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Traditional graphite has safety and environmental issues, associated with fluorine
purification. To address these issues, an energy-saving and efficient graphite
purification process can be explored through the acid leaching method with composite
additives. The acid leaching process was studied and optimized in detail using the
controlled variable method including the effects of the soaking time and temperature
on the graphite purification process. Then the response surface method was used to
simulate the orthogonal experiment of graphite purification to verify the correctness of
the single-factor, experiment. The purity and micromorphology of the graphite samples
at each stage were characterized and tested. The experimental results showed that the
optimal liquid-to-solid ratio of the acid solution and graphite was 20:1, which could
make the fixed carbon content reach 99.77%. On the basis of these optimal process
conditions, the addition types were further explored. The experimental result showed
that the best addition was ascorbic acid and EDTA, which could reduce the content of
various impurities in the graphite raw material without destroying the microstructure
of the graphite. Benefitting from the addition of compound additives in the two-step
process, almost all the metal ions were leached from the graphite. After the acid and
water leaching, the fixed carbon content of graphite could reach 99.96%. The process
parameters proposed in this paper were scientifically verified by both the single-factor
and multi-factor experiments, and innovative and effective additives were introduced
in different steps to make the graphite purity break through 99.9%, which was difficult
to reach by the traditional method.

1. Introduction

Graphite is a significant mineral resource that
provides diverse technological applications in the
industries such as lithium-ion batteries, fuel cells,
refractory materials, and electric vehicles [1].
Although China possesses the world's largest
graphite reserves, and can engage in a large-scale
graphite production, the technological proficiency
of the graphite industry in the country remains
lower compared with other major producing
nations [2]. Numerous graphite enterprises in
China have not yet mastered the cutting-edge
graphite technologies, and the level of graphite
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processing remains at a rudimentary stage, with a
minimal involvement in the advanced processing
sectors. Consequently, the product prices are
extremely low, resulting in substantial resource
wastage and outflows [3]. Moreover, at the present
stage, China is vigorously developing the
industries like the high-tech materials and new
energy, which require substantial quantities of
high-quality, high-purity graphite. Unfortunately,
the exploration and practical production
applications of graphite materials are not
satisfactory [4]. With the increasingly stringent
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requirements for the graphite purity in various
fields, China is unable to independently produce
the high-end graphite products, due to the
expensive imported high-purity raw materials [5].
The graphite industry does not match the current
rapid technological strength and economic level,

which greatly limits the economic development [6].

High-purity graphite is the prerequisite for the
subsequent processing of graphite materials, so the
graphite purification is the decisive key to the
development of the graphite industry. Flotation of
the graphite ore is a preliminary processing step,
and further purification processes are required to
produce the high-quality graphite. Commonly,
there are four typical industrial graphite
purification methods such as the alkaline acid
method [7], the hydrofluoric acid method [8], the
chloride roasting method [9], and the high
temperature method [10]. Among these methods,
hydrofluoric acid is highly toxic, and a dangerous
carcinogen [11]. Additionally, the chlorination
roasting method is difficult to process the waste gas
[12], and causes a severe damage to the equipment
and environment. These two methods are
inconsistent with the development concept of green
and environmental protection, so they are not
advocated. The high-temperature method can
produce ultra-high-purity graphite with a carbon
content of 99.99%. However, this method has a
high energy consumption and cost, and is only used
in specific fields such as the aerospace and nuclear
industry. Among them, the alkaline-acid
purification of flotation of the graphite concentrate
has the advantages of being a simple process, low
cost, and complete graphite microstructure. It is the
most widely used method in the graphite
purification and production [13]. However, the
traditional acid-base method for purifying graphite
still has problems such as low graphite purity, a
high-energy consumption, and a serious equipment
corrosion [14]. Jara conducted a study, examining
the effects of acid type and liquid-solid ratio, the
reaction time, and the temperature on the carbon
content of Ethiopian natural flake graphite. The
obtained purified graphite exhibited a carbon
content of 99.72% [15]. Wang and his research
team upgraded a 90.2%; a graphite concentrate to
99.0% by the traditional alkaline acid method [16].
However, the purity of graphite is still not enough
to meet the needs of the high-end applications. As
the main process in the acid-base purification of
graphite, acid leaching has an absolute qualitative
impact on the graphite purification effect [17].

Herein, this work explores the optimal process
conditions of the acid leaching process through
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experiments, and realizes the preparation of the
high-purity graphite by the acid-base method
through the two-step method of introducing
additives. The impurity content and graphite
micromorphology in each stage are tested and
characterized to reveal the purification process.
This innovative methodology holds the promise of
significantly enhancing the quality of the final
graphite product.

2. Materials and Methods
2.1. Materials

The raw material used in this work was the
concentrate of the flotation of the natural large-
scale graphite from Jixi Liumao, and the fixed
carbon content of the raw material was 94%.
Sodium hydroxide (of analytical grade),
hydrochloric acid (12 mol/L), ascorbic acid (wt% >
99%), and ethylenediaminetetraacetic  acid
disodium (EDTA) (of analytical grade) were of
analytical reagent. The employed solvent was
deionized water, which was obtained from the
ultrapure water machine BASIC-Q15.

2.2. Experimental methods

The first step in the experiment was alkali
fusion. Weigh graphite and sodium hydroxide with
a mass ratio of 1:1.3, and then add deionized water
according to a solid-liquid ratio of 1:1.1 to prepare
a sodium hydroxide solution. The sodium
hydroxide solution and graphite powder were
mixed, and the stirred evenly in a beaker,
ultrasonicating at 50 ‘C for 30 minutes. The sample
obtained after the ultrasonic treatment was added
to an air-drying box to dry the moisture, then
placed in a tube furnace, and baked at 500 "C for
120 min. The graphite sample prepared in the
above alkali fusion step was transferred to a beaker,
adding an appropriate amount of deionized water
to immerse the sample. The samples were soaked
for 30 min under magnetic stirring at 50 'C
(rotation speed 750 rpm), and filtered with vacuum
filter. The above steps were repeated until the
filtrate was neutral (pH = 7), and then the filter cake
was dried, and the graphite materials were
collected.

The second step of the experiment was acid
leaching. 2 g of alkali fused graphite were added to
the solutions of different concentrations (0.5 mol/L,
1 mol/L, 1.5 mol/L, 2 mol/L, 2.5 mol/L, and 3
mol/L). The solid-phase temperature range was set
as 35°C, 50 °C, 65 °C, 80 'C, and 95 "C. The solid-
liquid ratio range was set as 1:10, 1:15, 1:20, 1:25,
and 1:30, and the reaction time was set as 40 min,
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60 min, 80 min, 100 min, and 120 min. The
graphite sample prepared by the acid leaching step
was pumped and filtered, and the graphite collected
by washing the filter cake was added with an
appropriate amount of deionized water. The
graphite sample became neutral after pumping and
filtering at 50 'C for 30 minutes. After washing, the
graphite sample was dried, and the finished product
was obtained.

Then the influence of the type of additives and
the site of adding additives on the purity of graphite
was discussed. Ascorbic acid and EDTA were
added to the acid-leaching process to further
improve the purity of graphite. Finally, the
influence of the number of additives on the effect
of acid-leaching graphite was discussed by the
control variable method.

2.3. Characterization and testing methods

To remove the impurities in graphite, a series of
characterization analyses were carried out. The X-
Ray Diffraction (XRD) patterns were obtained
using a Rigaku D/Max-TTR 1III X-ray
diffractometer equipped with Cu Ka radiation (A =
1.5406 A) in the 26 range of 10-80°. The Scanning
Electron Microscope (SEM) images were acquired
using a JEOL JSM-6480A.The X-Ray
Fluorescence (XRF) data was acquired using the
Bruker S8 Tiger [18].

To understand the mineral composition and
crystallization status of graphite, the raw material,
an X-Ray Diffraction (XRD) analysis, of graphite
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raw material was carried out. Optical microscopy
is an effective method to observe the microscopic
structure of graphite, which can observe the optical
properties and microstructure of the graphite raw
materials. Scanning electron microscopy analysis
was used to test the microscopic morphology
characteristics of graphite in the purification
process. XRF analysis spectroscopy was
performed on the samples at each stage of the
graphite purification. To test the content of each
oxide impurity in the composition, the fixed
Carbon Content (GC%) of the graphite samples
was employed as the main basis for judging the
purification effect of graphite. According to the
graphite chemical analysis method GB/3521-2008,
the fixed carbon content of the graphite samples
obtained during the experiment was determined.
The purity of graphite enhanced with the increasing
GC%, demonstrating that the purity of graphite,
was effectively improved.

3. Results and Discussion
3.1 Characterization

The XRF, XRD, and SEM were employed to
present the characters of the graphite samples at
each stage. The proportion of ingredients of the
samples were shown in Table 1. It is clear that the
two-step method of introducing additives has a
significant effect on the graphite purification,
which can make the carbon content of the graphite
reach 99.9621%.

Table 1. Carbon content of purified graphite after different process conditions.

C% Si02% Fe,0:% ALO3% CaO% MgO% Others
A 94.8057 2.9566 0.3584 1.3997 0.1906 0.1389 0.1501
B 98.7931 0.6384 0.1551 0.3218 0.0339 0.0231 0.0346
C 99.7669 0.0721 0.0526 0.0886 0.0126 0.0033 0.0039
D 99.9621 0.0298 0.0012 0.0027 0.0015 0.0009 0.0018

According to the results from Table 1, the main
impurities in the graphite raw material A were SiO»,
Fe,03, AlLOs, and other oxides. The carbon content
of the graphite sample B after the alkali fusion
treatment was 98.7931%; there are still many
impurities in the graphite, presenting that the
impurities cannot be removed by only a one-step
alkali fusion treatment. The purity does not meet
the standards of the high-purity graphite, which has
a carbon content of more than 99%. Under the
optimal acid leaching process conditions, the
carbon content of the graphite sample C reached
99.7669%. After acid leaching, each element
decreases with acid leaching and water leaching.
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The purity of graphite has been greatly improved,
but it still has not reached the pre-set target
(99.95%). The carbon content of the graphite
sample D was obtained after introducing additives
using a two-step method under optimal acid
leaching conditions. By adding ascorbic acid
during the acid leaching process and EDTA during
XRD, the water washing process, the content of
various metal elements in the graphite sample were
significantly reduced, and the carbon content of the
graphite reached 99.9621%. It was proved that the
two-step method of introducing additives had a
significant effect on the graphite purification [19].
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Figure 1. The XRD patterns of the graphite samples in four stages.

Figure 1 exhibits the XRD patterns of the
graphite samples in four stages, confirming that the
structure of the graphite is maintained well after
treatments. The graphite's crystalline structure
serves as the foundational basis for its excellent
performance characteristics [20]. In the process of
graphite purification, it is essential to strive for the
preservation of the integrity of the graphite
structure. As depicted in Figure 1, which illustrates
the XRD patterns of the graphite raw material and
graphite after acid leaching, these patterns offer
valuable insights. In the pattern of the raw material,
the higher the intensity of graphite diffraction
peaks indicated a larger graphite content, and a
well-defined crystallinity. After alkali treatment,
alkali fusion, and acid leaching, the number of
impurity peaks gradually decreased, while the
graphite diffraction peaks were still strong. This
result indicates that the acid leaching process has a
relatively minimal impact on the graphite
microcrystalline structure. Therefore, the basic
structure of graphite remains basically intact
during this purification process, and its excellent
properties can be maintained, while the impurities
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are removed. This method ensures the integrity of
the purified graphite, giving it the properties of an
indispensable material in a variety of industrial
applications. The results of the XRD patterns
demonstrate that the purification process
effectively removes the impurities without
damaging the underlying graphite structure [21].

Figure 2 (a, b) showed the SEM images of the
graphite raw materials, presenting that the large-
scale graphite had an obvious lamellar structure.
Additionally, there were many white spots on the
surface of graphite; these were the impurity
components in graphite. Figure 2 (c, d) showed the
SEM images of graphite after the only one-step
alkali fusion. It could be seen that there were still
many white spots on the surface of graphite after
the alkali fusion treatment; these were the salt
compounds remaining in graphite after the reaction
of the impurities in graphite and sodium hydroxide.
Moreover, the fixed carbon content of graphite was
only 98.79%, demonstrating that the further acid-
leaching treatment was needed for the graphite
purification [22].
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Figure 2. (a, b) The SEM images of the graphite raw materials. (c, d) The SEM images of graphite after alkali

fusion.

Figure 3. (a, b) The SEM images of graphite after the alkali fusion-acid leaching. (c, d) The SEM image of
graphite after a two-step process, aided by the introduction of additives in the alkaline acid method.

Figure 3 (a, b) showed that the SEM images of
graphite under the optimal conditions of alkali
fusing and acid leaching process. Compared with
Figure 2, the white spots on the surface of graphite
after acid leaching were significantly reduced, and
the purity of graphite was significantly improved.
Figure 3 (c, d) showed the SEM image of graphite
after purification by the two-step auxilium-assisted
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alkaline acid method, and the white spots on the
surface of the graphite almost disappeared
completely. These results proved that the graphite
was efficiently purified, and in accordance with the
fixed carbon content. Moreover, the microstructure
of graphite treated by this method was still lamellar,
indicating that the basic structure of graphite was
not destroyed.
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3.2. Selection of optimal conditions for acid
leaching

Since the acid leaching process would be
affected by many factors, a variety of parameter
ranges were designed to determine the best
optimization conditions. The specific values are
shown in Table 2, and the detailed are described in
the test method section. Different concentrations of
acid solution were mixed with graphite at a set
solid-liquid ratio (1:20). The experiment was
conducted at 80 C for 80 min. Based on the results,
the influence of the acid leaching concentration in
the acid leaching step on the graphite purification
was determined, and shown in Figure 4(a). When
the acid concentration was less than 1.5 mol/L, the
graphite purification effect was better with the
increasing acid concentrations. The optimized
purification effect of graphite was 99.45% with the
concentration of 1.5 mol/L. When the
concentration of the acid solution was larger than
1.5 mol/L, the fixed carbon content of the purified
product showed a downward trend with the
increase of the acid concentrations. When the
concentration of the acid solution was more than
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2.5 mol/L, the fixed carbon content of the purified
product decreased slowly, and the increase of
concentration had a little effect on the fixed carbon
content of graphite. As the acid concentration
increases, the metal precipitates generated during
alkali fusion react with the acid. The precipitate can
dissolve in the water and filter out, so the fixed
carbon content increased gradually. However,
when the concentration of hydrochloric acid
increased, there was a downward trend due to its
volatile character. Hence, the high concentration
could reduce the amount of reaction between the
acid and the metal ions, causing harm to the
environment. Moreover, the excess acid would
react with sodium silicate with the increasing acid
content, which was not completely removed during
the alkali leaching process[23]. This could result in
the formation of the polycrystalline silicic acid,
which tended to agglomerate. From an industrial
perspective, the high concentration of hydrochloric
acid could accelerate the corrosion of the
equipment, and also increase the amount of waste
liquid treatment. Therefore, 1.5 mol/L was used as
the acid leaching concentration through the above
results.

Table 2. Factors of optimal conditions.

Factors 1 2 3 4 5
Concentration /(mol/L) 0.5 1 1.5 2 2.5 3
Temperature/°C 35 50 65 80 95
Time/min 40 60 80 100 120
Liquid-to-solid ratio 1:10 1:15 1:20 1:25 1:30

The acid solution with a concentration of 1.5
mol/L hydrochloric acid was mixed with graphite
at a set of solid-liquid ratio of 1:20. Then the
reactions were carried out for 80 min at various
temperatures (35 'C, 50 'C, 65 °C, 80 °C, and 95 "C).
Subsequently, the influence of the acid-leaching
temperature on the graphite purification in the acid-
leaching step was determined, and shown in Figure
4(b). With the increasing acid-leaching reaction
temperatures, the fixed carbon content of graphite
increased firstly, and then decreased. When the
temperature was 65 'C, the fixed carbon content of
graphite was the highest of 99.64%, indicating the
purification effect. When the temperature was
lower than 65 °C, the fixed carbon content of
graphite increased with the increasing temperature,
which resulted from the inorganic reaction between
hydrochloric acid and the impurities. The reaction
rate accelerated as the temperature increased. The
higher temperature was beneficial to optimize the
purification effect, and improved the reaction
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efficiency. In Figure 4(b), when the temperature
was higher than 65 °C, further increasing the
reaction. The temperature could not improve the
purity of graphite, and was not conducive to the
removal of the impurities. This is because the
reaction that occured during the acid leaching process
was a reaction between the acid and metal hydroxide,
which was a typical exothermic reaction. According
to the principle of thermodynamics, increasing the
temperature could reduce the equilibrium constant of
the reaction, and promoted the reverse reaction,
hindering the removal of heterogeneous reactions
[24]. Moreover, as the acid leaching temperature
further increased, the dehydration of silicic acid in the
solution led to an increase in the formation of the rate
of the silicic acid colloid groups. The increase in the
insoluble silica gel and the system viscosity not only
produced a new insoluble matter, but also affected the
removal of the soluble salt impurities during the
subsequent washing processes. After the temperature
reached 65 °C, the temperature continued to increase,
which increased unnecessary reaction, energy



Lietal.

consumption, and affected the acid leaching
efficiency, reducing the purity of the graphite
obtained by acid leaching. Therefore, 65 'C was
selected as the optimal reaction temperature for the
acid leaching step.

Graphite was mixed with a 1.5 mol/L hydrochloric
acid solution at a fixed ratio. Then the reaction was
performed at 65 °C for the corresponding times (40
min, 60 min, 80 min, 100 min, and 120 min). The
influence of the acid-leaching time on the graphite
purification in the acid-leaching step was determined,
and the results were shown in Figure 4(c). When the
acid leaching time was less than 60 minutes, the fixed
carbon of the graphite samples increased with the
increase in the acid leaching time. After more than 60
minutes, the fixed carbon first remained stable, and
then decreased slightly. When the acid leaching time
was prolonged within a certain range, the contact time
between hydrochloric acid and the metal precipitate
was more sufficient, which was conducive to the
complete reaction, so the fixed carbon was increased,
and the reaction effect was better. However, the acid
leaching time is too long, and the reaction in the acid
solution was completed; blindly prolonging the
reaction time would make the water leaching process
residue of the metasilicic acid slowly deposited down,
forming a multi-molecule silicic acid colloid that was
not easy to remove, affecting the purification effect.
The excessive increase in the reaction time would
make the equipment immersed in a strong acid
solution for a longer time, resulting in a serious
corrosion of the equipment, and would also prolong
the production cycle, and reduce the utilization rate
of the equipment [25]. Increasing the acid-leaching
reaction time could improve the purification effect,
but the purification effect of graphite could be
improved infinitely. Considering the purification
effect and the production cost, the acid leaching time
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was determined to be 60 minutes, and the fixed
carbon content was 99.77%.

When other conditions were determined, the
purification effect could be further explored by
changing the solid-liquid ratio. According to the
results, the effect of the liquid-solid ratio in the acid-
leaching step on the graphite purification was
determined, and the experimental data and rules were
shown in Figure 4(d). The results showed that the
fixed carbon content of graphite after acid leaching
increased first, and then flattened with the increasing
ratio of acid to graphite. When the liquid-to-solid
ratio was lower than 20:1, as the acid ratio increased,
the dispersion effect of graphite in the acid solution
was better. The leaching reaction was more complete,
so the fixed carbon content also increased, and the
graphite purity increased. However, when the liquid-
to-solid ratio exceeded 20:1, the amount of acid
reacting with graphite reached the maximum, and the
improvement in the graphite purity was negligible.
Further increasing the proportion of acid would only
cause a waste of resources, and was not conducive to
the subsequent water washing, and would further
intensify the corrosion of the equipment. Therefore,
after a comprehensive consideration, the liquid-solid
ratio of the acid to graphite was determined to be 20:1.

3.3. Simulation of orthogonal experiment by
response surface method

The simulation modelling was based on single-
factor experiments. The simulation parameters are
shown in Table 3, with a single-factor value as the
independent variable, and the fixed carbon content as
the evaluation indicator. According to the data in
Table 4, a quadratic polynomial regression model for
fixed carbon content was obtained by the Design-
Expert 8.0 software [25].

Y =99.75 + 0.0444 — 0.097B + 0.11C + 0.029D + 0.0354B + 0.045AC — 0.0025AD + 0.078BC
—0.0075BD + 0.012CD — 0.34A4% — 0.27B? — 0.17C? — 0.038D?

where, Y is the fixed carbon content, A is the
hydrochloric acid concentration, B is the temperature,
C is the time, and D is the liquid-solid ratio.

According to the results of the analysis of
variance (Table 4), the P < 0.001 of the regression
model indicates that the regression model is highly
significant; the P > 0.05 of the model mismatch
term indicates that the model mismatch is not
significant, and the regression model has a good fit.
Thus the above 4 factors have a significant impact
on the fixed carbon content from the P value; the
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order of influence on fixed carbon content is time,
temperature, acid concentration, and the liquid-
solid ratio.

P < 0.05 in the regression model of the fixed
carbon content indicates that the interaction of the
four regression terms is significant in the
regression model. The determination coefficient R’
and correction determination coefficient are close
to 1, indicating that the fixed carbon content fitting
the regression model has a high reliability.
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Figure 4. (a) Effect of the acid solution concentration on carbon content fixed in graphite. (b) Effect of the acid
leaching temperature on the carbon content fixed in graphite. (c) Effect of the acid leaching time on the carbon
content fixed by graphite. (d) Effect of the ratio of liquid to solid on the carbon content fixed in graphite.

According to the results of the regression model,
the Design-Expert 8.0 software was used to draw
the 3D response surface diagram of the interaction
effects of each factor. The response surface of the
cone diameter and the depth of embedment to the
effective depth are shown in Figure 5 (a). When the
acid concentration decreased from 2.5 mol/L to 0.5
mol/L; the fixed carbon content first increased, and
then decreased with the increase in the temperature.
When the temperature changed from low to high,
the fixed carbon content increased first, and then
decreased with the increase in the acid
concentration. As shown in the response surface
(Figure 5(b)) of time and the acid concentration to
a fixed carbon content, when the temperature was
from 40 'C to 80 'C, the higher the acid
concentration used, the fixed carbon content of
graphite first increased, and then decreased. As
shown in Figure 5(c), when the decrease in the
liquid-solid ratio, the graphite purity increases first,
and then decreases with the acid concentration, and
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the curve amplitude before and after the peak is the
same. As shown in Figure 5(d), when the time was
shortened from 80 min to 40 min; the purity of
graphite showed a trend of first increasing, and
then the decreasing with the temperature. When the
fixed carbon content began to decrease, the higher
the temperature, the greater the decrease. As shown
in Figure 5(e), when the liquid-solid ratio
decreased, the purity of graphite increased, and
then decreased with the temperature, and the higher
the temperature, the greater the reduction of the
graphite purity [26]. As shown in Figure 5(f), with
the decrease in the liquid-solid ratio and the
increase of time, the fixed carbon content of
graphite first increased, and then slowly declined
after reaching the peak value.

For the regression model of the ffixed carbon
content, the optimization function in the Design-
Expert 8.0 software was applied, taking the
maximum fixed carbon content as the condition.
The optimal parameters of the graphite purification
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were the hydrochloric acid concentration of 1.58
mol/L, the temperature of 66.96 "C, the time of
66.23 min, the liquid-solid ratio of 24.47:1, and the
maximum fixed carbon content of graphite was
99.78%. To verify the above simulation parameters,
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parameters. Taking 5 points in the test process; the
results (Table 5) showed that the average content of
fixed carbon in graphite was approximately
99.77%, which was in a good agreement with the
simulation result.

experiments were carried out under these
Table 3. Factors and levels in the design of Box-Behnken experiments.
Concentration of Temperature (B) Time - . .
Levels (A)/(mol/L) °C (°C)/min Liquid-to-solid ratio (D)
-1 0.5 50 40 10
1 65 60 20
1 1.5 80 80 30

Table 4. Design and results of the orthogonal test.

Concentration of . . Liquid-to- Fixed carbon
(A)/(mol/L) Temperature (B)/ Time (C)/min solid ratio (D) content/%

1 0.5 50 60 20 99.19
2 2.5 50 60 20 99.23
3 0.5 80 60 20 98.95
4 2.5 80 60 20 99.13
5 1.5 65 40 10 99.36
6 1.5 65 80 10 99.58
7 1.5 65 40 30 99.43
8 1.5 65 80 30 99.70
9 0.5 65 60 10 99.36
10 2.5 65 60 10 99.42
11 0.5 65 60 30 99.40
12 2.5 65 60 30 99.45
13 1.5 65 60 20 99.42
14 1.5 50 40 20 99.06
15 1.5 80 40 20 99.46
16 1.5 50 80 20 99.41
17 0.5 80 80 20 99.11
18 2.5 65 40 20 99.12
19 0.5 65 40 20 99.24
20 2.5 65 80 20 99.43
21 1.5 65 80 10 99.50
22 1.5 50 60 10 99.31
23 1.5 80 60 30 99.56
24 1.5 50 60 30 99.34
25 1.5 80 60 20 99.72
26 1.5 65 60 20 99.77
27 1.5 65 60 20 99.73
28 1.5 65 60 20 99.77
29 1.5 65 60 20 99.75
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Table 5. ANOVA of the quadratic polynomial model for a fixed carbon content.
Sum of

Source df Mean square F-value P
squares
Model 1.42 14 0.10 68.47 < 0.0001
A 0.023 1 0.023 15.83 0.0014
B 0.11 1 0.11 75.82 << 0.0001
C 0.15 1 0.15 98.18 << 0.0001
D 0.010 1 0.010 6.90 0.0199
AB 4.900E-003 1 4.900E-003 3.31 0.0902
AC 8.100E-003 1 8.100E-003 5.48 0.0346
AD 2.500E-005 1 2.500E-005 0.017 0.8984
BC 0.024 1 0.024 16.24 0.0012
BD 2.250E-004 1 2.250E-004 0.15 0.7024
CD 6.250E-004 1 6.250E-004 0.42 0.5262
A? 0.73 1 0.73 492.95 <<0.0001
B2 0.47 1 0.47 317.37 <<0.0001
C? 0.20 1 0.20 132.79 <<0.0001
D? 9.244E-003 1 9.244E-003 6.25 0.0255
Residual 0.021 14 1.479E-003
Lack of fit 0.019 10 1.863E-003 3.58 0.1152
Pure error 2.080E-003 4 5.200E-004
Cor Total 1.44 28

@ -

Fixed carbon content

— - N C: Time e~ %

Fixed carbon content

D Liquidto-solid atio __
1500 — B: Temperature

()

Fixed carbon content

Fixed carbon content

: Liquic-to-s0iid ratio N e D: Liquid-to-sokid ratio

B: Temperature e C: Time

Figure 5. (a) Interaction effect of the response surface of A and B. (b) Interaction effect of the response surface of
A and C (c) Interaction effect of the response surface of A and D. (d) Interaction effect of response surface of C
and B. (e) Interaction effect of the response surface of D and B. (f) Interaction effect of the response of the
surface of D and C.
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Table 6. Repeated experimental data.

Frequency Fixed carbon content/%
1 99.77
2 99.78
3 99.76
4 99.77
5 99.78
Mean 99.77

3.4. Selection of additives

Based on the above experiments, the best
process for purifying graphite by the alkaline-acid
method during acid leaching was explored. Mix the
acid solution with a concentration of 1.5 mol/L
hydrochloric acid and graphite according to the set
of solid-liquid ratio, and then react at 65 "C for 60
minutes. This process could increase the graphite
purity to 99.77%. In the above experiment, the
impurities in the graphite could fully react with the
acid by improving the process conditions to
generate chloride, which improved solubility in
water. However, the purity of graphite was still
lower than the expected standards. During the
process, the metal ions were hydrolyzed to form gel
groups during the subsequent washing process.
These gel groups still retained in the graphite in
other forms, resulting in a poor impurity removal
effect. Therefore, the following experiments
explored the possibility of introducing additives to
further optimize the graphite purification process.

Iron existed in a solution in the form of ferrous
and ferric ions. The hydrolysis of the iron ions
yielded iron hydroxide with a Ksp of 4.0 x 107,
while the hydrolysis of ferrous ions yielded ferrous
hydroxide with a Ksp of 8 x 107'°. Therefore, the
difference between these results depended on the
different pH conditions for a complete hydrolysis
and precipitation. The requirement of not
hydrolyzing the iron ions to precipitate was pH <2;
ferrous ion did not hydrolytic precipitation; it
requires a solution pH < 6, indicating that the iron
ions only existed in a solution of high acidity. With
the progress of the washing step in the acid-
leaching process, the pH in the solution was
difficult to maintain in a state of high acidity. The
hydrolysis of the iron ions to form precipitates that
would affect the removal of the iron elements. The
presence of a reducing agent in the solution could
reduce the iron ions to ferrous ions; the acidity
requirements in the solution would be reduced, and
the stability would be greatly enhanced [26]. The
ascorbic acid (vitamin C) crystalline powder is a
high-quality reducing agent, which is commonly
used in laboratories. It is easily soluble in water,
and has a strong reducing power. The addition of
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ascorbic acid could help the iron compounds to be
fully washed away during water washing, thereby
improving the purity of graphite.

The disodium of EDTA was considered to be
one of the strongest chelators. Disodium EDTA is
a colorless and water-soluble organic compound.
As a polydentate ligand, EDTA disodium had six
coordination sites, which could stably coordinate
with the metal ions to form a complex. It showed a
strong stability and selectivity, and was widely
used in the fields of medicine and environmental
protection. Especially, the EDTA sodium salt could
be used as a complexing agent, and can complex
almost all the metal ions into stable complexes that
are not easily decomposed. This can prevent the
metal ions from hydrolyzing into the water-
insoluble substances, effectively improving the
water leaching properties [27]. After reacting with
acid, the impurities in graphite could be removed,
and the purification effect was improved. Both
auxiliaries can help reduce the energy consumption
and costs, so the used locations of the two single
auxiliaries were experimentally explored, and the
used locations and dosages of the auxiliaries were
determined through data analysis (Figure 6).

Several of the columns in Figure 6 (a) are a-
graphite purification without additive. b- addition
of ascorbic acid during acid leaching. c- addition of
ascorbic acid during water leaching. d- addition of
EDTA during acid leaching. e- addition of EDTA
during water leaching. In Figure 6 (a), the
introduction of ascorbic acid and EDTA could
effectively improve the purity of graphite.
However, adding ascorbic acid as a reducing agent
only could affect the iron content in graphite, while
EDTA could coordinate a variety of the metal ions
into stable complexes. Hence, the overall effect of
EDTA was better than ascorbic acid. The purity of
the graphite-added ascorbic acid in water leaching
was lower than that in acid leaching because some
iron ions had been hydrolyzed, resulting in an
insufficient action of the reducing agent to
completely reduce the iron ions to ferrous ions.
Adding EDTA during acid leaching could increase
the complexing time of the metal ions, and avoid
hydrolysis of the metal ions to form gel deposition
during acid leaching, and the subsequent suction
filtration. Adding the EDTA sodium salt as an
auxiliary agent during the acid leaching process
was the best method among these sets of single
auxiliary experiments. The graphite purity could be
increased from 99.77% to 99.91%, but was still
lower than the target of the 99.95% graphite purity.
Therefore, the way of introducing dual additives
during the acid leaching process was further
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explored. The results were shown in Figure 6 (b).
Several of the columns in Figure 6 (b) are a-
graphite purification without additives. b- addition
of mixed additives during acid leaching. c- addition
of mixed additives during water leaching. d-
addition of EDTA during acid leaching followed by
ascorbic acid during water leaching. e- addition of
ascorbic acid during acid leaching followed by
EDTA during water leaching. In Figure 6 (b), the
effect of adding two additives at the same time on
further improving the purity of graphite was
negligible; even a lower than the single additive
was used because ascorbic acid and disodium
EDTA could form the EDTA-VC complex with a
1:1 molar ratio. Furthermore, this complex was
stable, and protected ascorbic acid from the
oxidative damage. This consumed the amount of
EDTA, and reduced the required reducing
properties of ascorbic acid. This method of adding
two additives in one step did not make any sense
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Carbon Content (%)
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99.7
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for the graphite purification. The results showed
that adding ascorbic acid to acid leaching, and the
EDTA sodium salt to water leaching were better
than the other methods, and could successfully
increase the graphite purity to 99.96%. This
addition method first converted Fe*" into Fe*", and
reduced the hydrolysis of the iron ions. The
subsequent addition of EDTA could coordinate a
variety of ions including the ferrous ions into stable
complexes that were easily soluble in water. The
effects and advantages of the two additives could
be exerted at the same time to minimize the
hydrolysis of the metal ions. This further optimized
the graphite purification effect, and improved the
subsequent graphite washing efficiency. Adding in
steps also avoided the negative effects caused by
the reaction of the two additives, which is an
effective method. Furthermore, the exact value of
the appropriate amount of additives through the
control variable method was explored.

(b)

100.0
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Figure 6. (a) Effect of the single additives on the fixed carbon content of graphite (b) Effect of two additives on
the fixed carbon content of graphite. (c) Effect of the amount of ascorbic acid on the carbon content fixed in
graphite. (d) Effect of the amount of EDTA on the carbon content fixed in graphite.

The above experiments were conducted under
fixed alkali leaching conditions, and the optimal
process conditions for acid leaching were also
determined. In this experiment, under certain water
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immersion conditions, the amount of ascorbic acid
added during the acid leaching process of 1.2 g, the
alkali fused graphite was tested, as shown in Fig 6
(c). The results show that as the amount of
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additives increased, the fixed carbon content of
graphite also increased. When 0.4 g of ascorbic
acid was added, the fixed carbon content curve of
graphite appeared as a plateau, indicating that
increasing the amount of the agent would not
continue to improve the purification effect of
graphite [28]. Therefore, 0.4 g of ascorbic acid was
selected as the optimal dosage for the first step of
the two-step introduction of additives. After
determining that the amount of additive introduced
in acid leaching was 0.4 g; the impact of the
amount of EDTA on the graphite purification was
further explored through experiments. The amount
of EDTA added to the aqueous immersion solution
was tested with other condition constants (Figure
6(d)).

The results showed that when the amount of
EDTA was lower than 0.3 g, the fixed carbon
content of graphite increased with the increase in
the additive mass. However, when the dosage was
larger than 0.3 g, the fixed carbon content of
graphite presented a negligible change, indicating
that 0.3 g of EDTA was the optimized content to
coordinate to the impurities in the solution.
Continuing to enhance the dosage of EDTA would
lead to the waste of medicines, and increased costs.
Hence, the optimal conditions were adding 0.4 g
ascorbic acid during the acid leaching process, and
adding 0.3 g ascorbic acid during the water
leaching process. The fixed carbon content of the
graphite obtained by this process reached larger
than 99.96%.

4. Conclusions

In summary, through the control variable
method experiment and the Box-Behnken
experiment, the best process conditions for the
purification of acid-leaching graphite were
explored. The control variable method experiments
confirmed that the fixed carbon content of graphite
could reach 99.77% when the liquid-solid ratio of
the acid solution to graphite was controlled to be
20:1. The additives of ascorbic acid and EDTA
could improve the purity of graphite. The two-step
method of adding ascorbic acid (0.4 g) during the
acid leaching process and adding EDTA (0.3 g)
during the water leaching process had the best
effect. The fixed carbon content of graphite could
reach 99.96%, reaching the expected graphite
purity target. The characterization results proved
the fundamental structure of graphite remained
largely intact during this purification process. At
last, the Box-Behnken experiment was
scientifically verified by both the single-factor and
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multi-factor experiments. As a result, presenting
that the two-step assisted acid leaching method
explored in this work was an effective method. It
was an effective new process to further improve the
purity of graphite based on the traditional alkali-
acid method.
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