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a b s t r a c t
In order to improve the ﬁxed carbon content of microcrystalline graphite (MG) and broaden its application, this
article discussed the ﬁxed carbon content and puriﬁcation reaction mechanism of natural MG by using hydrochloric acid and sodium ﬂuoride. The inﬂuence of sodium ﬂuoride amount, liquid-solid ratio, reaction temperature and reaction time were respectively investigated using MG as raw materials. Results indicate that the ﬁxed
carbon content of MG increased with the increasing amount of ﬂuoride; with the increment of the liquid-solid
ratio, reaction temperature, and reaction time. In all cases, the ﬁxed carbon content signiﬁcantly increased at
ﬁrst then slowed down its increasing rate. The ﬁxed carbon content of MG can be increased from 83.08% to
98.37% when 13.5 g sodium ﬂuoride amount and 30 g microcrystalline graphite reacted with 120.5 ml hydrochloric acid at 70 °C for 2.5 h. Hydrochloric acid can be used to convert the impurities such as metal compounds into
soluble chloride. Hydroﬂuoric acid generated from sodium ﬂuoride removes most of the complex silicate impurities, and then to be washed and ﬁltered to achieve the separation of graphite. The crystal structure and morphology of MG will not be changed according to the SEM images and the XRD patterns. Results indicate that
the hydrochloric acid and sodium ﬂuoride method can enhance the ﬁxed carbon content of MG to a higher level.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
On earth there is massive storage of natural graphite minerals, including ﬂake graphite and microcrystalline graphite (MG). The former
mineral usually contains ﬂake graphite with crystal size larger than
10 μm, however, the concentration of carbon is very low. In contrast,
the latter usually has a small crystal size of b1 μm but a high carbon content (Wang et al., 2015). There are large and widespread deposits of natural MG in China. The largest mine, with a reserve of 30 million tons, is
located in the Lutang area of Chenzhou, Hunan province. Other major
deposits are known in the provinces of Inner Mongolia (Bayan Nur),
Hubei (Shiyan), Fujian (Sanming), Jilin (Panshi), and Heilongjiang
(Yichun). The grade of some European deposits is about 55%, while
counterpart of some MG deposits in China is 50%–85% (Shen et al.,
2015).
MG, as a kind of resourceful and cheap natural graphite with high
degree of graphitization and micro-polycrystals with different orientations, was inefﬁciently utilized and seriously wasted due to the lowlevel technical process in China. The utilization of MG is currently
⁎ Corresponding author.
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conﬁned to a preliminary level such as raw materials for pencil lead,
crucible, and carburant for steel making. Investigations into further applications of MG will greatly promote the development of the MG industry in China (Shen et al., 2013; Wang et al., 2014a,b). Wang Junying and
coworkers (Wang et al., 2015) produced high-quality graphene
microsheets at a high yield of N70% through a scalable electrochemical
& mechanical exfoliation approach using natural MG minerals directly.
Xian Haiyang and coworkers (Xian et al., 2015) prepared graphene
nanosheets (MGS) from MG by a low-temperature (as low as 100 °C)
exfoliation method, and the supercapacitive behaviors of the MGS
have also been investigated. Shen Ke and coworkers (Shen et al.,
2015) proposed the approach of preparing isotropic graphite using
MG ﬁllers. Recently MG has been applied as anode material of lithium-ion battery (Cameán, Garcia, 2011; He et al., 2013; Kim et al.,
2014; Lin et al., 2014; Park et al., 2013; Wang et al., 2008; Xiao et al.,
2013; Yu et al., 2015), refractory (Wang et al., 2014a,b), supercapacitor
(Laurence et al., 2006; Deylová et al., 2014) as a cheap and abundant resources. Speciﬁcally, the usage of the lithium-ion battery is increasing
drastically, therefore, a large number of submicron or nano-carbon
sources with high ﬁxed carbon content, large surface area, high activity,
and high thermal conductivity should be developed to meet the demand of the industrial applications aforementioned.
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Table 1
Chemical compositions of natural MG minerals (wt%).
Index

C

SiO2

Al2O3

Fe2O3

CaO

MgO

TiO2

Na2O

Ka2O

MnO2

Content(%)

83.08

5.95

3.39

0.44

0.40

0.30

0.043

0.26

0.41

0.0097

There are two main development trends of MG products in modern
industry, one is the high purity (purity ≧ 99.9%) and the second is the ultraﬁne particles (size b1 or 0.5 μm). To obtain high-purity natural
graphite, puriﬁcation treatment plays an important role in the modiﬁcation process. The impurities of natural MG include quartz, silicate minerals, aluminum oxides, magnesium, calcium and other non-graphite
components. These impurities are difﬁcult to be removed in the puriﬁcation process because the concentration is pretty high and they are disseminated with ﬁne granularity in MG. A number of research projects
have been undertaken so far, purifying the graphite by physical and
chemical treatment. Physical methods include ﬂotation and high temperature puriﬁcation method (Ge et al., 2010a,b; Li et al., 2013, 2014;
Liu, 2000). Chemical methods include alkaline-acid method,
hydroﬂuoric acid method, and chlorination-roasting method (Ge et al.,
2010a,b; Ge et al., 2011; Li, Yao, 1996; Lu, Forssberg, 2002; Niu et al.,
2011; Tang et al., 2012; Tang et al., 2013; Zhang et al., 2005). Among
these puriﬁcation technologies, ﬂotation method is low-cost, but it is
difﬁcult to obtain MG with a ﬁxed carbon content of N 95%. According
to the characteristics of high temperature resistance of graphite,
low boiling point impurities of natural MG are volatilized at high
temperature if it is treated by the high temperature method. This
method is only suitable for the production of high purity graphite
(purity N 99.9%) because the high temperature method is expensive
and the scope of application is narrow. Alkali-acid and chlorinationroasting method can greatly improve the purity. However, the energy
consumption is large and the equipment corrosion is serious, also the
process is complex. Hydroﬂuoric acid method can remove the impurity
with high efﬁciency and low energy consumption, but hydroﬂuoric acid
is corrosive, toxic, and harmful to the environment as well as human
health. Therefore, it is necessary to optimize the puriﬁcation process
conditions so as to reduce environmental pollution.

Natural microcrystalline graphite + Hydrochloric
acid + Sodium fluoride
Heat and stir

This work aims to optimize the chemical puriﬁcation agent system
of hydroﬂuoric acid method, as far as possible to reduce the inﬂuence
on the environment. Based on the theory of hydrolysis reaction, our puriﬁcation method using both sodium ﬂuoride and hydrochloride acid
has less damage to environment without sacriﬁcing the high puriﬁcation efﬁciency. Furthermore, it effectively compensates for the disadvantages of hydroﬂuoric acid puriﬁcation method (Kuang et al., 2013).
Therefore, this article studies the chemical puriﬁcation process of natural MG by hydrochloric acid and sodium ﬂuoride, and investigates the
technological parameters on the ﬁxed carbon content and reaction
mechanism based on our previous work.
2. Experimental
2.1. Puriﬁcation treatment
Natural MG minerals (chemical compositions presented in
Table 1) with approximately 83.08 wt% ﬁxed carbon content were
used as raw materials, obtained from in Chenzhou, Hunan province,
China. Large pieces of natural MG minerals were crushed and drygrounded by jaw crusher. To improve the puriﬁcation reaction activity and efﬁciency, the ground mineral particles were dry-screened
using the standard sieve (160 mesh) and the natural MG minerals
with narrow particle size distribution were used as reagents in the
chemical puriﬁcation process. Hydrochloric acid (37%) and sodium
ﬂuoride (98%) were purchased from Hengyang Kaixin Chemical
Reagent Co. Ltd. and Changsha Minle Chemical Co., Ltd. These
chemicals were used without further puriﬁcation. The reaction kettle
was designed by ourselves and made by Weihai Huanyu Chemical
Machinery Co. Ltd.
The illustration for the puriﬁcation process can be seen in Fig. 1. First,
the natural MG minerals, sodium ﬂuoride and hydrochloric acid were
successively put in the reaction kettle. Then, the raw materials were
stirred and mixed by a stirrer in the reaction kettle with the rotating
speed of 80–100 rpm at 30–90 °C for 0.5–3.5 h, which initiated the
chemical reactions. After reaction, the reaction kettle was cooled in
the air to room temperature and the sample was taken out from the reaction kettle, washed, ﬁltered and then dried in a heated blast oven. All
factors and their ranges are listed in Table 2.

Reaction products

2.2. Test and characterization methods

Wash, filter and dry
Graphite sample

Fig. 1. The ﬂow diagram and reaction equipment of natural MG puriﬁcation treatment.

2.2.1. The test of ﬁxed carbon content
According to the standard method (Method for chemical analysis of
graphite) in China (GB/T 3521-2008, 2009), the technical analysis (volatile matter, ﬁxed carbon content and ash) of MG single mineral was
done in the Changsha Research Institute of Mining and Metallurgy in
Hunan province, China. Mufﬂe furnace was used to determine the volatile matter and ﬁxed carbon contents of samples. Fixed carbon is the
solid combustible residue that remains after heating of MG particle at
900–1000 °C for 1 min and the expelling of volatile matter. The ﬁxed
carbon content of a MG is determined by subtracting the percentages

Table 2
Factors and their ranges of the experiment.
Factors

Sodium ﬂuoride amount (g)

Liquid-solid ratioa

Reaction temperature (°C)

Reaction time (h)

Ranges

3, 4.5, 6, 7.5, 9, 10.5,
11.25, 12, 12.75, 13.5

1.5, 2, 2.5,
3, 3.5, 4

30, 40, 50, 60,
70, 80, 90

0.5, 1, 1.5, 2,
2.5, 3, 3.5

a

Liquid-solid ratio: the ratio of liquid volume to solid material mass.
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Fig. 3. Fixed carbon content of MG puriﬁed by sodium ﬂuoride and ammonium ﬂuoride
(a) ﬂuoride content, (b) reaction temperature, and (c) liquid-solid ratio.

97

of, volatile matter, and ash from a sample. The ﬁxed carbon content of
the sample is then calculated according to the following formula:

96
95
94

Fixed carbonð%Þ ¼ 100−Ashð%Þ−Volatile Mattersð%Þ

93

ð1Þ

92
91
90
0.5

1

1.5

2
Time/h

2.5

3

3.5

Fig. 2. Effect of process conditions on the ﬁxed carbon content of MG (a) sodium ﬂuoride
dosage, (b) liquid-solid ratio, (c) reaction temperature, and (d) reaction time.

2.2.2. Characterization method
The ﬁeld emission scanning electron microscopy (FE-SEM) images
were obtained with the FEI Quanta-200 type. The FEI Quanta-200 type
scanning electron microscope equipped with Genesis X-ray microanalysis system (EDAX/Ametek) with 10 keV electron beam energy was
used for monitoring residual impurities, and for the veriﬁcation of
chemical modiﬁcation of our graphite samples before and after chemical treatment. X-ray photoelectron spectroscopy (XPS) was investigated
using K-Alpha 1063 type with focused monochromatized Al Ka radiation (1486.6 eV), to determine changes in the atomic ratios and the existence of functional groups. The Raman spectra were obtained by using
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(a) raw

(b) 1h

(c) 2h

(d) 2.5h

Fig. 4. SEM of MG puriﬁed by hydrochloric acid and sodium ﬂuoride at different times (a) raw ore, (b) 1 h, (c) 2 h, and (d) 2.5 h.

a laser confocal Raman spectrometer (LABRAM-010) in the range from
800 to 3500 cm−1. The powder X-ray diffraction(XRD) patterns were
recorded on Bruker D8ADVANCE X-ray diffractometer using Cu Ka radiation (k = 0.154178 nm) with 40 kV scanning voltage, 40 mA scanning
current and scanning range from 10 to 80°.
3. Results and discussion
3.1. Effect of process conditions on the ﬁxed carbon content of MG
Shown in Table 1, chemical compositions of MG ore mainly contain
carbon, and complex silicate mineral containing aluminum, silicon as
well as other elements; the impurities containing silicon compounds
are complex silicates and minor amounts of free silica, and the crystallinity of the impurities is not good; impurities containing aluminum
compounds are mainly mica, kaolinite and other aluminum silicates;
the impurities exist both in and out of the graphite particles which
makes them hard to be removed. This research chose sodium ﬂuoride
to treat the MG. The effects of the addition amount of sodium ﬂuoride,
the liquid-solid ratio, reaction temperature and reaction time on the
ﬁxed carbon content of MG were investigated.
Fig. 2 shows the effect of process conditions on the ﬁxed carbon content of MG in the puriﬁcation process. The impact of sodium ﬂuoride
amount has been considered ﬁrstly, and the result of the ﬁxed carbon
content changing with sodium ﬂuoride amount is shown in Fig. 2(a).
More sodium ﬂuoride yields more hydroﬂuoric acid, thus it can be
seen that ﬁxed carbon content tends to grow with sodium ﬂuoride

amount. However, when sodium ﬂuoride amount is 12 g, the ﬁxed carbon content got a sudden decrease. In this research, 13.5 g sodium ﬂuoride is taken as an optimal amount. When the amount of sodium
ﬂuoride reaches 13.5 g, the ﬁxed carbon content of the puriﬁed MG
can reach 98.15%, which is the highest concentration in this experiment.
Additionally, overload sodium ﬂuoride will produce massive
hydroﬂuoric acid, causing serious environmental pollution. And silicic
acid sol could be generated, which is a new impurity not soluble in
water.
Fig. 2(b) shows the effect of liquid-solid ratio on the ﬁxed carbon
content, the curve rises rapidly while the liquid-solid ratio is b 2.5, but
then it tends to level off, and the ﬁxed carbon content ﬂuctuates in the
vicinity of 97%. The rapidly growth appears in the low liquid-solid
ratio range mainly because of the increased acid content and the better
contact between graphite particles and the acid solution. However, continual increasing of the liquid-solid ratio is not conducive to the further
increase of the ﬁxed carbon content, for the reason that the content of
impurities participating in the reaction is limited. In this series, the
ﬁxed carbon content reaches its maximum value of 97.78% when the
liquid-solid ratio is 4, but there is not much increase compared with
97.56% when the solid-liquid ratio is 3. Considering the cost and the puriﬁcation effect, the research takes 3 as the optimum liquid-solid ratio.
Reaction temperature is an another important factor that affects the
puriﬁcation effect of MG. The reaction temperature was taken under
consideration after studying the sodium ﬂuoride amount and liquidsolid ratio. The effect of temperature on the ﬁxed carbon content can
be seen in Fig. 2(c). With the increase of temperature, the ﬁxed carbon
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(b) 1h

(c) 2h

(d) 2.5h

Fig. 5. SEM of ash of sample in Fig. 4.

content shows an upward trend at ﬁrst, and reaches its maximum value
of 98.09% at temperature point of 70 °C, but then it falls consistently. Increasing temperature in low range can help enhance the reactants' activity, but the temperature will not only affect the puriﬁcation
effectiveness, but also increase the unnecessary energy consumption
when the temperature reaches a certain degree. Two disadvantages
will be induced if the acid leaching temperature is too high. On the
one hand, silicic acid sol will be generated which is not easily to be removed by ﬁltration. On the other hand, evaporation rate of hydrochloric
acid will be accelerated with temperature increasing. Equivalently, dosage of hydrochloric acid participating in the reaction becomes less,
which is not conducive to the removing of impurities. Therefore, acid
leaching temperature of 70 °C is chosen as optimum temperature.
Effect of reaction time on the ﬁxed carbon content is shown in Fig.
2(d). It can be seen that the ﬁxed carbon content grows with reaction
time at ﬁrst, when reaction time is between 1.5 h and 3 h it remains in
the vicinity of 98%, and then it starts to decrease while time goes on.
The result shows that increasing reaction time in a certain range can
help improve the puriﬁcation effect. This is because as time increases,
the amount of impurities reacted with acid increases correspondingly.
While reaction time is long enough to complete the reactions, further
time increases will lead to reduction of the ﬁxed carbon content in that
the chemical reaction equilibrium is broken. The optimal reaction time
is 2.5 h according to the result. The reason for choosing 2.5 h as reaction
time is the same in the chosen of reaction temperature.
According to the above results, the ﬂuoride-hydrochloric acid method can pure MG, and the ﬁxed carbon content increased with ﬂuoride
adding amount; with the increment of the liquid-solid ratio, reaction

temperature, and reaction time, the ﬁxed carbon content signiﬁcantly
increased at ﬁrst then slowed down its increasing rate. Hydrochloric
acid can be used to convert the impurities such as metal compounds
into soluble chloride. Hydroﬂuoric acid generated from sodium ﬂuoride
removes part of the silicate impurities, and then to be washed and ﬁltered to achieve the separation of graphite. The optimum processing
condition has been proposed after the single factor experiment, and
an experimental veriﬁcation has been made to check the result. The optimum processing condition is achieved when MG is 30 g, sodium ﬂuoride amount is 13.5 g, liquid-solid ratio is 3:1 (120.5 ml hydrochloric
acid), reaction temperature is 70 °C, and reaction time is 2.5 h. Under
this condition, the ﬁxed carbon content of puriﬁed MG is 98.37%. The
optimum processing condition study has been proved to be reasonable.
Fig. 3 shows the comparison of ﬁxed carbon content of MG puriﬁed
by hydrochloric acid and sodium ﬂuoride and that of MG puriﬁed hydrochloric acid and ammonium ﬂuoride (Kuang et al., 2013) in our previous work. It can be seen that the ﬁxed carbon content under different
puriﬁcation system all shows a trend of increase with the increasing of
addition amount of ﬂuoride. In addition, the ﬁxed carbon content of
MG puriﬁed by hydrochloric acid and ammonium ﬂuoride is higher
than that of sodium ﬂuoride because the solubility of ammonium compounds is better than that of sodium compounds under the same condition. The sodium ﬂuoride may produce sodium compounds as a new
impurity in the puriﬁcation process though the whole chemical reaction
is totally based on hydrolysis reaction, while the ammonium ion is volatilized in the heating process. However, it is less satisfactory for MG
since the impurities are dispersed throughout the ores and mixed together with graphite microcrystals.

50

W. Xie et al. / International Journal of Mineral Processing 155 (2016) 45–54

(b)1h

(a) Raw ore

(c)2h

(d)2.5h

Fig. 6. EDX spectra of MG (a) raw ore, (b) 1 h, (c) 2 h and (d) 2.5 h during chemical treatment process.

The MG is an aggregate of randomly orientated graphite microcrystals and its crystalline structure is different from that of ﬂake graphite.
Due to the fact that these impurities are embedded, dipped, and
wrapped by the MG sheet, liquid phase chemical puriﬁcation is difﬁcult
to remove all impurities. The ﬁxed carbon content of the puriﬁed MG is
difﬁcult to achieve a higher value (N99.9%). Therefore, it can be deduced
that the particle size of MG may also be an important factor affecting the
puriﬁcation efﬁciency in addition to above factors. MG with small particle size will render more impurities exposed outside and help to remove
more impurities. Based on above experimental results, the reaction
mechanism of puriﬁcation MG will be discussed in the following
session.
3.2. The reaction mechanism of puriﬁcation process
The SEM, XPS, XRD and Raman spectrum technology were adopted
to observe the microstructure, composition, crystal structure and graphitization structure of MG in order to discuss the reaction mechanism of
puriﬁcation process. Fig. 4 shows the SEM images of a typical graphite

Table 3
Concentration (mass fraction) of each element in EDX analysis.
Elements

C

O

N

Raw ore
(wt%)
1 h (wt%)
2 h (wt%)
2.5 h (wt%)

85.69 9.77 0.08 0.06 1.28 1.83 0.04 0.32 0.38 0.07 0.49
90.54 8.21 –
94.64 4.87 –
98.74 1.21 –

Mg

–
–
–

Al

Si

P

0.16 0.70 –
0.09 0.42 –
0.06 0.05 –

K

–
–
–

Ca

–
–
–

Ti

Fe

0.07 0.40
0.06 0.35
0.05 0.23

sample before [Fig. 4(a)] and after puriﬁcation [Fig. 4(b), (c) and (d)].
These four micrographs show that top surface morphology of the graphite is retained, and the size and shape of the graphite are not signiﬁcantly changed. The surface of natural graphite is smooth. However, the
surface roughness and the size of ﬁne particles of MG increase because
the impurities were removed and a lot of pores and cavities in the internal MG particles were formed during the MG puriﬁcation process (Xiao
et al., 2013). Fig. 5 shows the SEM images of ash from sample in Fig. 4.
The ash of raw ore contains great large particles of residual impurities
such as complex silicate mineral, and these impurities cannot be burned
by the method for chemical analysis of graphite, so that they were left in
the ash. As Fig. 5 shows that, after puriﬁed by hydrochloric acid and sodium ﬂuoride, the number of remaining particles is becoming less and
less and the size of them is tend to be uniform with the reaction time
going on. It can be indicated that the impurities were removed by
converting soluble salt due to the effect of hydrochloric acid and
hydroﬂuoric acid in the puriﬁcation process.
Using EDX microanalysis, the changes of stoichiometry of our samples puriﬁed during chemical treatment of natural MG were monitored.
We were not able to separate signals from regions with different MG
thicknesses, but had sufﬁcient sensitivity to observe major changes in
our samples due to chemical treatment and to assess the purity of
chemically modiﬁed MG. The EDX spectra collected from the MG before
and after the chemical treatment, taken with the electron beam energy
around 10 keV, are shown in Fig. 6. Fig. 6(a) shows the EDX spectrum of
a MG sample before chemical treatment. It can be observed that the ore
of MG contains many impurity elements, and the concentrations of O, Si,
and Al are especially high. After puriﬁcation, most impurity elements
have been removed, and only traces of Si and Al exist. From the EDX
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(b) 1h

(a) raw

(d) 2.5h

(c) 2h

Fig. 7. EDX spectra of ash of calcinated sample in Fig. 4.

result, it is indicated that hydrochloric acid and sodium ﬂuoride can effectively remove the impurities. At the same time, the EDX spectra of
the same MG sample after chemical treatment [Fig. 6(b), (c) and (d)]
are distinctively different: the EDX signal corresponding to carbon Kline rocket steeply. Therefore, EDX spectra conﬁrms the successful result
of chemical treatment via the increase of carbon contents in our samples. EDX spectra also conﬁrms the purity of our chemical treatment.
Table 3 listed concentration of each element on the surface of graphite
before and after modiﬁcation at different reaction times. The values obtained from EDX analysis correspond to the results from SEM. Therefore,
based on the results of SEM and EDX, it can be deduced that major impurities have been removed from the surface of natural graphite
microsheets.
The maximum value of ﬁxed carbon content of puriﬁed MG is 98.37%
in above-mentioned results. It can be deduced that a few residual

impurities have not been removed after puriﬁcation. Fig. 7 shows the
EDX spectra of ash from calcinated sample in Fig. 4. The Si and Al content are especially high in the ash of raw ore and sample puriﬁed at different times. This indicates that the residual impurities include the
complex silicate without chemical reaction. The reason is that those impurities are embedded, dipped, and wrapped by the MG sheet, liquid
phase chemical puriﬁcation is difﬁcult to remove all impurities. The residual impurities are exposed after the chemical analysis of graphite. On
the other hand, it also infers that the reduction of particle size can make
more impurities exposed outside and further improve the puriﬁcation
efﬁciency. Therefore, it can be deduced that the particle size of MG
may also be an important factor affecting the puriﬁcation efﬁciency in
addition to above-mentioned factors.
Considering that EDX can only analyze surface elements, the high
carbon mass fraction of EDX result and relatively low ﬁxed carbon

G

D*
D
T+G

Fig. 8. XPS analysis of graphite samples before and after puriﬁcation.

D+G

Fig. 9. Raman spectra of raw MG and puriﬁcation MG.

G*
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35000

Graphite

30000

25000

Intensity(a.u.)

bands are broadened in the puriﬁcation samples compared to the raw
ore. It indicates the increase of defects and lattice disorder when the impurities in the graphite are removed. The intensity ratio of the D and G
band (ID/IG) is a useful indicator to evaluate the ordered and disordered
crystal structure of carbon (Ferrari et al., 2006; Pócsik et al., 1998). Researches show that the D peak of graphite is related to the size and
the shape of the graphite particle, which caused by the scattering of
the small size effect of graphite defects. The strength of D peak indicates
the layer numbers and the number of the graphitization structure, and
the G peak is associated with the orderly layered structure of graphite.
The ID/IG of the puriﬁcation of the MG is 0.238 while the raw ore is
0.239. It can be concluded that the crystal structure of MG has not
changed much although the impurities have been taken away. In addition, the up-shift of the puriﬁed sample is observed, possibly due to the
cavities by removal of impurities in raw ore, leading to the increase of
disorders. So all the Raman features above suggest that disorder is increasing from the puriﬁcation samples.
In order to conﬁrm which types of carbon minerals existed in these
samples, X-ray powder diffraction was conducted (Fig. 10). It can be observed that the main diffraction peaks of MG ore are graphite, calcite,
halloysite and chlorite serpertine, while the peaks of salufer appear in
the puriﬁcation procedure before washing, demonstrating that the calcite, halloysite and chlorite serpertine were removed and chemical reaction has ﬁnished. The puriﬁed sample after washing has clear
characteristic peaks of graphite and all signiﬁcant impurity peaks of
the green ore can no longer be observed in the puriﬁed graphite's pattern. These indicate that hydrochloric acid and sodium ﬂuoride can effectively remove the impurities in MG without changing the crystal
structure of graphite. Therefore the crystalline carbon and the crystal
structure of the graphite are not affected by the treatment with hydrochloric acid and sodium ﬂuoride.
Based on the analysis of the above results, sodium ﬂuoride and hydrochloric acid could purify MG efﬁciently. In the puriﬁcation process,
sodium ﬂuoride and hydrochloric acid would generate hydroﬂuoric
acid. The impurities including calcite, complex silicate (halloysite, chlorite serpertine, and other metal oxide in the MG) would react with
hydroﬂuoric acid and hydrochloric acid when they are heated, and the
chemical reactions are as follows:

Halloysite
Chlorite-serpertine

20000

15000
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Fig. 10. XRD patterns of MG before and after puriﬁcation.

content cannot lead to the conclusion that the puriﬁcation process can
remove the impurities in the interior as effectively as it was on surface.
It has been realized that a homogeneous heteroatom can eliminate impurities in MG since X-ray photoelectron spectroscopy (XPS) reveals
that signiﬁcant contents of Al and Si are removed. Fig. 8 shows the
XPS spectra of graphite samples before and after puriﬁcation. Full spectrum in Fig. 8 indicates the existence of Al, Si, C, O and Na elements.
Compared to the raw ore, the Al2p and the Si2p disappear and the intensities of C1s, O1s and Na1s in the puriﬁed MG are much weakened, suggesting the removal of impurities in the puriﬁed process involving
hydrochloric acid and sodium ﬂuoride.
Raman spectra analysis shown in Fig. 9 can further characterize the
evolution of carbon framework during the puriﬁcation process from
raw ore to the puriﬁed graphite. As depicted in Fig. 9, both samples exhibit three strong peaks centered at 1347 cm− 1, 1578 cm−1 and
2732 cm−1, which correspond to the D, G and D* bands of carbonaceous
species, respectively. There are also three weak peaks centered at
2438 cm−1, 2963 cm− 1 and 3249 cm− 1, which correspond to the
T + G, D + G and G* bands, respectively. The D band at 1347 cm−1 is
assigned to the vibrations of sp3 carbon atoms of disordered graphite
and the G band at 1578 cm−1 is related to the inplane vibration of sp2
carbon atoms in a 2D hexagonal lattice. For the puriﬁcation sample,
the three dominant peaks of D, G and D* bands are located at
1347 cm− 1, 1578 cm− 1 and 2732 cm− 1, respectively. Both D and G

NaF þ HCl→HF þ NaCl

ð2Þ

2Hþ þ CaCO3 →Ca2þ þ CO2 ðg Þ þ H2 O

ð3Þ
þ

Al2 Si2 O5 ðOHÞ4 þ 12HF þ 2Hþ →2AlF2 þ 2SiF4 ðg Þ þ 9H2 O

RF + HCl
Stir

Reactions continue
Impurities

Wash and filter

Fig. 11. Schematic diagram for the puriﬁcation of the MG by hydrochloric acid-ﬂuoride.

ð4Þ
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KAl2 ðAlSi3 O10 ÞðOHÞ2 þ 12HF þ 10Hþ →3Al
þ 12H2 O

3þ

þ 3SiF4 ðgÞ þ Kþ
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ð5Þ

2Naþ þ SiF4 þ 2HF→Na2 SiF6 ðsÞ þ 2Hþ

ð6Þ

6NaF þ 4Hþ þ SiO2 →Na2 SiF6 ðsÞ þ 4Naþ þ 2H2 O

ð7Þ

The metal ions Ca2+, K+, Al3+, and so on could be dissolved into the
solution in the form of soluble salts, while an intermediate salufer
[Na2SiF6 shown in chemical reaction Eq. (6)] generated in the above reaction is almost insoluble under acidic conditions. As a result, Na2SiF6 peaks
mainly existed in the XRD spectra before washing, in addition to the
graphite peaks. Na2SiF6's solubility in water at room temperature is
7.62 g, so the intermediate was dissolved in water several times and spectrum weakens in the ﬁnal powders after the ﬁltration. Other silicon impurities converted to silicon ﬂuoride which is a volatile shown in chemical
reaction Eqs. (4) and (5).
For the same molecular structure of ammonium ﬂuoride and sodium
ﬂuoride, it shows that combined action between ﬂuoride and hydrochloric acid system destroys the structure of complicated silicate of
MG. The metallic oxide of complicated silicate minerals was dissolved
in the solutions as salt during the action, while silicon oxides generated
(NH4)2SiF6 which precipitated to the surface of graphite that could be
washed away. (NH4)2SiF6 is much more soluble than Na2SiF6, so the efﬁciency of ammonium ﬂuoride and hydrochloric acid system outweighs
sodium ﬂuoride and hydrochloric acid theoretically. And this is in consonance with the result of experiment [ammonium ﬂuoride and hydrochloric acid: 99.47% (Kuang et al., 2013); sodium ﬂuoride and
hydrochloric acid: 98.37%].
Combined with results from chemical analysis of graphite, and the
analysis result of the XPS, XRD and SEM, and Raman spectrum, it is
shown that the complex silicates' structure is destroyed by the synergistic effect of ﬂuoride and hydrochloric acid. Fluoride-hydrochloric acid
method can remove most impurities of graphite ore, and with this
method the crystal structure and microstructure of MG will not be obviously destroyed. A brief view of how ﬂuoride and hydrochloric acid removed the impurities in MG is shown in Fig. 11.
The complex silicate structures of the impurities were destroyed by
the interaction of ﬂuoride and hydrochloric acid, and the metal oxides in
it were removed in form of soluble salts as reactions proceeded. The Si
existed in the impurities were generated from R2SiF6 and attached to
the surface of MG. Most of the impurities can be removed by washing
with water after the puriﬁcation reaction, but the reaction mainly took
place at the interface of the solution and graphite particles. However,
impurities hidden in the particles could not participate in the reaction,
which reduced the puriﬁcation effect. In order to further improve the
puriﬁcation effect, particle size could be reduced and the reaction time
could be prolonged.
4. Conclusions
Hydrochloric acid and sodium ﬂuoride method can effectively remove the calcite, halloysite and chlorite serpertine in MG without
changing the crystalline carbon and the microstructure of the graphite.
The ﬁxed carbon content of puriﬁed MG increased with ﬂuoride adding
amount; with the increment of the liquid-solid ratio, reaction temperature, and reaction time, the ﬁxed carbon content signiﬁcantly can be increased at ﬁrst then slowed down its increasing trend. The optimum
processing condition occurs when the sodium ﬂuoride amount is
13.5 g, liquid-solid ratio is 3:1, reaction temperature is 70 °C, and reaction time is 2.5 h. The ﬁxed carbon content of MG can be increased
from 83.08% to 98.37% under this condition. Hydrochloric acid can be
used to convert the impurities such as metal compounds into soluble
chloride. Hydroﬂuoric acid generated from sodium ﬂuoride removes
most of the silicate impurities, and then to be washed and ﬁltered to
achieve the separation of graphite.
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