, 150 mL of H2O was slowly added 
to the paste with vigorous agitation. Because the addition of 
water in concentrated sulfuric acid medium released a large 
amount of heat, the addition of water was performed in an 
ice bath to keep the temperature below 100°C. The diluted 
suspension was stirred at 98°C for 1 d. Then, 50 mL of 30% 
H2O2 was added to the mixture. Finally, the mixture was fil-
tered and washed with 5% HCl aqueous solution to remove 
metal ions followed by water until the pH was 7. After filtra-
tion and drying at 65°C under vacuum, graphene oxide was 
obtained as grey powder (named graphene in this study).

2.3. Preparation of CeO2@graphene nanocomposite

0.1 g graphene prepared at section 2. 2 was dispersed in 
100 mL H2O and stirred over night to form a homogeneous 
aqueous dispersion. Then 100 mL aqueous solution of CeO2 
(0.355 g) was added into the graphene dispersion, and the 
obtained suspension was treated by ultrasonic treatment 
(600 W, 80% amplitude) for1 h and followed by stirring at 
room temperature for 12 h. The suspension was separated 
by centrifugation, and the obtained residue was washed with 
deionized water for several times [23,24].

2.4. Adsorption experiments

Different parameters like: contact time, pH and effect 
of sorbent dosage on the sorption capacity of 2-nitrophenol 
have been studied. The removal of 2-nitrophenol from aque-
ous solutions by sorbents was carried out using following 
experimental procedures:

The initial 2-nitrophenol concentration in each sample 
was 40 mg L−1. 0.1 g of sorbent was added in 30 ml sample on 
rotary shaker at a constant speed of 300 rpm. Samples were 
withdrawn at appropriate time intervals and centrifuged at 
1,000 rpm for 5 min. All experiments were conducted at 25°C.

After different contact times (0–300 min), the sorbent was 
removed from the solution. Determination of 2-nitrophenol 
was done by different methods such as electrochemical syn-
thesized Mg/Fe Layered double hydroxide sensor [27], multi-
wall carbon nanotubes nafion-modified electrode [28] and 
spectrophotometric [29].

In this research the remaining concentration of the 2-nitro-
phenol in the solution was determined by spectrophotometric 
method by UV–vis spectrometry. The relative 2-nitrophenol 
adsorption (%) vs. adsorption time was determined. To opti-
mize the adsorbent dosage, different doses of the sorbents was 
examined. A known amount of sorbent (0.05–1 g) was added 
to 30 mL of 2-nitrophenol solutions in the concentrations 
range from 20 to 60 mg L−1. The influence of the solution pH 
on the 2-nitrophenol removal was also studied by adding a 
certain amount of the sorbent into the 2-nitrophenol solutions 
with the pH of the solution being adjusted from 2 to 10 with 
0.1 mol L−1 HCl or 0.1 mol L−1 NaOH. The percent removal of 
2-nitrophenol by the hereby adsorbent is given by:

% Removal = (C0–Ce)/C0 × 100� (1)

where C0, Ce is denoted the initial and equilibrium concen-
tration (mg L–1) of 2-nitrophenol, respectively. The removed 
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quantity (qe in mg g−1) of the 2-nitrophenol by sorbent was 
calculated:

qe = (C0–Ce)V/m� (2)

where C0 (mg L−1) represents the initial 2-nitrophenol con-
centration, Ce (mg L−1) is the equilibrium concentration of the 
2-nitrophenol remaining in the solution, V (L) is the volume 
of the aqueous solution, and m (g) is the weight of the sorbent. 

3. Results and discussions

3.1. Characterization of graphene and CeO2@ graphene

The FTIR spectra of graphene and CeO2@graphene nano-
composite are shown in Figs. 1(A),(B). The FTIR spectra of 
graphene (Fig. 1(A)) shows broad band at 3,394 cm–1, which 
is related to O-H stretching vibration. The band around 
1,728 cm–1 is due to stretching vibrations from C=O. There are 
also bands due to carboxyl CO and C=C groups (1,728 and 
1,618 cm−1), and alkoxy C–O (1,047 cm−1) groups situated at 
the edges of the graphene nano sheets, as previously reported 
[30,31]. The bond at 494 cm–1 (Fig. 1(B)), corresponding to a 
symmetrical stretching mode of vibrational unit Ce–O [32] 
and confirmed the formation of CeO2@graphene.

XRD diffractometry of graphene and CeO2@graphene 
composite are shown in Fig. 2. In graphene (Fig 2(a)), only 
one diffraction peak (002) could be found, which indicated 
the graphene structure with new oxygen containing groups 
were formed successfully by the strong oxidation reaction on 
the graphite. A broad (002) diffraction peak arising from the 
slight stacking of graphene nano sheets is also detected at a 2Ѳ 
of about 25° confirming the successful formation of graphene 
[33,34]. Fig. 2(b) shows the XRD patterns of CeO2@graphene 
nanocomposite. In the composite, however, clear peaks of CeO2 
could be observed. The characteristic peaks, in good agreement 
with the standard data of CeO2 (JCPDS No. 34-0394).

BET surface area analysis of graphene and CeO2@
graphene were investigated. Graphene and CeO2@graphene 
had surface area of 27 and 95 m2 g–1, respectively.

CHN analyses of graphene and CeO2@graphene are 
shown in Table 1.

The SEM images of graphene and CeO2@graphene com-
posite are shown in Figs. 3(a),(b). It can be clearly seen that 
the crumpled silk waves-likecarbon sheets exist, a character-
istic feature of the single-layer graphene sheets (Fig. 3(a)). As 
shown in Fig. 3(b), the CeO2 nanoparticles were successfully 
coated on the surface of graphene to form CeO2@graphene. 
The average size of the CeO2@graphene estimated from SEM 
observation was about 200 nm. The CeO2 nanoparticles were 
well distributed on graphene sheets, which were nearly flat. 
SEM analysis showed that the composite is an aggregate of 
particles of CeO2 anchored on graphene sheets and had big 
holes and porous. Therefore, SEM images confirmed the exis-
tence of pores on the surface of CeO2@graphene. The CeO2 
particles are brighter on the graphene surface.

The results of energy-dispersive X-ray spectroscopy 
(EDX) recorded to investigate the elemental composition 
of graphene and CeO2@graphene. The results demonstrate 
that mainly C and O appear in graphene. The EDX of CeO2@
graphene composite shows C, O and Ce, therefore, con-
firmed the formation of CeO2@graphene nanocomposite. 
Fig. 4 shows the EDX of a-graphene and b-CeO2@graphene

Fig. 1. FTIR pectra of (A)-graphene and (B)-CeO2@graphene 
nanocomposite.

Fig. 2. XRD pattern of (a)-graphene and (b)-CeO2@graphene.

Table 1
CHN analysis of graphene and CeO2@graphene composites

% S% N% H% CSample 

140.201.1281.6Graphene

120.070.8247.2CeO2@graphene

Fig. 3. SEM image of (a)-graphene and (b)-CeO2@graphene 
nanocomposite.
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3.2. Adsorption study

3.2.1. Effect of contact time

The effect of the contact time on the removal of 
2-nitrophenol by graphene and CeO2@graphene was studied 
and the results are shown in Fig. 5. It is obvious from the 
Fig. 5 that increasing the contact time improved the adsorp-
tion process. This effect was especially observed within the 
first 15 min when most of the 2-nitrophenol was adsorbed. 
The percentage of 2-nitrophenol removal reached equilib-
rium within 15 min for CeO2@graphene nanocomposite 
(with more than 90% removal) and 60 min for graphene 
(55% removal), respectively. It seems that the adsorption of 
2-nitrophenol on CeO2@graphene and graphene occurred in 
two consecutive steps. The first step, which is the faster, was 
transferred 2-nitrophenol molecules from the aqueous phase 
to the external surface of sorbents. The second slower step 
was the diffusion of the 2-nitrophenol molecules between 
the sorbents bundles. The adsorption of 2-nitrophenol by 
graphene was slower than CeO2@graphene nanocomposite. 
The CeO2 had catalytic effect on the graphene surface, and 
therefore, increased the adsorption capacity of graphene for 
2-nitrophenol removal [36–38].

3.2.2. Effect of initial solution pH

Effect of pH of solution on the removal of 2-nitrophenol 
by graphene and CeO2@graphene was studied. Using diluted 
solutions of hydrochloric acid and sodium hydroxide, the pHs 
were adjusted, and the results are presented in Fig. 6. At an 
acidic pH of 2.0, the percentage of 2-nitrophenol removal from 
aqueous solution was low. This low adsorption is primarily due 
to the electrostatic repulsion between the positively charged 
protonated graphene and the positively charged 2-nitrophenol 
molecules. Increasing the pH from 2.0 to 5.0 enhanced the per-
centage of 2-nitrophenol removal. At low pH most sorbent are 
positively charged, at least in part as a consequence of donor/
acceptor interactions between the carbon graphene layers and 
the hydronium ions. The decreased surface acidity of graphene 
at pH > 5 favors the donor–acceptor interaction between the 
electrons of the aromatic ring and the surface. This leads to an 
increase of the removal efficiency [34,39].

3.2.3. Effect of adsorbent mass

The effect of sorbent dosage on the adsorption process 
was studied, and the results are illustrated in Fig. 7. It is clear 

Fig. 4. EDX of (a)-graphene and (b)-CeO2@graphene nano
composite.

Fig. 5. Effect of the contact time on the adsorption of 2-nitrophe-
nol by graphene and CeO2@graphene (30 ml of 2-nitrophenol 
40 mg L–1 and 30 mg sorbents).

Fig. 6. Effect of pH on the adsorption of 2-nitrophenol by 
graphene and CeO2@graphene.

Fig. 7. Effect of adsorbent mass on the adsorption of 2-nitrophe-
nol by graphene and CeO2@graphene.
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from Fig. 7 that the percentage of 2-nitrophenol removal from 
aqueous solution increased from 40% to 80% for graphene 
and 63% to 94% for CeO2@graphene when the sorbent dose 
increased from 50 to 300 mg rapidly. But no significant 
adsorption was found beyond 300 to 1 mg. The increase in 
the percentage of 2-nitrophenol removal from aqueous solu-
tion is primarily due to the greater number of active sites 
available for adsorption as a result of the increased amount of 
sorbents. This observation may be due to the higher specific 
surface area of CeO2@graphene. At CeO2@graphene more 
than 300 mg, the incremental 2-nitrophenol removal is very 
small, because particle-particle interaction such as aggre-
gation at higher mass of sorbent leads to a decrease in the 
availability of total surface area of the sorbent [40]. A dose of 
300 mg of CeO2@graphene was used for the further studies.

3.3. Adsorption kinetics

In other to analysis sorption kinetic data of 2-nitrophe-
nol by graphene and CeO2@graphene, two kinetic models, 
pseudo-first-order and pseudo-second-order models, were 
applied to establish the best fitted model for the experimental 
data. The linear equations of two models can be expressed as 
(Eq. (3)) for first-order and (Eq. (4)) second order

ln(qe–qt) = lnqe–k1t� (3)

t/qt = 1/(k2qe
2) + t/qe� (4) 

where is qt adsorbed at equilibrium and at time t (min), 
respectively. k1 (min–1) and k2 (g mg–1 min–1) are rate con-
stants of the first order and second order adsorption, 
respectively.

Values of k1 and qe can be calculated from the slope and 
intercept of the plots of ln(qe−qt) vs. t for Eq. (3) and values of 
qe and k2 can be obtained from the linear plots of t/qt against 
t for Eq. (4). Table 1 exhibits the adsorption kinetic param-
eters of 2-nitrophenol onto graphene and CeO2@graphene 
nanocomposite. From Table 2, considering the higher val-
ues of R2 and lower deviation between experimental and 
calculated qe values, the adsorption of 2-nitrophenol onto 
graphene and CeO2@graphene nanocomposite both obeyed 
pseudo-second-order kinetic model (Fig. 8). It could be 
concluded chemical interaction might be involved in the 
adsorption process [37].

3.4. Adsorption isotherm

The quantity of 2-nitrophenol that could be adsorbed 
over the surface of sorbent, is a function of concentration and 
may be explained by adsorption isotherms. Adsorption iso-
therm models of Langmuir and Freundlich were employed 
to describe experimental adsorption data. The Langmuir 
isotherm is based on assumption of that the adsorption pro-
cess take place on homogenous adsorbent surfaces with con-
stant energy, whiles Freundlich isotherm assuming that the 
adsorption process occurs on heterogeneous surfaces with 
non-uniform distribution of adsorption heat. The Freundlich 
adsorption isotherm model can be represented as follows:

qe=KF Ce
1/n� (5)

In most references, Freundlich adsorption may also be 
expressed as the following equation:

Logqe = LogKF + 1/n LogCe� (6)

The Langmuir adsorption model is given as:

Ce/qe = Ce/KLqm + Ce/qm� (7)

where qe is the solid phase equilibrium concentration (mg g–1), 
Ce is the liquid equilibrium concentration of 2-nitrophenol in 
solution (mg L–1), KF is the Freundlich constant representing 
the adsorption capacity (mg g–1), and n is the heterogeneity 
factor depicting the adsorption  intensity, KL is the equilib-
rium adsorption constant related to the affinity of binding 
sites (L mg–1), and qm is the maximum amount of 2-nitrophenol 
per unit weight of adsorbent for complete monolayer 

a

b

Fig. 8. The kinetic models for 2-nitrophenol adsorption 
on graphene and CeO2@graphene, (a) Pseudo-first order, 
(b) Pseudo-second order.

Table 2
Kinetic parameters for adsorption of 2-nitrophenol onto 
graphene and CeO2@graphene

Sorbents First order Second order
R2 K1 (min–1) R2 K2 (g mg–1 min–1)

Graphene 0.84 3 × 10–3 0.984 1.317
CeO2@graphene 0.788 4 × 10–3 0.990 1.54
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coverage (mg g–1). The isotherm parameters of Langmuir and 
Freundlich for adsorption of 2-nitrophenol onto graphene and 
CeO2@graphene are listed in Table 3. It is evident from Table 3 
that the equilibrium data were better represented by Langmuir 
isotherm equation than by the Freundlich equation [38]. It is 
known that the Langmuir isotherm is used on the supposition 
that the surface of the adsorbent is a homogenous surface, 
whereas the Freundlich isotherm applies to the adsorption 
process on a heterogeneous surface.

3.5. Thermodynamic studies

In order to thermodynamic study of the adsorption pro-
cess, determination of the main three parameters requires. 
These parameters included: the standard enthalpy ΔH°, the 
standard free energy ΔG° and the standard entropy ΔS°. The 
amounts of ΔH° and ΔS° calculated using from the intercept 
and slope of vant’ Hoff plots of lnKC vs. 1/T (Eq. 9),  respectively 
and the following equation:

KC = qe/Ce� (8) 

lnKC = –ΔH°/RT +ΔS°/R� (9)

∆G° = –RT ln KC� (10)

where KC (L g–1) is the distribution coefficient, qe and Ce 
are the amount of 2-nitrophenol adsorbed at equilibrium 
(mg g–1) and equilibrium concentration in solution (mg L–1), 
respectively. ΔG° is the standard free energy change, T 
the absolute temperature and R the universal gas constant 
(8.314 J mol–1 K–1). ΔH° and ΔS° were calculated the slope and 
intercept of van’t Hoff plots of ln KC vs. 1/T (Fig. 9). The results 
of thermodynamic parameters of adsorption of 2-nitrophenol 
onto graphene and CeO2@graphene are given in Table. 4. The 
negative amounts of ΔH° and ΔG° show that the adsorption 
process of 2-nitrophenol by graphene and CeO2@graphene 
is exothermic and spontaneous. The overall standard free 
energy change during the adsorption process was negative 
for the experimental range of temperatures and the system 
did not gain energy from an external source. It becomes more 
favorable when temperature increased [39].

3.6. Comparison of CeO2@graphene nanocomposite with other 
adsorbents

The adsorption capacity of 2-nitrophenol onto CeO2@
graphene nanocomposite was compared with several other 
adsorbents and they are reported in Tables 4 and 5. CeO2@
graphene nano composites in this study possess reasonable 
adsorption capacity in comparison with other sorbents.

4. Conclusion

Graphene and CeO2@graphene nanocomposite was suc-
cessfully prepared.

Graphene and CeO2@graphene composite were char-
acterized by FTIR, XRD, BET, elemental analysis and SEM. 
Adsorption of 2-nitrophenol by CeO2@graphene nano-
composite was done at contact time of 30 min and pH > 5. 
Experimental results demonstrated CeO2@graphene nano-
composite had higher efficiency and faster rate for adsorp-
tion of 2-nitrophenol than graphene. Kinetic data indicated 
the adsorption of 2-nitrophenol by graphene and CeO2@
graphene was followed by pseudo-second order kinetic 
model. Kinetic of adsorption of 2-nitrophenol by CeO2@
graphene was occurred in two steps. Equilibrium studies 
of 2-nitrophenol removal by CeO2@graphene nanocompos-
ite indicated adsorption was fit with Langmuir isotherm 
model. The facile synthetic conditions, efficient and fast 
adsorption process, as well as simple separation process 
offered the adsorbent potential use in removal of nitrophe-
nol. This information may be useful for further research 
and practical applications of novel graphene and CeO2@
graphene adsorbent in nitrophenols wastewater treatment.

Table 3
Langmuir and Freundlich constants for the adsorption of  
2-nitrophenol onto graphene and CeO2@graphene

LangmuirSorbent	 Freundlich
R2KL

L mg–1

qm  
mg g–1

R2nKF  

mg g–1

0.9850.2280.640.9270.970.175Graphene
0.9980.4381420.9331.240.114CeO2@graphene

Table 4
Thermodynamic parameters for adsorption of 2-nitrophenol 
onto graphene and CeO2@graphene

DS°  

(J mol–1K–1)
DH°  

(J mol–1)
T (K)DG°  

(KJ mol–1)
Sorbent

–0.2826293–16.8Graphene
60.79303–17.88

313–18.78
323–19.41
333–20.04
343–20.07

–6.816293–18.32CeO2@graphene
40.17303–19.06

313–20.34
323–18.91
333–15.4
343–14.53

Fig. 9. Plot of lnKc vs. 1/T.
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