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A B S T R A C T   

This study aimed to investigate the effect of ultrasonic power and temperature on the impurity removal rate 
during conventional and ultrasonic-assisted leaching of aphanitic graphite. The results showed that the ash 
removal rate increased gradually (~50 %) with the increase in ultrasonic power and temperature but deterio-
rated at high power and temperature. The unreacted shrinkage core model was found to fit the experimental 
results better than other models. The Arrhenius equation was used to calculate the finger front factor and 
activation energy under different ultrasonic power conditions. The ultrasonic leaching process was significantly 
influenced by temperature, and the enhancement of the leaching reaction rate constant by ultrasound was mainly 
reflected in the increase of the pre-exponential factor A. Ultrasound treatment improved the efficiency of im-
purity mineral removal by destroying the inert layer formed on the graphite surface, promoting particle frag-
mentation, and generating oxidation radicals. The poor reactivity of hydrochloric acid with quartz and some 
silicate minerals is a bottleneck limiting the further improvement of impurity removal efficiency in ultrasound- 
assisted aphanitic graphite. Finally, the study suggests that introducing fluoride salts may be a promising method 
for deep impurity removal in the ultrasound-assisted hydrochloric acid leaching process of aphanitic graphite.   

1. Introduction 

The most common applications of graphite include electrodes of 
batteries/storage (34 %), refractories (20 %), lubricants (6 %), foundries 
(5 %), batteries (4 %), graphite shapes (4 %), recarburizing (1 %), and 
others (24 %) [1,2]. With an estimated 65 % share of global production 
in 2022, China emerged as the world’s largest graphite producer. The 
majority of China’s graphite output was in the form of flake graphite, 
which accounted for about 76 % of the production, while aphanitic 
graphite made up around 24 % [3]. It is anticipated that China’s reserves 
of graphite will be depleted within the next two decades [4]. The pu-
rification and enrichment of aphanitic graphite have become a subject of 
growing interest due to the ongoing consumption of flake graphite with 
superior washability [1,5–7]. Graphite beneficiation is primarily ach-
ieved through flotation (using various reagents, both conventional and 
column flotation) and leaching (which includes chemical leaching, 
roasting and leaching, and microwave methods) [1,8,9]. Ultrasound 
treatment shows promise for achieving better flotation results in mineral 

processing when compared to conventional flotation methods [10–14]. 
This is due to its ability to eliminate slime coating, remove oxidation 
films, aid in desulfuration, generate tiny bubbles, disperse flotation re-
agents, and facilitate aggregation [15]. The use of ultrasound treatment 
in graphite flotation is beneficial due to its ability to micro-scrub loosely- 
bound ash impurities from the graphite surface and break down 
graphite-impurity aggregates. This results in improved efficiency in the 
flotation process, as it promotes more effective interactions between the 
graphite flakes and the collector [16]. In addition to removing impu-
rities from the surface of graphite, ultrasonic treatment has the added 
benefit of reducing the size of flaky graphite. This in turn can help to 
expedite the graphite flotation cleaning process [17]. Nanobubbles can 
be generated by ultrasound cavitation, which is an important factor in 
the flotation process [9,15,18–21]. Although the use of ultrasound 
treatment in graphite flotation did not result in the production of 
nanobubbles, it is worth noting that advanced flotation techniques can 
still be used to upgrade fine graphite to a carbon content of around 95 %. 
However, further upgrading of the graphite through physical methods 
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remains a challenging task [7,8,22,23]. 
Chemical purification through leaching is the most common tech-

nique to produce high-purity graphite after flotation [1,8]. The chemical 
purification methods of graphite mainly include the acid-base method, 
hydrofluoric acid method, chloride roasting method, and high- 
temperature purification method [8]. Compared with high- 
temperature treatment, direct acid leaching treatment has the charac-
teristics of low energy consumption and low air pollution. However, the 
acid leaching method also faces the problem of low impurity removal 
efficiency. An acid-base method was found to be capable of producing 
aphanitic graphite concentrate with a fixed carbon content of 90.88 % 
during the 7-hour reaction period [24]. Liu and Gao [25] used the alkali 
fusion-acid leaching method to increase the fixed carbon content of 
aphanitic graphite from 82.67 % to 93.42 % with 3 h of calcination time 
and 3 h of leaching time. Wang, et al. [26] increased the carbon content 
of aphanitic graphite from 90.20 % to 99.00 % by combining alkali 
roasting (1 h roasting time) and acid leaching process (2 h leching time). 
Kaya and Canbazoğlu [27] reported that the fixed carbon content of 
graphite can be increased by ~ 60 % with 20 % HCl + 4 % HF and 4 h of 
leaching time. Hong, et al. [28] increased the purity of aphanitic 
graphite from 87.8 % to 99.1 % by an HCl-HF system after a 4 h reaction 
time. Tang, et al. [29] purified aphanitic graphite using a one-step HF- 
HCl mixed acid method, and the fixed carbon content of aphanitic 
graphite was increased from 83.08 % to 99.41 % with a 3 h leaching 
time. Zaghib, et al. [30] increased the fixed carbon content of graphite 
from 98.5 % to 99.9 %30 % using H2SO4 + 30 % NHxFy system. Xie, et al. 
[31] used hydrochloric acid-sodium fluoride for the removal of apha-
nitic graphite, and the fixed carbon content of aphanitic graphite could 
be increased from 83.08 % to 98.37 %. The hydrochloric acid-sodium 
fluoride method is highly effective in treating aphanitic graphite ore 
without altering its surface morphology or crystal structure. High- 
temperature roasting pretreatment can significantly improve the reac-
tivity of impurities in aphanitic graphite, but there are shortcomings 
such as high energy consumption, low purification efficiency, serious 

equipment losses, and high loss of valuable minerals. 
The ultrasound-assisted techniques have been widely used to 

enhance the efficiency of metal leaching from ores and waste materials 
[32]. The mechanisms of ultrasound-assisted leaching can be attributed 
to the enhancement of mineral solubility mechanisms and transport 
phenomena [33]. The physical and chemical effects induced by ultra-
sound cavitation can improve transportation rates, enhance the surface 
area and ease leachants penetration rate into the matrix, remove and 
slow down the generation of the diffusion layer on the particle surface, 
and promote the solid–liquid reaction (the generated free radicals) 
[32,34,35]. The related studies on the ultrasound-assisted leaching of 
graphite and coal are summarized in Table 1. It is demonstrated that 
ultrasound treatment can enhance the leaching efficiency of alkali ele-
ments from coal and the dissolution of uranium from graphite substrate. 
Compared to conventional leaching, the ultrasound-assisted process can 
significantly shorten the processing time. In particular, Srivalli and 
Nagarajan [36] investigated the leaching kinetics of ultrasound-assisted 
solvent leaching of sodium and potassium from coal. They found that the 
shrinking core model gives the best fit for surface diffusion-controlled 
reactions. In addition, various researchers have evaluated the 
ultrasound-assisted leaching kinetics of other metals. Rahimi, et al. [37] 
reported that ash mass diffusion was the controlling step of the overall 
reaction kinetics for the leaching vanadium from fly ash. The research 
conducted by Turan, et al. [38] revealed that the dissolution kinetics of 
blended copper slag using ultrasound-assisted techniques were found to 
be influenced by different kinetic models depending on the leaching 
parameters, owing to the utilization of two distinct chemical reactants, 
hydrogen peroxide, and acetic acid. Li, et al. [39] found that the 
ultrasound-assisted leaching of iron from boron carbide waste scrap fits 
chemical reaction-controlled model, diffusion-controlled model for the 
first stage and second stage, respectively. Zhang, et al. [40] showed that 
the ultrasound-assisted leaching of potassium from phosphorus- 
potassium associated ore follows the classical unreacted-core shrink-
ing model with internal diffusion being the rate-limiting step. Avvaru, 
et al. [41] indicated that the leaching operation of uranium can be 
explained as a classical shrinking core kinetics phenomenon with pore 
diffusion resistance as the rate-limiting step. According to He, et al. [42], 
the semi-empirical Averami equation was shown to be an effective 
model for describing the extraction kinetics of Mn, which became more 
diffusion-controlled after mechanical activation, as revealed by the 
modeling results. Gui, et al. [43] reported that the internal diffusion step 
controlled the ultrasound-assisted leaching process of gold. The increase 
in the ultrasound-assisted leaching rate is due to the decrease of acti-
vation energy from 22.65 kJ/mol to 13.86 kJ/mol. demonstrated that 
the classical shrinking core model was applicable for both conventional 
and ultrasound-assisted leaching. Further, the rate-controlling mecha-
nism for both techniques was found to be a combination of product layer 
diffusion and chemical reactions at the chalcopyrite surface. Ma, et al. 
[44] revealed that the leaching kinetics of K-feldspar with and without 
ultrasound can be successfully modeled by a classic shrinking core 
model with the product layer diffusion as the rate-controlling step. 
Paunovic, et al. [45] reported that the Ginstling-Braunshtein model 
provided the most accurate fit for ultrasound leaching of nickel laterite 
ore. This suggests that diffusion is the limiting step in the leaching 
process. Wang, et al. [46] employed the shrinking core model to simu-
late the ultrasound-assisted leaching of zinc residues. The modeling re-
sults revealed that the rate-controlling step in the leaching process was 
the diffusion through the product layer. 

In addition, it is important to note that the ultrasound-assisted syn-
thesis, exfoliation, and functionalization of graphene derivatives using 
high-grade graphite have been systematically investigated [51–56]. Li, 
et al. [57] calculated the selection and breakage functions of ultrasound- 
assisted exfoliation and breakage process of graphite oxide. They found 
that the breakage mechanisms of graphite oxide are attributed mainly to 
sheet fracture. In their study, Navik, et al. [58] proposed a cost-effective 
and straightforward technique to synthesize graphene from graphite in 

Table 1 
Summary of the literature on ultrasound-assisted leaching processes of graphite.  

Objective Main findings Ref. 

Solvent leaching of sodium 
and potassium from coal 

Ultrasound significantly reduced the 
processing time of alkali removal from 
coal. An intermediate frequency of 360 
kHz proved to be ideal for alkali removal 
due to the optimal combination of 
cavitation and streaming effects. The 
shrinking core model gives the best fit for 
surface diffusion-controlled reactions. 

[36] 

Demineralization of coal The ultrasound can produce higher 
demineralization and desulphurization 
efficiency by enhancing the particle 
surface area and extractability of coal 
impurities at the minimum consumption of 
time, reagent, and energy. 

[47] 

Sulfurization of coal The dual-frequency system is optimal for 
sulfur removal due to the simultaneous 
presence of cavitation and streaming 
effects. In almost all cases, sulfate-sulfur 
removal is more than 90 %, as observed in 
aqueous-based ultrasonic de-sulfurization. 

[48] 

Leaching alkali elements from 
coals 

Removal efficiencies for ultrasonic 
chemical washing are significantly higher 
than that of stirring. Ultrasound-assisted 
chemical washing may be employed in a 
coal-fired power plant to contain the 
severity of fouling deposits. 

[49] 

Dissolution of uranium from 
graphite substrate 

Comparison with silent conditions 
revealed that an enhanced rate was 
obtained due to the use of ultrasound 
under optimum conditions. 

[50] 

Note: As coals have similar properties to a certain, the published papers on the 
leaching of coals were also summarized. 
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ethanol using ultrasound-assisted curcumin. This approach not only 
allowed for the exfoliation of graphite into graphene but also enabled 
the production of a graphene-curcumin hybrid, which could have po-
tential applications in the pharmaceutical industry. In their research, 
Qin, et al. [59] uncovered the phenomenon of fatigue exfoliation on the 
graphite surface, resulting from the cyclic implosion of ultrasonic bub-
bles that corresponded with the ultrasound frequency. Their study 
demonstrated that the exfoliation rate and efficiency of the graphite 
layer were predominantly governed by the number of imploding bubbles 
situated in the effective cavitation bubble zone. Preeyanghaa, et al. [60] 
reported hierarchical carbon nitride (CN) nanorods displayed remark-
able sonophotodegradation performance, achieving nearly 100 % 
degradation of Tetracycline (TC) antibiotics within 60 min under ul-
trasonic irradiation and visible light illumination. Moreover, the sono-
photocatalytic degradation was higher than the sum of sonocatalytic 
and photocatalytic TC degradation using hierarchical CN nanorods due 
to its synergistic performance. 

To our knowledge, most graphite leaching studies have focused on 
optimizing experimental conditions, and few studies have studied the 
leaching kinetics of aphanitic graphite ores to remove impurities. 
Meanwhile, the conventional leaching process is characterized by long 
reaction time, low efficiency, and high leaching agent consumption. 
Moreover, it is expected that ultrasound can effectively increase the 
leaching efficiency and the reaction rate of impurities from aphanitic 
graphite by decreasing the particle size, removing the passivation layer, 
and increasing the mass transfer rate with the help of cavitation-induced 
mechanical, chemical, and thermal effects. However, there is no pub-
lished paper on the ultrasound-assisted removal of ash materials from 
aphanitic graphite from the viewpoint of leaching kinetics. 

To fill this gap, this paper investigated the differences in the leaching 
kinetics of conventional and ultrasonic acid leaching of aphanitic 
graphite and revealed the relationship between ultrasound power and 
ultrasound-assisted leaching of aphanitic graphite. Furthermore, the 
enhancement mechanism of ultrasound-assisted leaching of aphanitic 
graphite was discussed. Finally, the future research direction for the in- 
depth removal of impurities from aphanitic graphite using ultrasound- 
assisted leaching was proposed. 

2. Material and methods 

2.1. Materials 

Aphanitic graphite samples with 13.02 % ash content were obtained 
from Hunan, China. The samples were in an ultrafine size fraction (d50 of 
the samples was 3.88 μm). The fine sample used in this study was 

collected from the ground product of the bulk sample in a mineral 
processing plant. Hydrochloric acid (HCl, AR) was provided by Shanghai 
Aladdin Biochemical Technology Co., ltd. According to Table 2, SiO2, 
Al2O3 and Fe2O3 are the main impurities. 

2.2. Leaching test 

To obtain a slurry with the required solid–liquid ratio and HCl con-
centration, pure water, raw ore sample, and hydrochloric acid were 
weighed and combined to yield a 150 mL mixture. The resulting slurry 
was placed in a 250 mL flat-bottom flask for all leaching tests. The 
experimental setups for both conventional and ultrasound-assisted 
leaching tests are illustrated in Fig. 1. For the conventional leaching 
test, temperature control was achieved using an HJ-2B multi-position 
thermostatic hotplate magnetic stirrer (Changzhou Gaode Instrument 
Manufacturing Co., Changzhou, China), as shown in Fig. 1(a). The 
magnetic stirrer bar has a 30 mm length and a 7 mm diameter. The 
temperature sensor was submerged in a water tank, and a magnetic 
stirrer bar with a length of 30 mm and diameter of 7 mm was used. 
Optimization of conventional leaching was conducted using a single- 
factor experimental design. The specific experimental conditions for 
each single-factor test are detailed in Table 3. For the ultrasound- 
assisted leaching test (Fig. 1(b)), an ultrasonic cleaner tank (Shenzhen 
Geneng Cleaning Equipment Co., ltd.) was utilized to control both 
temperature and ultrasound power, operating in a continuous mode. All 
ultrasound-assisted leaching tests were conducted at 8 mol/L HCl con-
centration and 0.1 g/L solid–liquid ratio based on the optimization re-
sults of conventional leaching. 

The leaching concentrate was filtered, washed, and dried after the 
leaching test. The ash content determination was carried out according 
to Chinese Standard GB/T 3521–2008 “Method for chemical analysis of 
graphite” [7,61]. The ash removal rate α was calculated as follows: 

α =
100*AF − γ*AC

100*AF
× 100, (1)  

where: γ − yield of the leaching concentrate, %; AF − ash content of raw 

Table 2 
Main impurity element contents (the ash) of raw graphite ore (wt.%).  

SiO2 Al2O3 Fe2O3 MgO K2O TiO2 CaO  

54.80  21.95  12.16  4.04  3.95  1.10  0.69  

Fig. 1. The experimental apparatuses of (a) conventional and (b) ultrasound-assisted leaching tests.  

Table 3 
The details of experimental conditions of conventional leaching for each single- 
factor test.  

No. Variable Fixed condition 

(a) HCl 
concentration 

0.3 g/L solid–liquid ratio, 344 K temperature, 60 min 
leaching time, 600 r/min stirring speed 

(b) Solid-liquid 
ratio 

8 mol/L HCl concentration, 344 K temperature, 60 min 
leaching time, 600 r/min stirring speed 

(c) Temperature 8 mol/L HCl concentration, 0.1 g/L solid–liquid ratio, 60 
min leaching time, 600 r/min stirring speed 

(d) Leaching time 8 mol/L HCl concentration, 0.1 g/L solid–liquid ratio, 
344 K temperature, 600 r/min 

(e) Stirring speed 8 mol/L HCl concentration, 0.1 g/L solid–liquid ratio, 
344 K temperature, 120 min leaching time  
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sample, %; AC − ash content of the leaching concentrate, %. 

2.3. Characterization 

The laser particle size analyzer (GSL-1000, Liaoning instrument 

research institute Co., ltd., China) was used to measure the particle size 
distribution of the graphite ore. In the laser particle size analyses, ab-
solute ethanol (analytical reagent, Xilong Scientific Co., ltd.) was used as 
a solvent to avoid the agglomeration phenomenon. The detailed oper-
ating processing of the particle size measurement has been previously 

Fig. 2. Effects of different experimental parameters on ash removal rate (α) for conventional leaching.  

Fig. 3. Ash removal rate (α) of ultrasound leaching under different ultrasound powers and temperatures. The leaching time for ultrasound-assisted leaching refers to 
the ultrasonication time. 
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described [5]. 
The chemical characterizations of raw ore and leaching concentrates 

were measured by XRD (6100, Shimadzu Corporation, Japan). XRD 
experiment was carried out at a 40 kV accelerating voltage and 30 mA 
current using a Cu Kα radiation source. The morphology characteriza-
tions and the impurity distribution of these samples were measured by 
SEM-EDS (FIB-SEM, Helios G4 CX, Thermo Fisher Scientific). The SEM 
and EDS images were synthesized to make the results more distinct. 
TEM-SEM analysis was carried out in a 200 kV transmission electron 
microscope (Talos F200S G2, Thermo Fischer Scientific) with a Super-X 
energy dispersive spectrometer system at a vacuum of 1.6 × 10-7 Pa. The 
detailed measurement processes of XRD, SEM-EDS, and TEM-EDS can be 
found in the literature [62,63]. 

3. Results and discussion 

3.1. Effects of ultrasound power and temperature on ash removal rate α 

The single-factor experimental results of conventional leaching are 
summarized in Fig. 2. It was found that the ash removal rate increased 
with increasing HCl concentration from 4 mol/L to 8 mol/L, as shown in 
Fig. 2a. However, the ash removal efficiency decreased under high HCl 
concentrations due to the high volatility of the acid. Fig. 2b indicated 
that there was a decrease in the ash removal efficiency with the increase 
in the solid–liquid ratio. On the other hand, the ash removal rate 
increased with increasing temperature and remained stable at approxi-
mately 14.5 % (Fig. 2c). Fig. 2d shows that a critical leaching time of 60 
min was obtained for the conventional leaching with a suitable ash 
removal rate. It was also observed that a stirring speed of 400 rpm 
produced the best ash removal rate. The optimal parameters for con-
ventional leaching were determined to be ~ 15 % ash removal rate at 8 
mol/L HCl concentration, 0.1 g/L solid–liquid ratio, 344 K temperature, 
400 r/min stirring speed, and 120 min leaching time, based on the re-
sults shown in Fig. 2. 

Fig. 3 shows the effects of ultrasound power and temperature on the 
ash removal rate (α) of ultrasound leaching. As observed from Fig. 3, the 

α values increased with increasing leaching time. The α was approxi-
mately 50 % at 300 W ultrasound power, 334 K temperature, and 30 min 
leaching time. Compared to conventional leaching, ultrasound leaching 
can significantly increase ash removal efficiency to 50 % from 15 %. 
Furthermore, ultrasound leaching (30 min) resulted in a significantly 
shorter leaching time than conventional leaching (120 min). Thus, it was 
concluded that the application of ultrasound for the leaching of ash 
materials from graphite produced a superior ash removal efficiency than 
that of conventional leaching. 

As observed from Fig. 3a, the α value increased with an increase in 
ultrasound power from 150 W to 450 W. A further increase in ultrasound 
power (greater than450 W) decreased the α value from ~ 30 % to ~ 20 
% at a temperature of 324 K. In experiments carried out at 334 K 
(Fig. 3b) and 344 K (Fig. 3c), the maximum value (~50 %) was obtained 
at ultrasound powers of 300 W and 150 W, respectively. It is well known 
that the cavitation intensity increases with an increase in the ultrasound 
power [56,64]. With the increase in input power, the acoustic intensity 
increases, and the threshold of transient cavitation decreases, which 
leads to more cavitation bubbles collapsing [15,65]. Furthermore, the 
number of cavitation bubbles increases with increasing acoustic power 
[66]. Increased cavitation can improve the leaching process by 
decreasing particle size, removing inertia layers from graphite particle 
surfaces, generating more free radicals, and improving mass transfer. 
The temperature increases with ultrasound time, particularly at high 
power, causing a decrease in the cavitation intensity [67]. Once ultra-
sound power is increased to a certain value, the inhibition of cavitation 
phenomena results in poor ultrasound-assisted leaching efficiency. 

When the temperature increased from 324 K to 334 K, the levels of α 
value increased from ~ 20 % to ~ 40 % (Fig. 3a and b). However, the α 
value decreased significantly with the further increase in the tempera-
ture from 344 K to 354 K (Fig. 3c and d). As a result of relatively high 
ultrasound power, the efficiency of ash removal was greatly reduced. 
The deteriorated phenomenon under greater temperatures can be 
attributed to the volatilization of HCl, resulting in a decrease in the 
effective concentration of HCl reacting with graphite impurity minerals. 
The deterioration of the cavitation intensity at a relatively high 

Fig. 4. Comparisons of ash removal rates for conventional and ultrasound-assisted leaching under different times.  

X. Bu et al.                                                                                                                                                                                                                                       



Ultrasonics Sonochemistry 95 (2023) 106415

6

temperature is attributed to the changes in saturated vapor pressure, 
viscosity, and gas content [64,65,68]. Therefore, ultrasonic-assisted 
leaching needs to be conducted at appropriate ultrasound parameter 
levels, considering the effects of ultrasound power, temperature, and 
their interactions. 

3.2. Leaching kinetics analysis of ultrasound-assisted leaching 

Fig. 4 shows the experimental results at 324 K, 334 K, and 344 K 
temperatures with ultrasound input powers of 0 W (conventional 
leaching), 150 W, 300 W, and 450 W. It was directly observed that a 
longer leaching time of 30 min for conventional leaching was required to 
reach the same α level that ultrasound-assisted leaching obtained at 5 
min leaching time. 

Leaching kinetic models used in this study are given in Table 4. k 
(min− 1) and t (min) are reaction rate constant and leaching time, 
respectively. The four leaching kinetic models given in Table 4 were 
used to fit the experimental results of Fig. 4. The fitting performance (R2) 
of different leaching kinetic models is compared in Fig. 5. It was indi-
cated that the R2 values under different conditions for the model 3 
(unreacted shrinkage core model-diffusion control) were greater than 
other models. It was concluded that conventional and ultrasound- 
assisted leaching processes belong to diffusion control. 

The activation energy of the reaction (Ea) and the pre-exponential 
factor (A) of the Arrhenius equation (Eq. (2)) are two important pa-
rameters to characterize the leaching kinetics of a chemical reaction 
process. 

k = Ae−
Ea
RT , (2)  

where: k denotes the rate constant of the reaction, min− 1; R denotes a 
gas constant, 8.314 J/(mol⋅K); T denotes temperature in Kelvin, K; Ea 
denotes the activation energy of the chemical reaction, kJ/mol; A de-
notes the pre-exponential factor which, in terms of the collision theory, 
is the frequency of correctly oriented collisions between the reacting 
species. 

For a good fit of a model, the coefficient of determination should be 
at least 0.800 [69,70]. The poor fitting performance (R2) of these 
experimental data of 300 W and 450 W ultrasound powers at 344 K 
temperature (Fig. 5) were not used for the calculation of the equation in 
Eq. (2). Ea and A were estimated from the Arrhenius plot (Fig. 6). As 
observed from Fig. 6, ultrasound-assisted leaching had a faster reaction 

Table 4 
Leaching kinetic models.  

Name No. Equation 

Volumetric reaction 
model 

Diffusion control 1 − ln(1 − α) = kt 

Chemical reaction 
control 

2 1
1 − α − 1 = kt  

Unreacted shrinkage 
core model 

Diffusion control 3 1 − 3(1 − α)2/3
+

2(1 − α) = kt 
Chemical reaction 
control 

4 1 − (1 − α)1/3
= kt  

Fig. 5. Comparison of fitting performance (R2) for conventional (0 W) and ultrasound-assisted leaching.  

Fig. 6. Arrhenius plots of conventional (0 W) and ultrasound-assisted leaching. 
The solid line is the linear fitting curve. 
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rate constant (6.72 × 10− 4 ~ 3.65 × 10− 3 min− 1) compared to con-
ventional leaching (3.77 × 10− 5 ~ 6.18 × 10− 5 min− 1). The maximum 
value of k 3.65 × 10− 3 min− 1 was obtained at 150 W ultrasound power 
at 344 K temperature. 

The effects of ultrasound power on Ea and A are presented in Fig. 7. 
As observed from Fig. 7, the Ea value of 23 kJ/mol for conventional 
leaching (0 W) was significantly smaller than that of ultrasound-assisted 
leaching (85 ~ 154 kJ/mol). An Ea value indicates how much temper-
ature influences a chemical reaction [71]. It can be concluded that the k 
value of ultrasound-assisted leaching is more dependent on the reaction 
temperature compared to conventional leaching. This is supported by 
the k values under different temperatures (Fig. 6). 

Meanwhile, the A value for ultrasound-assisted leaching was a 
magnitude of orders greater than that of conventional leaching. As 
observed from the Arrhenius equation (Eq. (2), a faster k can be obtained 
by an increase in the A value or a decrease in the Ea value. For 
ultrasound-assisted leaching, several researchers have reported that the 
ultrasound treatment enhanced the rate constant of the chemical reac-
tion by a significant increase in A [72–77]. Thus, the increase in the 
reaction rate constant for ultrasound-assisted leaching was obtained by a 
huge increase in A. 

3.3. SEM-EDS, XRD, and TEM-SEM analysis 

Fig. 8 shows the comparative results of impurity element contents 
and SEM images for raw ore, conventional, and ultrasound leaching 
concentrates. It was observed that Si was the main element for raw ore 
and conventional leaching concentrate (Fig. 8a & b). In addition, XRD 
patterns indicated that quartz was the main impurity mineral in raw ore 

and conventional leaching concentrate (Fig. 9). HCl leaching treatment 
was used to remove serpentine and clinochlore, while quartz was still 
present in the conventional leaching concentrate. HCl is commonly 

Fig. 7. Effects of ultrasound power on Ea and A.  

Fig. 8. Comparisons of impurity element contents and SEM images of (a) raw ore, (b) CL concentrate (conventional), and (c) UL concentrate (ultrasound).  

Fig. 9. XRD patterns of raw ore, CL concentrate (conventional leaching), and 
UL concentrate (ultrasound leaching). 

Fig. 10. Particle size distributions of raw ore, CL concentrate (conventional 
leaching), and UL concentrate (ultrasound leaching). 
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inefficient to remove siliceous minerals (such as quartz and clays) from 
graphite ores [26,27]. Quartz does not react well with HCl, while 
reacted clays can form inert layers (H2SiO3) on graphite surfaces that 
hinder HCl’s contact and reaction with impurities. The presence of 
quartz and the formed inert layers lead to a low ash removal rate for 
conventional leaching. 

As observed from Fig. 8c, the Si element content was decreased from 
~ 95 % to ~ 15 %, which indicated that ultrasound treatment was useful 
to improve the reactivity between siliceous minerals and HCl. This 
indicated that ultrasound could renew the reaction surface through its 
ability to blow out the insoluble solid film layer on the surfaces of 
graphite particles. A similar phenomenon is commonly observed in 
processes involving ultrasound-assisted leaching [32,78–80]. 

Particle size distributions of raw ore, conventional, and ultrasound 
leaching concentrates are shown in Fig. 10. The SEM images of raw ore, 
conventional, and ultrasound leaching concentrates are given in Fig. 11. 
Compared to the raw ore and CL concentrate, the reduction in particle 
size of the concentrate for ultrasound-assisted leaching supported the 
occurrence of particle fractures, which was verified by the comparative 
results of SEM images in Fig. 11. As seen from Fig. 11, the particle 
surface of the UL concentrate was rougher than that of raw ore and CL 
concentrate. In addition, fine exfoliation particles were observed in the 
UL concentrate (Fig. 11c). Ultrasound treatment is powerful enough to 
overcome van der Waals forces of the graphitic materials allowing their 
exfoliation and dispersion into the solution [58]. Thus, the generation of 
a rough surface and fine exfoliation particles in the UL concentrate is 
attributed to the exfoliation of the layered-graphitic materials in the 
presence of ultrasound, which is widely applied for the graphene prep-
aration process [51]. 

The reduction in particle size and the generation of the rough surface 

is conducive to the increases in the leaching reaction rate constant and 
leaching recovery, which is attributed to an increase in surface area per 
unit weight and the contact probability between the ash materials and 
the leachant [72,75,81]. The ash removal rate was kept stable at ~ 50 %, 
which indicated that the further improvement in the HCl leaching 
assisted by ultrasound may have encountered a bottleneck. The breakup 
of larger ore particles is an important aspect of the enhancement 
mechanisms of the ultrasound-assisted leaching process [32,82]. How-
ever, it is notable that there exists a concept of “critical grain size” below 
which the ultrasound-assisted technique is not effective for improving 
the leaching efficiency (45 μm for CuO) [82]. Thus, further improve-
ment in the ash removal rate for ultrasound-assisted leaching may be 
limited by the critical grain size of aphanitic graphite. 

The generated radicals can play a role in the leachant for the pro-
motion of the leaching process. The temperature inside the collapsing 
bubbles controls the number of radicals generated. In aqueous reactions, 
the formation of free radicals in an acoustic field is described as follows 
[83]: 

H2O→H+ +OH− (3)  

H+ +H+→H2 (4)  

OH− +OH − →H2O2 (5)  

H+ +OH− →H2O (6) 

It can be augmented by enhancing sonication power, exceeding 
external pressure, and reducing external (solution) temperature, leading 
to more radicals [68]. This is supported by the enhancement of the 
impurity removal reaction rate constant with the increase in the ultra-
sound power (Fig. 6). 

Fig. 11. SEM images of (a) raw ore, (b) CL concentrate (conventional leaching), and (c) UL concentrate (ultrasound leaching).  

Fig. 12. TEM image of UL concentrate (ultrasound).  
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Graphite is a layered mineral composed of weakly bonded graphene 
sheets with a large aspect ratio [84]. The impurity mineral embedded in 
carbon layers is a nonnegligible factor for the in-depth removal of ash 
materials from graphite. Fig. 12 illustrates the TEM image of ultrasound 
leaching concentrate. As observed from Fig. 12, the flakes of graphite 
concentrate after ultrasound leaching were thick and had plenty of dark 
shadow areas between the carbon layers. These phenomena indicated 
the presence of impurities between carbon layers. Thus, future attention 
can be paid to further removing the ash materials from graphite by 
combining an ultrasound-assisted leaching system and some other in-
tensity techniques such as HCl-hydrofluoric acid leaching [27,29], 
inorganic acid-fluoride salt leaching[30,31], and oxidation-expansion 
acid leaching [62,85,86]. 

4. Conclusions 

In this study, the effects of ultrasonic power and temperature on the 
impurity removal rate were investigated. The following findings are 
highlighted:  

• Ultrasonic power and temperature have a direct relation with ash 
removal rate.  

• The unreacted shrinkage core model gave a better fit as compared to 
the other kinetic models.  

• Ultrasonic leaching activation energy increased significantly with 
temperature compared to conventional leaching.  

• Impurity mineral removal efficiency can be increased by destroying 
the inert layer on the graphite surface, promoting particle fragmen-
tation, and generating oxidization radicals.  

• The impurity mineral embedded in carbon layers cannot be 
completely removed by ultrasound-assisted leaching.  

• Ultrasound-assisted leaching may be used in combination with 
another method for the deep removal of ash material. 
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