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a b s t r a c t
Under mild conditions, sulfur-free expanded graphite (SFEG) was prepared facilely, and the maxi-
mum expansion volume up to 287.8 mL/g was obtained. The effect of various operation conditions 
was optimized. Various characterizations demonstrated that SFEG with well-developed network 
pores in the wormlike particles and functional groups (C–O, C=O, C=C, O=C–O, and –COOH) has 
been successfully synthesized. The adsorption capacities toward gear oil and methylene blue were 
investigated, and the results showed that SFEG exhibited excellent adsorption capacities and selective 
adsorption property, which could be attributed to the functional groups and well-developed network 
pores in the wormlike SFEG.

Keywords: Sulfur-free; Expanded graphite; Intercalation; Adsorption capacity; Methylene blue

1. Introduction

Expanded graphite (EG) has been widely concerned and 
exhibited great application potential in many fields, because 
of its excellent properties, such as large adsorption capacity, 
low density, excellent chemical stability, high recycling effi-
ciency, environment friendliness, and high porosity [1,2]. In 
particular, it can act as an excellent adsorbent material for the 
treatment of oil spills [3,4] and dye removal from wastewater 
[5,6]. In the preparation of EG, a series of organic and inor-
ganic compounds have been used as intercalators, such as 
formic acid [7], glacial acetic acid [8], sulfuric acid [9], hydro-
gen peroxide [10], perchloric acid [2], and so on. Generally, 
sulfuric acid has been applied, thereby resulting in the resid-
ual of sulfur species in the as-fabricated samples, which lim-
ited its wide application.

So far, a variety of procedures [5,11,12] on low sulfur or 
sulfur-free expanded graphite (SFEG) have been studied. 
Generally, SFEG can be obtained by combined oxidation 
intercalation agent. Especially, perchloric acid and potas-
sium permanganate are the most commonly used [8,5,11–14], 

following by thermal treatment at higher temperature or 
electrochemical treatment with electrolyte employed. At the 
same time, a large amount of oxidized intercalations are also 
needed and used in the preparation process, which increased 
the burden on the environment. Therefore, it is necessary 
to develop mild and environmentally friendly method by 
which SFEG can be prepared.

In this work, natural flake graphite (NFG) was oxidized 
by KMnO4–HNO3–citric acid (CA) trinary system under mild 
conditions, followed by microwave. In comparison with the 
conventional chemical oxidation method for EG preparation, 
the potassium permanganate and nitric acid oxidant system 
was also utilized, while CA as a mild organic acid was firstly 
used as an assisted intercalation agent. The effect of various 
operation conditions for synthesis of SFEG was investigated 
and optimized. The resulting SFEG was characterized by 
scanning electron microscopy (SEM), X-ray diffraction (XRD), 
Fourier-transform infrared spectroscopy (FTIR), Raman 
spectroscopy, X-ray photoelectron spectroscopy (XPS), and 
nitrogen adsorption apparatus. Textile wastewater effluents 
and oil leakage result in serious environmental pollution; 
it is urgent and necessary to remove these pollutants from 
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wastewater [15,16]. Here, gear oil and methylene blue (MB) 
were selected as the model pollutants, and the adsorption 
capacities of SFEG were studied.

2. Materials and methods

2.1. Materials

The NFG with an average size of 35–48 mesh was applied. 
CA (C6H8O7·H2O), KMnO4, and HNO3 (65.0–68.0 wt.%) in 
analytical purity were purchased from Sinopharm Chemical 
Reagent Co., Ltd., Shanghai, China; gear oil was obtained 
from Lankun Lubricating Oil Co., Ltd., Lanzhou, China. MB 
in analytical purity was purchased from Northwest Institute 
of Non-ferrous Geology, Xi’an, China.

2.2. Preparation of SFEG

The graphite intercalation compound (GIC) was pre-
pared by a conventional chemical oxidation process as fol-
lows [13]: NFG (0.5 g) was mixed with a certain amount of 
HNO3 (6.0–8.5 mL) and KMnO4 (0.03–0.08 g) in a water bath 
at 35°C for 80 min for oxidizing the graphite layer and inter-
cation with continuous stirring at 50 rpm. Herein, HNO3 
was served as oxidant and inserting agent, while KMnO4 as 
oxidant. Then as an auxiliary intercalant, CA (0–0.45 g) was 
introduced with continue stirring at 50 rpm for 20 min for fur-
ther intercation. Then the residue was collected and washed 
with distilled water for several times till pH 7, dried for 12 h 
in a vacuum oven at 60°C, to obtain GIC for further use.

The obtained GIC sample was placed in a quartz culture 
dish in microwave oven (WD900ASL23-2, Shunde Galanz 
Electric Appliance Industry Co., Ltd., Guangdong, China) 
was further expanded at 180 W for several seconds, a worm-
like SFEG was obtained, as shown in Fig. 1.

According to the National Standard of China 
(GB 10698-1989), the expanded volume (EV) of SFEG was 
measured: the synthesized samples were gently transferred 
into a 100 mL graduated cylinder, and the volume (V) occu-
pied and mass (M) of SFEG were recorded. The EV (mL/g) 
was calculated by Eq. (1) [14]:

EV V
M

= � (1)

2.3. Characterization

The morphologies and chemical composition of the 
as-prepared samples were studied recorded by SEM (Quanta 
200, FEI, Hillsborough, USA), Powder XRD (D8Advance, 

Germany), FTIR (Bruker, Germany), Raman spectroscopy 
(Raman Spectrometer, in Via Reflex, Britain), and XPS 
(AXIS ULTRA, Japan). Nitrogen adsorption–desorption iso-
therms were obtained on a nitrogen adsorption apparatus 
(ASAP2020/HD88, Mike instruments Inc., USA).

2.4. Adsorption capacity

The adsorption performance of the as-prepared SFEG 
sample was evaluated by the adsorption of MB and gear oil.

The adsorption of MB was performed at 35°C under alka-
line conditions (pH = 11.76) [17]. In each run, 0.030 g SFEG 
adsorbent was added into 10 mL MB of 50 mg/L with stirring 
at 250 rpm. At the given time intervals, SFEG sample was 
separated by centrifugation and the residue concentration of 
MB in solution were measured at the maximum wavelength 
(λmax = 664.2 nm) with an ultraviolet–visible spectrophotome-
ter (Beijing Purkinje General instrument Co., Ltd.). Herein, the 
MB removal (R%) was calculated based on the MB concentra-
tion before and after adsorption according to Eq. (2) [18]:

R
c c
c

t% =
−







×

0

0

100% � (2)

where c0 is the initial concentration of MB, and ct is concentra-
tion of MB at time t. Each experiment was duplicated thrice 
under identical conditions to confirm the reproducibility of 
the experiments.

Gear oil as the oil candidate was selected as the target 
pollutant to evaluate the selective adsorption capacity of 
SFEG for the potential application in crude oil leakage treat-
ment. At room temperature, 0.15 g SFEG was immersed in a 
binary simulated system consisted of 8 mL gear oil and 20 mL 
of water to evaluate the selective adsorption capacity of SFEG 
adsorbent.

3. Results and discussion

3.1. Optimization of the various preparation parameters of SFEG

The adsorption capacity of SFEG was closely related to 
the degree of expansion, the influence of various preparation 
parameters such as the amount of oxidants and intercalants, 
oxidation temperature, and time on the EV values were sys-
tematically studied, and the results are presented in Fig. 2.

Fig. 2(a) shows that the EV increased with increase of 
KMnO4 dosage, and the maximum EV value of 287.8 mL/g was 
obtained with 0.06 g KMnO4. It may be because the amount 
of oxidant was not enough to open thoroughly the graphite 
layers when the amount of KMnO4 was lower than 0.06 g. 

Fig. 1. Illustration of the whole synthesis process.
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When KMnO4 dosage was further increased, the EV values sig-
nificantly decreased. The EV values decreased for amount of 
KMnO4 higher than 0.06 g, maybe due to the oxidation of NFG 
was excessive or the increase of distance of interlamination 
was so large that the inserting species escaped from there [19].

CA is an important organic acid with large polarity and 
soluble in water, limited researches were reported on EG 
synthesis with CA as the intercalant. It was found that the 
EV value increased with CA dosage increasing as shown in 
Fig. 2(b). When CA dosage was 0.3 g, the maximum EV value 
of 287.8 mL/g was achieved. At dosage lower than 0.3 g, CA 

was oxidized by KMnO4 before it could be entered into the 
interlayer of NFG, while higher amount of CA consumed 
more oxidants, so 0.3 g CA was applied in the further study.

In this system, HNO3 can act as both oxidant and inter-
calant. When the amount of HNO3 was lower than 7.5 mL 
(Fig. 2(c)), EV values increased with HNO3 increasing, maybe 
due to the oxidation intercalation reaction was incomplete at 
lower oxidant dosage. When the dosage of HNO3 increased 
higher than 7.5 mL, EV values decreased sharply. Therefore, 
the optimum amount of HNO3 for the preparation of SFEG 
was 7.5 mL.

C(g):HNO3(mL):KMnO4:CA=1:15:0.12:0.6 

to: 100 min 180 W te: 7 s 

 

(d) 

C(g):HNO3(mL):CA=1:15:0.6;  

to: 100 min;  T: 35℃; 180 W;  te: 7 s 

 

(a) 

C(g):KMnO4(g):HNO3(mL)=1:0.12:15 

to:100 min; T: 35℃; 180 W; te: 7s 

 

(b) 

C(g):KMnO4(g):CA(g)=1:0.12:0.6 

to: 100 min; T: 35℃; 180 W; te: 7 s 

 

(c) 

C(g):HNO3(mL):KMnO4(g):CA(g)=1:15:0.12:0.6 

T: 35℃; 180 W; te: 7 s  

 

(e) 

Fig. 2. Optimization of preparation parameters of SFEG.
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It is known that the temperature has an important impact 
on the degree of oxidation. At lower temperature, the inter-
calation was insufficient and lower EV values were observed 
(Fig. 2(d)). The EV value reached the maximum when the 
temperature was up to 35°C, then decreased with tempera-
ture further increased. This might be due to, on one hand, the 
intercalation reaction was exothermic that was unfavorable 
at higher temperature. On the other hand, part of the inter-
calant and the oxidant was volatilized at higher temperature. 
So, the follow-up experiment was carried out at 35°C.

The EV values gradually increased with the time of oxi-
dation reaction prolonging, and the maximum EV value 
of 287.8 mL/g was achieved at 100 min, then gradually 
decreased (Fig. 2(e)), may be due to the oxidant and the inter-
calant gradually consumed as the reaction proceeded.

From the above discussions, it could be concluded that 
at the optimal operation conditions—NFG: 0.5 g; KMnO4: 
0.06 g; HNO3: 7.5 mL; CA: 0.3 g at 35°C for 100 min, then fur-
ther expanded at 180 W for several seconds—the maximum 
EV of SFEG of 287.8 mL/g was obtained.

3.2. Characterization of the prepared EG

3.2.1. SEM analysis

Fig. 3 shows SEM images of various graphite samples. 
The lamellar structure with lateral dimensions of several 
micrometers and small layer distances was observed for NFG 
(Fig. 3(a)). After oxidation and intercalation, the surface of 
GIC (Fig. 3(b)) was rougher, while the interlayer was opened 
faintly. After microwave expanded at 180 W for several sec-
onds, the layer distances enlarged significantly and a ver-
miform in shape with loose and porous structure for SFEG 
was observed (Fig. 3(c)). The expansion of the graphite in 
the direction of the c-axis [20] contributed to the formation 
of SFEG, which corresponds well to the change of d value 
confirmed by XRD analysis.

3.2.2. XRD analysis

In the XRD patterns (Fig. 4), the diffraction peaks at 
2θ = 26.381° (d002 = 3.3756 Å), which assigned to the normal 
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Fig. 3. SEM images of (a) NFG, (b) GIC, and (c) SFEG.
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graphite spacing (002) of graphite plane [21]. In a proper oxi-
dizing system, surface or edge of graphite plane was oxidized 
without destroying the layer structure. Due to conjugate sys-
tem, positive charge would be dispersed onto carbon atoms in 
one layer, and the surface of graphite could be further oxidized 
and the intercalators can thus easily intercalate into graphite 
[20,21]. In the XRD pattern of GIC (PDF#26-1080), d002 = 3.3480 Å 
was obtained (2θ = 26.603°), which changed the original graph-
ite dense layers structure. After microwave expansion, the SFEG 
(PDF#41-1487) (a) interlayer compound has changed the peak 
position and interplanar spacing of 2θ = 26.381 (d002 = 3.3756 Å), 
was observed. The d value is slightly lower than GICs d value. 
The SFEG obtained by being treated with the mixture of CA 
and concentrated nitric acid exhibited good flexibility in this 
experiment, and the interlayer can be opened with a trace of 
oxidant. As shown in the SEM image of the EG, the furrows 
structure resulting from the parting of packed layers can pro-
vide channels to facilitate the transport of adsorbate. So it is 
expected that the EG might have a fast adsorption rate.

3.2.3. FTIR analysis

Fig. 5 shows FTIR spectra of various graphites. The broad 
absorption band at 3,444 cm–1 assigned to the O–H stretch-
ing vibration. The peaks at 2,979 and 2,880 cm–1 ascribed to 
the –CH stretching vibration [22]. Two bands at 2,360 and 
2,340 cm–1 assigns assigned to CO2 stretching vibration [23].

During intercalation of natural graphite by strong acids, 
some of the carbon double bonds were oxidized, which led 
to the formation of oxygen-containing functional (carboxylic 
and carbon–oxygen bond) groups on exfoliated graphite sur-
face [9]. The peak at 2,358 cm–1 assigned to COO– vibration 
[24]. At the same time, two new peaks at 1,046 and 1,226 cm–1 
assigned to C–O stretching vibration in CA [25,26]. N–H out-
of-plane and in-plane bending were observed at 880 cm–1 [27], 
indicating that the intercalation agent nitric acid was success-
fully inserted into the graphite layer. The surface polar groups 
of the adsorbents favor the adsorption of the cationic dye.

3.2.4. Raman analysis

Raman spectroscopy is a powerful non-destructive tech-
nique to characterize the ordered and disordered structure of 

the graphite [5]. Fig. 6 shows the Raman spectra of SFEG and 
NFG. The G peak at 1,578 cm–1 arose from the sp2 vibration of 
carbon atoms in a two-dimensional hexagonal lattice [9,28]. 
The D peak at 1,356 cm–1 was ascribed to the sp3 vibration of 
carbon atoms of defects and disorders caused by the interca-
lation of strong acid into the graphite layers during the SFEG 
preparation process [29]. The intensity ratio of D and G bands 
(ID/IG) could be used to evaluate the structural damage and 
chemical changes of graphite [30]. The higher the ID/IG ratio, 
the lower the degree of order. The ID/IG ratios were 0.522 and 
0.2077 for SFEG and NFG, respectively, suggesting that more 
structural defects were formed during the expansion process.

3.2.5. Analysis of BET and pore structure

Specific surface areas and pore volumes for NFG, GIC, 
and SFEG samples are summarized in Table 1. SFEG sam-
ple exhibited the highest specific surface area (34.1 m2/g) and 
microporous structure, indicating that the adsorption perfor-
mance should be enhanced [31].

c 
b 
a 

Fig. 4. XRD patterns of (a) SFEG, (b) GIC, and (c) NFG.

Fig. 5. FTIR spectra of (a) GIC, (b) SFEG, and (c) NFG.
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D band 

 

 

G band 

 

2D band 

 

 

Fig. 6. Raman spectra of SFEG and NFG.
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3.2.6. XPS analysis

XPS technique is used to identify the surface elemental 
compositions and the chemical state of the materials. From 
Fig. 7(a), carbon oxygen elements were detected in SFEG. The 
survey spectra of C 1s in Fig. 7(b) indicate that the main sig-
nals at binding energies of 288.2, 286.8, 285.7, and 284.7 eV 
are assigned to O=C–C, C=O, C–O, and C–C/C=C species, 
respectively [32]. In addition, it can be clearly seen from the 
O 1s spectra of SFEG (Fig. 7(c)) can be deconvoluted into 
three peak component with binding energy of 532.1, 533.7, 
and 534.3 eV, attributed to the O–H [33], –COOH [34], and 
O=C–O [35] functional groups, respectively. These results 
suggested that some functional groups, such as C–O, C=O, 
C=C, O=C–O, O=C–C, and –COOH, were produced during 
the oxidation and expanded process

C-O 

 

 

532.1eV 

 

-COOH 

 

533.1 eV 

 
O=C-O 

 

534.3eV 

 

(c) 

O=C-O 
288.2eV 

 

C=O 
286.8eV 

 

C=O 
285.7eV 

C-C/C=C 
284.7eV 

(b) 

 

C 1s 

O 1s 

(a) 

Fig. 7. (a) XPS of SFEG, (b) the spectra of C 1s, and (c) the spectra 
of O 1s.

0min 15min 30mi
n

45min 60min 90min 

Fig. 8. The adsorption of SFEG toward MB under alkaline 
condition (0.030 g SFEG, 10 mL 50 mg/L MB, pH = 11.76).

Fig. 9. Selective adsorption property of SFEG toward gear oil.

Table 1
Specific surface areas and pore volumes for NFG, GIC, and SFEG 
samples

Samples BET surface 
area (m2/g)

Total pore  
volume (mL/g)

Average pore 
size (nm)

NFG 0.3 – –
GIC 4.5 – 6.2
SFEG 34.1 0.13 15.8
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3.3. Adsorption properties

3.3.1. Dye adsorption

Clearly, it can be seen that MB removal under alkaline con-
ditions (pH = 11.76) significantly increased with the contact time 
prolonged (Fig. 8). Under alkaline conditions, the produced 
carboxyl groups in –COO– form offer the impetus for interact 
of SFEG adsorbent with MB, and were benefit for adsorption 
process [17]. Particularly, it should be noted that the equilib-
rium for adsorption of MB onto SFEG took only 30 min, sug-
gesting that SFEG exhibited higher adsorption capacity toward 
the contaminants. The excellent adsorption capacity should 
be attributed to the oxygen-containing functional groups and 
well-developed network pores in the wormlike SFEG [36].

3.3.2. Selective adsorption property of SFEG toward oil

For oil sorption, it was astonished to find that the gear 
oil in the oil-water binary system was adsorbed quickly and 
entirely within 2 min (Fig. 9), indicating its excellent selec-
tive adsorption capacity toward lipophilicity pollutants and 
potential application on crude oil leakage.

4. Conclusions

SFEG with large EV was successfully prepared under 
mild conditions: NFG: 1 g, KMnO4: 0.12 g, CA: 0.3 g, HNO3: 
15 mL, at 35°C for 100 min for the oxidation and intercala-
tion, followed by microwave power 180 W for several sec-
onds for further expansion, the maximum EV of SFEG up to 
287.8 mL/g was obtained. Well-developed network pores in 
the wormlike particles of SFEG was clearly observed. Some 
functional groups such as C–O, C=O, C=C, O=C–O, O=C–C, 
and –COOH yielded confirmed by XPS analysis. This study 
provided a new strategy to prepare EG under mild condi-
tions. In addition, SFEG exhibited excellent adsorption 
capacity toward MB and gear oil, which attributed to the 
functional groups and well-developed network pores in the 
wormlike SFEG, suggesting its potential applications in dye 
textile wastewater and crude oil leakage treatment.
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