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Abstract: The photovoltaic industry generates large amounts of waste graphite (WG) that contains
useful metals that can be recycled into high-value products. This study elucidated the impurity
elements and their existence states in WG, analyzed and verified the source of the main impurity
phase SiC, and determined the SiC content to be 4.66%. WG was purified using an alkaline-acid
method, whose optimal process parameters were a solid alkali ratio of 3, calcination temperature
of 600 °C, calcination time of 120 min, HCI concentration of 1 M, and acid leaching time of 40 min.
Under these conditions, a graphite product with a fixed carbon content of 98.45% was obtained.
Impurities were determined to migrate via three pathways: (1) Most main elements (Al, K, and
Si) in silicates were removed by alkaline roasting, while the remaining elements were dissolved in
acid. (2) Impurities containing metal elements such as Fe, Mg, Ca, and Zn were decomposed in
NaOH to form hydroxides or oxides that were dissolved in HCL. (3) Silicon carbide impurities were
removed by the alkaline-acid method without decomposition and often existed with graphite in the
acid-leaching slag.

Keywords: alkali-acid method; graphite; purification; impurity migration

1. Introduction

Due to their chemical inertness, corrosion resistance, strength, and conductivity,
graphite and graphite-derived materials are used in the chemical industry, portable elec-
tronics, aerospace, and metallurgy [1-3]. Due to the increasing application of graphite, it is
inevitable to produce a large amount of graphite waste. Due to the excellent properties of
carbon [4-6], graphite is used to manufacture key upstream equipment in the solar photo-
voltaic power generation industry chain [7-9]. Wu [10] pointed out that graphite products
are necessary for the development of the photovoltaic industry. Improving the quality
of graphite products and reducing the production cost is the key to greatly improve the
photoelectric conversion efficiency of the photovoltaic industry [11-14]. The photoelectric
conversion efficiency of solar cells largely depends on the purity of silicon wafers [15-17],
which depends on the purification environment of the crystalline silicon-graphite crucible
during purification. If the purity of graphite is low, the crystalline silicon drawing environ-
ment will become polluted, and the quality of the wafer cannot be guaranteed, which may
diminish the efficiency of solar cells [18-20].

Graphite products play a key role in the development of photovoltaic technolo-
gies [21,22], including the manufacture of polysilicon raw materials, the drawing of
monocrystalline silicon rods, and the casting of polysilicon ingots. Because graphite
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materials have excellent density, hardness, compressive strength, high-temperature resis-
tance, high-pressure resistance, corrosion resistance, good electrical conductivity, and stable
performance, they can be made into silica-graphite crucibles used during the purification
of polysilicon and silicon rods [23-27]. Therefore, it is necessary to regenerate and pu-
rify waste graphite generated in the photovoltaic industry. Various methods have been
used to accomplish this, including froth flotation, hydrometallurgy, pyrometallurgy, air
elutriation, gravity separation, magnetic separation, electrostatic separation, microwave
irradiation, carbochlorination, flushing processes, and electrochemical processes [28-30].
Among these, acid leaching is the most effective method for removing metal oxides and
has been implemented in some industrial plants. For example, graphite products (a fixed
carbon content (FC) of 99.0%) have been obtained from graphite flotation concentrate
through an acid leaching method that removed Fe- and Al-bearing impurities. To realize a
high impurity removal efficiency (RE), it is necessary to investigate the impurity removal
mechanism beyond process parameter optimization [31-33]. Nevertheless, there have been
few scientific investigations into uncovering the migration of common impurities in waste
graphite powders [34].

In this study, the waste graphite from crucibles used for photovoltaic crystal pulling
was first purified by an alkali-acid method, and the experimental parameters were opti-
mized to develop the best purification process. The occurrence state of impurity elements
and their decomposition mechanisms during purification were determined. The impu-
rity migration mechanism can be extended to assist in the purification and reuse of other
solid wastes.

2. Materials and Methods
2.1. Materials and Chemicals

In this study, WG was obtained from the waste graphite crucible used for photo-
voltaic single-crystal pulling. It was crushed and sieved to below 200 mesh and com-
pletely dehydrated before experiments. Deionized water was used in all experiments, and
other reagents included hydrochloric acid (analytical purity from Cologne Chemicals LTD,
Chengdu, China) and sodium hydroxide (analytical purity from Cologne Chemicals LTD).

The morphology and microstructure of the samples were observed by a field emis-
sion scanning electron microscope (FEI QUANTA 200, Waltham, MA, USA). Mastersizer
(Winner 2008 A, Malvern Panalytical, Malvern, UK) was used to measure the particle size
distribution of WG. The concentration of impurity elements was determined by inductively
coupled plasma-atomic emission spectrometry (ICP-AES, OPTIMA 8000, PerkinElmer,
Waltham, MA, USA). Phase analysis by X-ray diffractometer (PANalytical Empyrean Nano,
Malvern, Malvern, UK). X-ray photoelectron spectroscopy (PHI5000 Versaprobe 111, Tokyo,
Japan) was used for structural analysis and chemical bond study. Fourier infrared spectrom-
eter (Nicolet i510, Thermo Fisher Scientific, Waltham, MA, USA) was used for functional
group analysis. Impurity elements in the raw materials were determined by two differ-
ent methods: the acid dissolution method and the alkali dissolution method. The acid
dissolution method used a mixture of hydrochloric acid and nitric acid to dissolve metal
impurities. The contents of Na,O and SiO, were determined by alkali solution method at
320-340 °C. Finally, the impurity element contents measured by both methods were taken
as the impurity element contents in the raw material.

2.2. Purification Methods of WG Powders

Purification procedures included alkali roasting, water washing, and acid leaching.
First, a mixture of NaOH and raw material (10.0 g) was roasted in a laboratory muffle
furnace for 3 h. Next, the roasted material was washed to neutrality (pH 7) with deionized
water to remove soluble products and excess alkali agents. The filtrate was then collected
and analyzed using ICP-OES and AAS, and the washed material was treated with HCl in a
glass beaker for several hours to remove any remaining impurities. Finally, the acid-treated
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material was washed to pH 7 and dried. The filtrate was collected and analyzed using
ICP-OES and AAS.
The mass of impurity in the filtrate was calculated using Equation (1):

v
=X 1
mi= i M
where ¢; (g/mL) means the concentration of impurity i in the filtrate; v (mL) is the filtrate
volume (mL); mg (g) is the mass of raw materials used in each process; m; (g)is the mass of
impurity i in the filtrate.
The impurity removal efficiency (RE) was calculated using Equation (2):

Myj

RE; =
My

@)
where m,; (g) is the mass of impurity i removed from the alkali-acid method process; 1;; (g)
represents the mass of impurity i in the waste graphite powder.

Figure 1 shows a flow chart of the alkali-acid experiment. The waste graphite powder
and sodium hydroxide were mixed in a graphite boat and roasted in a furnace under the
protection of argon. The obtained calcined slag was ground and crushed using an agate
mortar to obtain the calcined product, which was then washed with water. The washed
sample was filtered to obtain a water-washing solution and water-washing slag and finally
subjected to acid-leaching treatment. After separating the acid-leaching solution and the
acid-leaching residue, the sample treated by the alkali-acid method was obtained.
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Figure 1. Schematic diagram of the alkaline-acid method experimental process.

3. Results and discussion
3.1. Analysis of Impurity Element Contents and Occurrence State of Raw Materials

Chemical composition analysis of raw materials showed the presence of various metal
impurity elements, whose contents are shown in Table 1. The raw materials contained metal
impurities such as Al, Ca, Fe, Zn, Mg, Na, Ni, Si, and Ti. Due to the low content of impurity
elements, it was impossible to determine the occurrence form of impurity elements through
direct detection. Therefore, we analyzed the source of waste graphite first.
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Table 1. Chemical composition analysis of WG.
Element Si Fe Al Mg Zn Ni Ti Ca Na
content g 533 2290 509 388 3235 459 51.99 3225 4576
(mg/Kg)

Coal analysis techniques were carried out for raw materials, and the results are shown
in Table 2. M,q stands for moisture, and it was low, less than 0.1%, because WG was
sufficiently dried prior to testing. V,q stands for volatile matter, which is mainly derived
from organic impregnators used in isostatic pressing process, with a content of 0.88%. A,q
stands for ash, with content up to 5.93%, and is mainly composed of various impurities. The
waste graphite was initially used in the graphite crucible devices used in a monocrystalline
silicon crystal drawing furnace. Since the monocrystalline silicon rod was sliced to produce
solar cells in a later stage, the purity of the devices used in the furnace was very high.
Some of the literature has shown that the graphite crucible used in single-crystal furnaces
is isostatic graphite, which is obtained from petroleum coke/pitch coke/natural graphite
and other raw materials through kneading, roasting, impregnation, and graphitization.
Because the isostatic process is a physical process, the probability of introducing impurities
is very low. Any foreign substances introduced during the impregnation process are
usually organic substances, which will be decomposed and removed in the form of volatile
substances during graphitization due to the high temperature. Some impurity elements in
the ash will also be removed during the graphitization process. A literature review showed
that the main impurities in natural graphite are aluminosilicates, particularly feldspar or
mica minerals. In petroleum coke, silicon and aluminum primarily exist in sand in crude
oil and enter petroleum coke during the coking process. The main components of sand
are mica, feldspar, and quartz, so the elements of natural graphite and petroleum coke
(5i, Al, Ca, Mg, and Na) come from the above minerals. Therefore, regardless of what is
used as a raw material to prepare isostatic graphite, the above impurities will inevitably
be introduced. The graphitization temperature is about 2500 °C, while the boiling point
of aluminosilicates is about 2750 °C. Therefore, they cannot be completely removed when
using only graphitization, resulting in some remaining impurities.

Table 2. Analysis of a set of WG coal samples.

Materials \Y I Vad Aad FC
WG <0.1 0.88 5.93 93.09

In the XRD pattern of waste graphite (Figure 2a), only peaks of C and SiC were
observed, with no characteristic peaks of other impurity elements because their contents
were lower than the XRD detection limit. Then, waste graphite was roasted in the air at
800 °C so that all the C escaped as CO,, which increased the proportion of impurity phases.
The roasted ash was then analyzed by XRD (Figure 2b). In addition to SiC impurities in
Figure 2a, there were also hematite and silica impurities. Semi-quantitative XRD analysis
of waste graphite ash was conducted to roughly predict the proportion of each phase.
The results showed that the ash contained 78.8% SiC impurities, 10.2% hematite, and
9.1% silica. Other impurity elements existed as feldspar or metal oxides from previously
described sources.

The ash content of the waste graphite raw material was analyzed through SEM and
EDS, as shown in Figure 3. Waste graphite contained various impurity phases, including
feldspar, hematite, magnesium oxide, silicon dioxide, and silicon carbide. Analysis showed
that feldspar, hematite, silicon dioxide, and other impurities were less homogeneously
distributed and attached to impurity phases with silicon carbide as the main body. However,
they were not embedded between each other and silicon carbide, so they were likely easier
to remove.
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Figure 2. XRD Analysis: (a) raw material XRD, (b) ash XRD.
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Figure 3. SEM-EDS analysis of waste graphite ash. (1: EDS at point 1 in the figure, 2: EDS at point 2
in the figure, 3: EDS at point 3 in the figure).

Analysis of the waste graphite raw material showed that it was high-purity when
used as a crucible during photovoltaic crystal drawing. Silicon carbide does not exist in
nature, so it could not have been introduced during the isostatic pressing, suggesting that it
was introduced during crystallization. A schematic diagram of the single-crystal furnace is
shown in Figure 4. According to the literature report and experiments, the polycrystalline
silicon is heated to the melting point of silicon in the high-purity quartz crucible during
crystallization. Then, monocrystalline silicon is prepared by the traction of the seed crystal
rod. Because silicon undergoes a disproportionation reaction during this process, as shown
in Formulas (4) and (5), the generated SiO reacts with the graphite crucible to generate SiC.
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Figure 4. SiO concentration in single-crystal silicon furnace and mechanism of silicon carbide
formation in a graphite crucible.

To verify this hypothesis, a simulation experiment was carried out in the laboratory.
Because the long crystal process is not involved in the theoretical analysis, it was not
considered in the simulation experiment. In the simulation experiment, polysilicon was
placed in a high-purity quartz crucible and placed into an induction furnace and heated to
1500 °C for 3 h (the quartz crucible and graphite crucible did not contact other parts of the
furnace except for their bottom surface). A schematic diagram is shown in Figure 4. After
cooling in the furnace, the graphite crucible was removed and broken. SEM-EDS analysis
was performed on the side wall of the graphite crucible. The analysis found a large amount
of SiC in the inner wall of the graphite crucible. These experimental results verified our
hypothesis, showing that the SiC impurities in the graphite raw material were introduced
during crystallization.

3.2. Impurity Traceability and Content Determination of Silicon Carbide

First, the raw material was dissolved in an alkali reagent, and impurities such as silicon
dioxide and silicates were dissolved and measured. Then, acid dissolution was performed,
and metal oxides were dissolved using aqua regia and then measured. Insoluble substances
included only graphite and silicon carbide. Then, the twice-dissolved samples were roasted
under an air atmosphere, allowing all graphite in the raw material to escape in the form of
carbon dioxide. It was assumed that the only remaining product was silicon carbide. Then,
the carbon content was measured using a carbon sulfur analyzer, and the silicon carbide
content was determined.

The data in Table 3 were obtained from the carbon and sulfur analysis of the ash of
raw materials after calcination in the air. As mentioned earlier, graphite in the feedstock
completely escaped as carbon dioxide, so the remaining carbon existed as silicon carbide.
As the relative atomic mass of carbon is 12, and the relative atomic mass of silicon is 28,
the mass fraction of silicon carbide was 78.615%, which is close to the semi-quantitative
XRD analysis of waste graphite ash. According to the analysis of one group of coal, ash
accounted for 5.93% of the raw material, so silicon carbide accounted for 4.66%. There
was a discrepancy with the alkali-acid purification experiment. Most of the SIC exists
on the surface of the raw material, so there is uneven distribution, eventually leading
to uneven sampling leg. Grinding large samples after mixing produced inhomogeneous
samples, requiring a sampling process to determine the mass fraction of silicon carbide and
purification efficiency.
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Table 3. Analysis of carbon and silicon carbide content in waste graphite ash.

Test Quality (g) C SiC
0.1020 g 26.66% 4.74%
0.0573 g 25.75% 4.58%

3.3. Effect of Purification Parameters on the Removal Efficiency of Impurities
3.3.1. Effect of Alkali Roasting Parameters on Purification Efficiency

The effects of the mass ratio of graphite to sodium hydroxide, calcination temperature,
calcination time, hydrochloric acid concentration, acid leaching time, liquid—solid ratio,
acid leaching temperature, and other factors on the content of rare earth (RE) impurities
were studied. As a higher RE indicates a higher FC of graphite, the FC of the graphite
product was used as an indicator of the RE content.

Chemical analysis of graphite raw materials showed that the main impurity elements
were silicon, iron, aluminum, and calcium. The main impurity, silica, has strong acid
resistance and does not react with acids except for HF. However, it can react with alkali
agents at high temperatures to produce silicates, which can be removed. Ordinary alumina
can generally react with strong acids and bases, but «-Al,O3 has dense hexagonal packing
that provides good resistance to both acids and bases. However, it can react with molten
alkali agents. Alkali melting is the most critical step in the purification of graphite by the
alkali-acid method. Relevant studies have found that many alkaline substances react with
impurities in graphite, and using more alkaline agent more thoroughly removes impurities.
Considering that the molten alkali needs to react with impurities in graphite, sodium
hydroxide is selected as the additive, which has the advantages of low melting point and
high alkalinity, and the generated salts can be removed by reacting with hydrochloric
acid. Because impurities are widely distributed throughout graphite during purification,
to ensure the complete removal of impurities, the amount of sodium hydroxide needs to
be strictly controlled. Too little sodium hydroxide leads to an insufficient reaction with
impurities. Moreover, molten sodium hydroxide cannot selectively contact impurities
during the reaction and will diffuse inside the graphite and fully react with impurities.
To ensure that sodium hydroxide completely wraps the graphite, only sufficient sodium
hydroxide should be added, which might result in gasification loss. Therefore, excessive
sodium hydroxide is necessary, but this increases costs and also adds an unnecessary
workload during subsequent acid leaching. Therefore, it is necessary to determine the
appropriate amount of sodium hydroxide using a single-factor experiment (Figure 5a).

As can be seen from Figure 5a, the amount of sodium hydroxide significantly affected
the purification effect of graphite. The fixed carbon content of graphite increased from
93.09% to 97.35% upon increasing the amount of sodium hydroxide. However, the curve
became increasingly smooth, and the fixed carbon content eventually remained unchanged
upon further increasing the amount of sodium hydroxide because most impurities were
completely removed [34,35]. Further increasing the sodium hydroxide amount will affect
the dissolution of sodium silicate during subsequent leaching because it will remain in
the graphite after washing. During acid leaching, residual sodium silicate will generate
silicic acid, which easily forms colloids. However, no more impurities can be removed, thus
affecting the purification effect of graphite, as shown in Equation (3). Instead, excess sodium
hydroxide reduced the fixed carbon content of graphite. Therefore, a graphite:sodium
hydroxide ratio of 3 was selected as the base condition for subsequent experiments.

NaySiO3 — 2Na™ + SiO52~ (3)

Figure 5b demonstrates the effect of roasting temperature on the FC of graphite
products. The graphite FC increased appreciably upon increasing the temperature from
300 °C to 600 °C, reaching a maximum FC at 700 °C because the chemical reaction rate
increased rapidly with the temperature. However, the reaction extent and graphite FC
decreased at temperatures higher than 700 °C, as shown in Equations (4) and (5) [36]. These
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silicate products were challenging to remove using water or HCL. Therefore, the optimal
roasting temperature was 600 °C.

6NaOH + 3Al,03 4 65i0y + 2H,0 — 3Nay0-3A1,03-65i05-4H,0 4)

3Al,03 +25i0, — 3Al,035-25i0, (5)

As can be seen from Figure 5c¢, the roasting time significantly changed the graphite
purification effect. The fixed carbon content increased gradually before 60 min but increased
slowly between 60 min and 120 min and then remained basically unchanged. This was
because the impurities in graphite reacted completely with sodium hydroxide by 120 min,
and no additional impurities could be removed. Therefore, 120 min roasting time was used
in subsequent experiments.
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Figure 5. Alkali roasting and purification efficiency under different conditions ((a) solid alkali ratio,
(b) temperature, (c) time).

3.3.2. Effect of Acid Leaching Parameters on Purification Efficiency

The reaction of hydrochloric acid with graphite impurities after alkali roasting is a
liquid-solid reaction that generates soluble compounds and can be approximately regarded
as an unreacted core model. Therefore, there are two main factors affecting the acid-leaching
effect: the diffusion rate of hydrochloric acid and the reaction rate of hydrochloric acid with
impurities. The concentration of hydrochloric acid affects both rates. Therefore, to study
the effect of hydrochloric acid concentration on graphite purification by the alkali-acid
method, WG was leached with different acid concentrations.

Figure 6a shows that below 1.0 M HCI, graphite’s fixed carbon content gradually
increased and remained unchanged above 1.0 M. Upon increasing the HCI concentration,
the molar concentration difference of HCI on the surface of the hydrochloric acid solution
and impurity solids became larger. The diffusion rate of HCl also became larger, which
allowed the surface impurities to react more fully with HCI, thus improving the removal
rate of impurities in graphite. Therefore, upon increasing the HCI concentration, the
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graphite fixed carbon content gradually increased. A higher concentration of hydrochloric
acid also led to a poor purification effect because of the following two points:

1. The volatility of concentrated hydrochloric acid led to the partial loss of hydrochloric
acid. Increasing the concentration also reduced the liquid—solid ratio, which affected
the reaction of impurities with hydrochloric acid, and ultimately reduced the graphite
fixed carbon content.

2. HCl reacted with the residual Na,SiO3 to form metasilicic acid, which hindered the
filtration effect and reduced the removal efficiency via Equation (6):

2H™ 4 Si032~ — H,Si03 (6)
(a) 60 (b) 45
98.8 - -
§98.6' ./ -(ﬁg :\; — & -'.U;\;*
£ 98.4 5 E 9801 55 &
2 = 3 £
g 98.2 4 d70 g g 160 2
£ 98.01 E 975 2
T = £ 465 &
% 97.84 {52 § >
= E B 97.01 70 g
B o761 23 2
= 974 195 ™ g4s s
97.2 . ' | ' . . . . . — 80
04 06 08 10 1.2 14 16 20 30 40 s0 60
Acid concentration (mol/L) Leaching time (min)

Figure 6. Influence of various factors during the acid leaching process on the purification efficiency.
((a) acid concentration, (b) time).

Figure 6b shows that the fixed carbon content of graphite gradually increased upon
prolonging the acid leaching time before 40 min. However, upon increasing the leaching
time beyond 40 min, the fixed carbon content decreased slightly. This was because the
impurity removal reaction was complete at about 40 min, and a longer reaction time led to
the formation and deposition of metasilicic acid. The formed silicic acid sol remained in
the graphite, which increased the content of impurities.

The impurities in WG were removed by the optimal alkali-acid method. Under a
solid—alkali ratio of 3, calcination temperature of 600 °C, calcination time of 120 min, HCl
concentration of 1 M, and acid leaching time of 40 min, the graphite product with a fixed
carbon content of 98.45% was obtained. A high-purity (99.9%) graphite product could not be
obtained because SiC impurities in WG were difficult to remove by the alkali-acid method.

3.4. Analysis of Products Purified by the Alkali-Acid Method

Figure 7 shows the Raman spectra of waste graphite, purified graphite, and commer-
cial graphite. The degree of graphitization of waste graphite was close to that of commercial
graphite, indicating that waste graphite may be used to prepare negative electrodes of
lithium-ion batteries. Compared with purified graphite, the waste graphite had a lower
D peak intensity and, thus, a lower Ip/Ig ratio. This shows that the original graphitic
structure was not destroyed during the removal of impurities. Amorphous carbon also
underwent graphitization during high-temperature roasting. Upon increasing the graphi-
tization degree, the lithium storage capacity will first decrease and then increase, and
the Coulombic efficiency will gradually increase. Compared with amorphous carbon,
graphitization increases the conductivity and can also promote the transport of lithium
ions, giving a lithium-ion battery more stable cycling. This indicates that after purification,
the graphitization degree of waste graphite was higher. The purification process improved
the purity of graphite and also increased the graphitization degree of raw materials, which
may improve their electrochemical performance when used as the negative electrode for
lithium-ion batteries.
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Figure 7. Raman spectra of different samples.

As shown in Figure 8, XPS analysis was carried out for the products treated by the
alkali-acid method, and it was found that only Si-C bonds existed in the treated products.
5i-O bonds in the raw materials disappeared after treatment. The reason is that silicates
and silicon dioxide in the raw materials reacted with the molten sodium hydroxide during
alkali roasting to produce soluble sodium salts that were then transferred to the aqueous
solution during washing. The presence of Si-C bonds indicates SiC impurities were present
in the roasted products, which could not be removed by alkali roasting or acid leaching
because of their acid and alkali resistance.

1400 1200 1000

800 600 400 200 O 1400 1200 1000 800 600 400 200 0

Binding Energy (ev) Binding Energy (ev)

Figure 8. XPS analysis before and after purification ((a) WG, (b) PG).

As shown in Figure 9, The infrared spectral analysis of the products treated by the
alkali-acid method showed peaks near 810 cem ™! (Si-C vibration), 1050 cm ™! (asymmetric
tensile vibration of Si-O-Si bonds), 1635 cm ™! (the bending vibration of water molecules),
and 650-850 cm~! (SiC). A C-H absorption peak appeared near 2900 cm~!, which was
generated by the vibration and rotation of C-H bonds. A strong absorption peak near
3400 cm ! was generated by the vibration and rotation of hydroxyl groups in organic
matter. By analyzing the products of the alkali-acid method, it can be found that the Si-C
vibration peak near 810 cm ! and the bending vibration of water molecules near 1635 cm !
still existed in the spectrum. However, the asymmetric tensile vibration peak of Si-O-5i
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bonds near 1050 cm ! in the calcined products spectrum disappeared because SiO, and
silicate minerals reacted with the alkali agent during alkali roasting and were removed
during washing. This is consistent with the XPS analysis.

— WG
—— Washing slag

653.01
834.88

3409.73
1403.41
1636.84

500 1000 1500 2000 2500 3000 3500 4000
Wave number(cm™)

Figure 9. Infrared analysis before and after purification.

As shown in Figure 10, SEM-EDS analysis of WG and PG showed that the main impu-
rity phases in WG were silicon dioxide, iron oxide, and silicon carbide. Most impurities
were distributed on the surface of graphite, and although the monomer dissociation was
low and there was some embedding, most were exposed in the outer layer without being
wrapped by graphite, allowing them to be easily removed. Comparing PG with WG shows
that after purification by the alkaline-acid method, all impurities except silicon carbide
impurities were removed, leaving only graphite. SEM images showed that there was no
significant difference between the typical laminar structure and surface morphology of
the final product and the initial graphite scrap, which still had a good laminar structure,
indicating that the graphite structure was well preserved during the washing process.

(b)

Figure 10. SEM-EDS analysis ((a) WG and (b) PG).
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3.5. Analysis of Impurity Element Migration during Removal

The above results showed that except for SiC impurities, all other impurities (feldspar,
silica, metal oxides, etc.) were removed by the alkali-acid method. However, it is necessary
to study the migration behavior of impurity elements during the purification process. As
shown in Figure 6a, the content of impurity elements (Si, Al, Na, K, etc.) in the product after
alkali roasting and water leaching was greatly decreased, while the content of Fe and Mg
impurities did not significantly decrease. Combined with the content of impurity elements
in the water-leaching solution, it can be found that during alkali roasting-water washing,
most impurities decomposed into soluble salts and then transferred to the liquid phase.
There was no obvious change in the iron impurity content because goethite was generated
during the alkali roasting of iron oxide via Formulas (7)—(11) [27], which was difficult to
remove during water washing.

KAISi30g +20H™ — K + AI*T +35i05%~ 4+ H,0 7)

Mg" + Fet + Fe3t + APT + Si03>~ + OH™ = (Mg, Fe*t), (AL Fet),. ®
Sis+010(OH)g + HyO

M"*(Fe**, Fe**, Zn®*, Mg*") + nOH™ — M(OH) ) )

Al,O3 +20H~ — 2AI0*™ + H,O (10)

Fe(OH), — FeO(OH) +2H,0 (11)

As shown in Figure 11b, the contents of Fe and Mg in the product after acid leaching
decreased significantly because impurities that could not be removed by alkali roasting
and water leaching were removed during acid leaching via Formulas (12) and (13) [28].

FeO(OH) +3H" — F** +2H,0 (12)
M(OH), + H" — M"" + H,0 (13)
2.0 1.8 ) 100
(] Original content \

1.89 Wl Residual content 15 1.6 4 *—y

1,64 —@— Removal efficiency :\“-: 1.4 ° 9

1.4 oy 1.2 =
g 1.0 § o 2
121 3 < 1.0 Z
£ 1.0+ 3 H o 150 %
s - S U071 * —_
< 0.8 g S e =

0.5 2 b 0.6 il Original content z

0.6 1 E N Residual content E

0.4 =4 0.4 4 —9— Removal efficiency ~

0.2 0.0 0.2 e

0.0- — = 0.0- g

Al Fe Mg Zn Na Ca Si Ni Al Fe Mg Zn Na Ca Si Ni
Element Element
(a) (b)

Figure 11. Purification efficiency of each element ((a) alkali roasting process and (b) acid-leaching process).

Based on the above data and discussion, the removal of impurities mainly followed
three mechanisms. The removal of Fe, Mg, Ti, Zn, and Ca followed the same chemical
principle in which impurities containing these elements initially decomposed at high
temperatures and reacted with NaOH to form hydroxides or oxides that dissolved in
HCI solution. Therefore, most Fe, Mg, Ti, Zn, and Ca impurities were removed during
acid leaching.
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The alkali-acid method process produces a large amount of wastewater, which requires
treatment. During purification, the wastewater from the alkaline roasting and washing
process is strongly alkaline, while the acid-leaching solution is strongly acidic. In addition,
the water extract and acid extract contain various metal ions and anions. The direct
discharge of this alkaline and acidic wastewater may seriously corrode relevant facilities
and cause serious water pollution. Coagulation provides a feasible method to treat these
wastewaters by mixing alkaline wastewater and acid wastewater. A neutral or near-neutral
solution can be obtained by controlling the mixing method. Different metal ions and anions
can be added to the coagulants. Therefore, impurities can be collected and removed from
the wastewater, thus further purifying it [37,38].

4. Conclusions

By investigating the purification of WG using an alkaline-acid method, several conclu-
sions were drawn, and the source of the main impurity phase silicon carbide in WG was
analyzed. It was found that during the crystallization process, Si and SiO; reacted to form
510, which further reacted with the graphite crucible to form SiC impurities attached to the
graphite crucible. Silicon carbide accounted for 4.66% of the waste graphite raw material.
Impurities in WG were removed using the optimized alkaline-acid method. Under a solid
alkali ratio of 3, a calcination temperature of 600 °C, a calcination time of 120 min, a HCl
concentration of 1 M, and an acid leaching time of 40 min, a graphite product with a
fixed carbon content of 98.45% was obtained. The migration of impurities followed three
pathways. Most of the main elements (Al, K, and Si) in silicates were removed by alkaline
roasting, while the remaining elements were dissolved in acid. Impurities containing metal
elements such as Fe, Mg, Ca, and Zn decomposed in NaOH to form hydroxides or oxides
that dissolved in HCI. Silicon carbide impurities were removed by the alkaline-acid method
without decomposition and often existed together with graphite in the acid-leaching slag.
In this study, the occurrence state and content of impurities of waste graphite used for
photovoltaic crystal drawing were analyzed, and the alkalic acid method was used to
purify the fixed carbon content from 93.09% to 98.45%. The trend of impurity elements in
the purification process was analyzed, which provided the basic theory for realizing the
high value utilization of waste graphite used for photovoltaic crystal drawing.
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