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Abstract: In this study, we employed a synergistic process combining alkaline leaching pretreatment 
with mixed acid leaching to purify quartz sand and efficiently eliminate metallic impurities. First, 
systematic single-factor optimization was used to determine the optimal alkaline leaching parameters 
to be a NaOH concentration of 8%, a reaction time of 2 h, and a temperature of 225 ℃. After alkaline 
leaching, a porous and loose structure was formed on the quartz surface, along with a large number of 
cracks and pits, which significantly enhanced the mass transfer efficiency of the subsequent acid 
leaching. Based on this, a ternary mixed acid system (H3PO4-H2SO4-H2C2O4) was used for pressure 
leaching. The acid leaching process parameters were optimized using response surface methodology, 
which determined the optimal conditions to be a temperature of 249 ℃, a solid–liquid ratio of 1:5, and 
a time of 6 h. After treating the quartz sand with the combined process, the sand’s total metallic impurity 
content was significantly reduced from the initial 523.2 mg/kg to 82.6 mg/kg, which amounts to an 
overall removal rate of as high as 84.33%. The contents of Al, Ca, Fe, K, Mg, Na, and Ti were 50.4, 8.1, 
2.2, 6.9, 2.3, 11.5, and 1.2 mg/kg, respectively. 
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1. Introduction 

Quartz sand serves as a core foundational material in the industrial production of advanced 
technologies such as semiconductors, photovoltaics, and high-purity glass, where its purity directly 
determines end-product performance and reliability. Aluminum (Al), a typical impurity in quartz sand, 
exists in clay minerals, feldspar inclusions, or as a substitute in the quartz lattice as Al3+, where it 
replaces Si4+ (Wei et al., 2023). Owing to its high chemical similarity to silicon, Al ranks among the most 
challenging impurities to eliminate during purification. The purification of quartz primarily involves 
two approaches: physical separation and chemical purification. Physical separation utilizes differences 
in physical properties between quartz sand and mineral impurities to remove most impurities (Deng et 
al., 2024; He et al., 2024; Yang et al., 2024). This can be accomplished via methods such as flotation and 
magnetic separation. However, the purity achievable through physical separation is far lower than that 
attained through chemical purification. Chemical purification exploits differences in chemical 
properties between quartz and impurities, selectively removing impurities via chemical reactions (Zhu 
et al., 2020).  

In recent years, the alkali leaching–acid leaching synergistic process has gained increasing attention 
for its high efficiency in impurity removal. Alkali leaching can disrupt the structure of amorphous silica 
and certain aluminosilicates on the quartz surface, thereby exposing deeper impurities and enhancing 
the mass transfer efficiency of subsequent acid leaching reactions. Conventional acid leaching systems 
often involve strong acids such as hydrofluoric acid and nitric acid. Although these processes exhibit 
high impurity removal efficiency (Shao et al., 2022; Martins et al., 2017), their high corrosiveness and 
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the challenges associated with treating spent acid solutions pose significant environmental and safety 
concerns. Research on novel mixed-acid systems remains limited. In light of this, a novel synergistic 
purification process combining “NaOH alkaline etching—phosphoric/sulfuric/oxalic acid” ternary 
mixed acid leaching was developed. Alkali corrosion removes surface impurities, while mixed acid 
systems leverage multi-mechanism synergy; for example, phosphoric acid exhibits selective silicate 
decomposition with weaker corrosivity than HF (Mifsud et al., 2013), and its phosphate-containing 
wastewater permits facile flocculation–precipitation removal (Emeish et al., 2013). Sulfuric acid 
effectively decomposes metal oxide impurities via its strong acidity (Pei et al., 2018; Zhou et al., 2024), 
and oxalic acid chelates Fe3+ into stable complexes for iron removal (Du et al., 2011; Taxiarchou et al., 
1997; Zhang et al., 2012). The latter’s natural abundance and biodegradability minimize environmental 
impact. 

In this study, we employed a NaOH alkaline etching–ternary acid synergistic leaching purification 
process. The experimental conditions were optimized using Response Surface Methodology (RSM). We 
investigated alterations to the quartz surface structure induced by the alkaline leaching treatment and 
analyzed the impact of these structural changes on the subsequent acid leaching process. 
Simultaneously, the synergistic impurity removal effect of the mixed phosphoric acid, sulfuric acid, and 
oxalic acid system was investigated. This research showcases a reliable process optimization scheme for 
the industrial preparation of high-purity quartz sand. 

2. Materials and methods 

2.1. Materials 

The quartz sand samples used in this experiment were sourced from Guangxi. They contained particles 
of varying sizes, and mineral impurities were present on the quartz surfaces. The raw quartz ore was 
crushed, screened, washed with clean water, and color-sorted to obtain quartz sand of uniform color. 
The color-sorted quartz samples were placed in standard sieves on a mechanical shaker to separate the 
quartz sand particles. 

The chemical reagents used in the experiments, NaOH, H2SO4, H3PO4, and H2C2O4 (Sinopharm 
Chemical Reagent Co., Ltd., China), were of analytical grade, and ultrapure water was employed 
throughout the experiments. This study also employed the following instruments: a Ceramic Fiber 
Resistance Furnace, LX0711, Tianjin Laiboterui Instrument Equipment Co., Ltd.; an X-ray 
Diffractometer (XRD), MiniFlex300, PANalytical B.V.; an Inductively Coupled Plasma Optical Emission 
Spectrometry (ICP-OES), iCAP, Thermo Fisher Scientific Inc.; a Scanning Electron Microscope (SEM), 
EVO18, Carl Zeiss AG; and an Electron Probe Micro-Analyzer (EPMA), 8050G, Shimadzu Corporation. 

2.2. Alkaline leaching 

A 6.0 g sample of quartz sand that had been pretreated via calcination–water quenching was weighed 
and placed into a hydrothermal autoclave liner. A specific volume of NaOH solution was added, and 
the quartz particles adhering to the liner walls were rinsed using a disposable pipette to ensure a 
uniform mixture. The sealed autoclave was placed in an oven and heated at designated temperatures 
to conduct hydrothermal alkaline leaching experiments. The effects of NaOH concentration, leaching 
time, and leaching temperature on the Al impurity removal rate were then investigated. 

The removal rate was determined by quantitative analysis using ICP-OES after digestion: 

𝑛 = ("!#"")
"!

× 100%                                                                    (1) 

where n is the removal rate (%), a0 is the elemental content in the original quartz sample (mg/kg), and 
a1 is the elemental content in the quartz sample after alkali leaching (mg/kg). 

2.3. Mixed acid leaching 

A 2.0 g sample of alkali-leached quartz sand was weighed into a hydrothermal autoclave liner. A mixed 
acid solution containing 0.4 mol/L H3PO4, 1.0 mol/L H2SO4, and 0.044 mol/L H2C2O4 was added. 
Quartz particles adhering to the liner walls were rinsed using a disposable pipette to achieve 
homogeneous mixing. The sealed autoclave was placed in an oven for hydrothermal acid leaching at 
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controlled temperatures. The effects of liquid-to-solid ratio, leaching temperature, and leaching time on 
aluminum removal rate were then evaluated. 

The removal rate was calculated similarly using equation (1), where a0 represents the elemental 
content in the quartz sample after alkali leaching (mg/kg), and a1 represents the elemental content in 
the quartz sample after acid leaching (mg/kg). 

2.4. Response surface methodology (RSM) 

The Al removal rate was taken as the response value (y). The acid leaching temperature was defined as 
factor A, with levels of 200, 225, and 250 ℃; the acid leaching time was defined as factor B, with levels 
of 2, 4, and 6 h; and the liquid–solid ratio was defined as factor C, with levels of 4:1, 6:1, and 8:1. The 
Box–Behnken design in Design-Expert software was used to optimize the hot-pressed acid leaching 
process for removing impurities from quartz sand. A three-factor, three-level design was employed, 
involving 17 experiments in total, including 12 factorial experiments and 5 replications at the center 
point, as presented in Table 1. 

Table 1. Factor–level design table for response surface experiments 

factor 
level 

-1 0 1 
A/℃ 200 225 250 
B/h 2 4 6 

C 4:1 6:1 8:1 

3. Results and discussion 

3.1. Analysis results of the quartz sand raw material 

The particle size distribution of the quartz sand is shown in Fig. 1. In this experiment, the particle size 
of the quartz sand sample was mainly distributed between 140 and 240 µm. An appropriate amount of 
the quartz sand sample was analyzed using an XRD, as shown in Fig. 2. Comparison of the XRD pattern 
with standard cards revealed that the characteristic quartz peaks in the experimental raw quartz ore 
were distinct. In addition, no characteristic peaks of mineral impurities existed, indicating a low mineral 
impurity content and a high-purity quartz sand sample. The surface morphology of the quartz sand 
was observed using an SEM, with the results shown in Fig. 3. The quartz surface was smooth with sharp 
edges, showing no obvious pores or cracks. 

Spot scanning of quartz sand specimens was carried out using an EPMA, and mineral composition 
analysis was performed via WDS. Elements have different characteristic X-ray wavelengths, requiring 
spectroscopic crystals with different atomic plane spacings to satisfy the conditions for Bragg diffraction. 
This enables efficient spectroscopy of X-rays characteristic of specific elements and yields wavelength-
dispersive spectra. As shown in Fig. 4 the spot scanning analysis results show that the main components 
are Al2O3, SiO2, MgO, K2O, and FeO. It is speculated that the impurity minerals are potassium feldspar, 
muscovite, and hematite, which exist in the form of gangue minerals within the quartz (Duan et al., 
2024; Guo et al., 2024; Xia et al., 2024; Zuo et al., 2025). Furthermore, ICP-OES was used to test the metal 
element content in the quartz sand, with the results shown in Table 2. The main impurities found are 
Al, K, and Na, among other elements. Of these, the content of Al is the highest, totaling 523.2 mg/kg. 
 

Table 2. Chemical composition of the quartz sand sample/(mg/kg). 

Samples 
Impurity elements (mg/kg) 

Al Ca Fe K Mg Na Ti Total 
Quartz sand specimens 290.7 42.5 19.8 104.4 6.8 56.0 3.0 523.2 

After alkaline immersion 112.5 33.0 16.1 24.4 3.9 82.6 1.1 273.6 

After mixing and acid leaching 50.4 8.1 2.2 6.9 2.3 11.5 1.2 82.6 
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Fig. 1. Particle size analysis of quartz sample 

 

Fig. 2. XRD pattern of quartz sand sample 

 

Fig. 3.  SEM image of quartz sand sample 

 

Fig. 4.  EPMA spot scanning analysis 
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3.2.   Effect of alkali leaching conditions on Al removal rate 

3.2.1. Alkali concentration 

A total of 5.0 g of the calcined, pretreated quartz sand specimen was weighed into a hydrothermal 
reactor liner. Then, 2%, 5%, 8%, 11%, and 14% sodium hydroxide solutions were added at a solid–liquid 
ratio of 1 : 6. Subsequently, hot–pressed alkaline leaching was conducted in a drying oven at 200 ℃ for 
2 h. After leaching, the concentration of elemental Al in the quartz was measured via ICP-OES, and the 
results are presented in Fig. 5. 

 
Fig. 5. Effect of NaOH concentration on Al removal rate 

As shown in Fig. 5, the Al removal rate generally increased with the rise in NaOH content. Initially, 
the Al removal rate was 48.37%, but this gradually increased with the NaOH concentration, reaching 
55.69% at a NaOH concentration of 8%. Beyond this concentration, further increases in NaOH only 
resulted in a slight rise in the Al removal rate to a maximum of 57.82% at an 14% NaOH concentration. 
Therefore, a NaOH concentration of 8% was selected for the experiment. 

3.2.2. Alkali leaching time 

A total of 5.0 g of calcined pretreated quartz sand specimen was weighed into a hydrothermal reactor 
liner. Then, an 8% sodium hydroxide solution was added at a solid–liquid ratio of 1 : 6. Hot-pressed 
alkaline leaching was performed in a drying oven at 200 ℃ for 1, 2, 3, 4, and 5 h. After leaching, the 
concentration of elemental Al in the quartz was measured via ICP–OES. The results are presented in 
Fig. 6. 

 
Fig. 6.  Effect of alkali leaching time on Al removal rate 

As shown in Fig. 6, the Al removal rate tends to increase with the prolongation of alkaline leaching 
time. At the beginning, the Al removal rate is 45.30%. With the increase of alkaline leaching time, the Al 
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removal rate rises sharply at first, reaching 55.13% after 2 h of leaching. As the leaching time continues 
to increase, the Al removal rate increases slowly and gradually approaches equilibrium. Therefore, an 
alkaline leaching time of 2 h was chosen for the experiment. 

3.2.3. Alkali leaching temperature 

A total of 5.0 g of calcined pretreated quartz sand specimen was weighed into a hydrothermal reactor 
liner. An 8% sodium hydroxide solution was added at a solid–liquid ratio of 1 : 6. The alkaline leaching 
temperature was set at 150, 175, 200, 225, and 250 ℃. Hot-pressed alkaline leaching was carried out in a 
drying oven for 2 h. After leaching, the concentration of elemental Al in the quartz was measured via 
ICP-OES, and the results are presented in Fig. 7. 

 
Fig. 7. Effect of alkali leaching temperature on Al removal rate 

As shown in Fig. 7, the initial Al removal rate was 50.42%. As the alkaline leaching temperature 
increased, the Al removal rate rose until it reached 63.78% at 225 ℃. However, further increasing the 
temperature to 250 ℃ led to a slight decrease in the Al removal rate with some fluctuations that may be 
attributed to the following factors. In the alkaline leaching system, while NaOH selectively dissolves 
the active components, the continuous dissolution of quartz—the primary mineral constituent—as 
temperature increases, leads to a rising concentration of silicate ions in the liquid phase. This favors the 
formation of hydrated sodium aluminosilicate. When hydrated sodium aluminosilicate precipitates on 
the surface of quartz particles, it causes reverse migration of dissolved Al3+ and results in a surface 
enrichment effect (Pei et al., 2025). Therefore, an alkaline leaching temperature of 225 ℃ was selected. 

Therefore, the optimal conditions for alkaline leaching were determined to be an 8% NaOH 
concentration, a 2 h alkaline leaching time, and a temperature of 225 ℃ through a one-way test. After 
alkaline leaching, the elemental content of the quartz sand samples was analyzed using ICP-OES, with 
the results shown in Table 1. The content of metallic impurities in the quartz sand samples after alkaline 
leaching was reduced to 273.6 mg/kg, and the total impurity removal rate during alkaline leaching 
reached 46.81%. Specifically, the Al content decreased to 112.5 mg/kg, while the Na content increased. 
This is likely because under strong alkaline conditions, the quartz surface may partially dissolve and 
react with Na+ ions to form silicic acid or hydroxylated surface complexes. Such reactions can cause 
sodium ions to become embedded in the quartz surface or near-surface area, leading to residual sodium 
ions that are not completely removed during cleaning, thereby increasing the sodium content. 

3.3. Effect of alkali leaching on quartz morphology 

The morphology of hydrothermally alkali-leached quartz sand was observed using an SEM, as shown 
in Fig. 8. 

Fig. 8 reveals that after hydrothermal alkali leaching, the originally smooth quartz sand surface was 
damaged, causing it to resemble weathered rock, exhibiting extensive cracks, honeycomb-like pores, 
and  grooves.  This  is  attributed  to  NaOH  corrosion along surface cracks, where the cleavage of Si-O 
bonds  via  SiO2  and  NaOH  reactions  caused  structural  collapse.  This  process enlarged and deepened 
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Fig. 8. Surface morphology of quartz sand after alkali leaching 

existing fissures, generating substantial corrosion pits. The reaction mechanism is shown in Eq. (2): 
SiO% + 2NaOH = Na%SiO& +H%O                                                          (2) 

3.4.  Effect of acid leaching conditions on Al removal rate 

3.4.1. Acid leaching solid-liquid ratio 

Hydrothermal acid leaching was performed at 200 ℃ for 4 h, using a mixed acid solution containing 0.4 
mol/L H3PO4, 1.0 mol/L H2SO4, and 0.044 mol/L oxalic acid. Solid–liquid ratios were set at 1:2, 1:4, 1:6, 
1:8, and 1:10 to investigate their effect on elemental removal rates. The experimental results are 
presented in Fig. 9. 

 
Fig. 9. Effect of solid-liquid ratio on Al removal rate 

Fig. 9 demonstrates that the Al removal rate was 40.83% at the initial solid–liquid ratio of 1:2. As 
the ratio increased to 1:6, the removal rate gradually rose to 46.46%. Beyond this ratio (1:6), the removal 
rate remained essentially constant. During the experiments, increasing the acid solution volume 
progressively compressed the vapor space within the fixed-volume reactor liner, which caused a 
significant pressure buildup in the sealed system. This pressure enhancement intensified chemical 
interactions between the acid solution and quartz surface impurities, thereby promoting Al removal 
(Guo et al., 2024). When the acid solution volume exceeded the critical threshold, the concentration 
gradients of the active components reached dynamic equilibrium. Further addition of acid consequently 
failed to improve impurity removal efficiency. 

3.4.2. Acid leaching temperature 

Hydrothermal acid leaching was conducted for 4 h, using a mixed acid solution (0.4 mol/L H3PO4, 1.0 
mol/L H2SO4, and 0.044 mol/L oxalic acid) at a solid–liquid ratio of 1:6. Leaching temperatures were 
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set at 150, 175, 200, 225, and 250 ℃ to investigate temperature effects on elemental removal rates. In the 
interest of operational safety, the temperature was not increased beyond 250 ℃. The results are 
presented in Fig. 10. 

 
Fig. 10. Effect of acid leaching temperature on Al removal rate 

Fig. 10 demonstrates an initial Al removal rate of 42.38% at 150 ℃. As the temperature increased, 
the removal rate rose rapidly. Above 225°C, the increase became more gradual and stabilized beyond 
250 ℃. Consequently, 250 ℃ was selected as the optimal reaction temperature, achieving a 54.83% Al 
removal rate. Elevated temperatures enhance removal efficiency by increasing the molecular average 
kinetic energy. This raises the proportion of molecules that overcome the activation energy barrier, 
resulting in more effective collisions that accelerate reaction kinetics. 

3.4.3. Acid leaching time 

Hydrothermal acid leaching was performed at 250 ℃, using a mixed acid solution (0.4 mol/L H3PO4, 
1.0 mol/L H2SO4, and 0.044 mol/L oxalic acid) and a solid–liquid ratio of 1:6. Leaching durations were 
set at 2, 4, 6, 8, and 10 h to investigate time effects on elemental removal rates. The results are presented 
in Fig. 11. 

 
Fig. 11.. Effect of acid leaching time on Al removal rate 

Fig. 11 shows an Al removal rate of 50.08% at 2 h. The removal rate increased with leaching time 
until it reached 56.15% at 4 h. Beyond 4 h, the removal rate stabilized. Initially, rapid reactions between 
acids and surface impurities accelerated removal efficiency. As these reactions progressed, the depletion 
of reactive impurities reduced reaction rates, slowing removal efficiency gains. In addition, prolonged 
leaching after major impurity removal decreased the acid concentration, potentially inducing side 
reactions such as redeposition (Zang et al., 2016), which could reduce the removal efficiency. Therefore, 
we selected four hours as the optimal leaching duration. 
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3.5. Analysis of RSM optimization results for mixed acid leaching parameters 

The final design parameters obtained from the response surface experiments are shown in Table 3. The 
results of a variance analysis of the response surface using Design-Expert software are presented in 
Table 4. The influence of each factor on the response value can be determined through statistical 
indicators: when the P-value is less than 0.01, the variable has an extremely significant influence; a P-
value within the 0.01-0.05 interval is significant; and a P-value greater than 0.05 indicates no significant 
influence. Specific analysis indicates that the regression model shows high significance (P<0.0001), and 
F-test results confirm a strong correlation between independent variables and the response value. The 
lack-of-fit test P-value >0.05 indicates no systematic bias in the model, confirming its rational 
construction and the accurate reflection of nonlinear relationships in the experimental data (Imron and 
Titah, 2018; Peng et al., 2020; Shahraki et al., 2018). 

The P-values for the single-factor terms A and B are both <0.01, indicating that their main effects 
reach  extremely  significant  levels.  The  interaction  term  BC  has  a P-value <0.05, indicating significant  

Table 3. RSM experimental design and corresponding response values 

SN A B C Al removal rate/% 
1 -1 1 0 45.87 
2 -1 -1 0 44.9 
3 0 0 0 53.16 
4 -1 0 -1 45.27 
5 0 0 0 52.07 
6 0 -1 -1 48.07 
7 1 -1 0 50.18 
8 0 -1 1 49.06 
9 0 0 0 51.44 
10 0 0 0 53.87 
11 1 1 0 55.15 
12 1 0 -1 53.88 
13 0 0 0 53.44 
14 0 1 -1 52.01 
15 1 0 1 54.01 
16 -1 0 1 45.51 
17 0 1 1 50.69 

 

Table 4. ANOVA table for RSM experimental data 

Variance Source Sum of Square df Mean Square F-value P-value  
Model 186.28 9 20.70 29.22 <0.0001 Significant 

A 125.37 1 125.37 177.02 <0.0001 ** 
B 16.56 1 16.56 23.38 0.0019 ** 
C 0.0002 1 0.0002 0.0003 0.9871  

AB 4.00 1 4.00 5.65 0.0491 * 
AC 0.003 1 0.003 0.0043 0.9497  
BC 1.33 1 1.33 1.88 0.2123  
A² 17.36 1 17.36 24.51 0.0017 ** 
B² 12.76 1 12.76 18.01 0.0038 ** 
C² 5.08 1 5.08 7.17 0.0317 ** 

Residual 4.96 7 0.7082    
Lack of Fit 0.8912 3 0.2971 0.2922 0.8300 Not significant 
Pure Error 4.067 4 1.02    
Cor Total 191.24 16     

Note: * denotes significance (P<0.05); ** denotes extremely significance (P<0.01)* 
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main effects. Finally, the quadratic terms A2 and B2 have P-values <0.01, while C2 has a P-value below 
the 0.05 significance threshold; this confirms significant interaction effects and nonlinear characteristics. 
This comprehensive evaluation confirms good correlation between this mathematical model and the 
experiments, enabling effective prediction of process parameter optimization ranges. 

Through variance analysis and regression modeling using Design-Expert, the quadratic model was 
determined to be the most suitable for this experiment. The quadratic polynomial for the response 
surface regression is given in Eq. (3): 

𝑅 = −153.24725 + 1.54361𝐴 + 0.566625𝐵 + 3.99775𝐶 + 0.02𝐴𝐵 − 0.00055𝐴𝐶 
−0.144375𝐵𝐶 − 0.003249𝐴% − 0.435125𝐵% − 0.2745𝐶%                                     (3) 

The correlation coefficient and adjusted coefficient for Eq. (3) are R=0.9741 and RAdj=0.9407, 
respectively. 

 
Fig. 12. Correlation between actual and predicted Al removal rates 

Fig. 12 shows the relationship between the actual and predicted Al removal rates for this model. The 
data points are densely distributed along the reference line and are very close to it (y=x). The coefficient 
of determination, R2=0.974, indicates a high level of agreement between predicted and measured values, 
confirming the polynomial's fit with the experimental data (Mulay and Rathod, 2022; Yang et al., 2025; 
Shahraki et al., 2018). 

Three-dimensional response surface plots were constructed to visually demonstrate the complex 
relationships among the acid leaching temperature, acid leaching time, and liquid–solid ratio (Chen et 
al., 2025; Singh et al., 2025; Sun and Ma, 2025). Figs. 13-15 display 3D response surface plots and their 
contour plots for pairwise interactions among the three factors. Overall, the surfaces exhibit an inclined 
unilateral morphology. 

As illustrated in Fig. 13 (a), at a constant liquid–solid ratio, the surface gradient changes more 
significantly with acid leaching temperature adjustments (200-250 ℃) than with time adjustments (2-6 
h). In the corresponding contour plot, the temperature contours are denser, while the time contours are 
sparser. This indicates that minor temperature variations substantially affect Al removal rates, which 
shows that temperature is more influential than time. It can be observed from Fig. 13 (b) that, at a 
constant leaching time, the surface gradient varies more steeply with temperature changes (200-250 ℃) 
than with liquid–solid ratio changes (4-8). The contour plot shows denser temperature contours and 
less distinct ratio contours, which suggests that temperature has a more pronounced effect than the 
liquid–solid ratio. The data presented in Fig. 13 (c) demonstrate that, at a constant temperature, the 
surface gradient changes more gradually with liquid–solid ratio variations (4-8) than with time 
variations (2-6 h). The contour plot reveals sparser ratio contours and denser time contours, which 
implies that time has a more significant impact than the liquid–solid ratio. 

In conclusion, combined with the F-values in Table 4, the order of influence on Al removal rate is 
acid leaching temperature > acid leaching time > liquid–solid ratio. 
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Fig. 13.. 3D response surface and contour plots depicting the interactions between temperature and time (AB), 
temperature and liquid–solid ratio (AC), and time and liquid–solid ratio (BC) 

The RSM mathematical model and its second-order regression equation demonstrate significant 
reliability, as verified by ANOVA. They accurately describe nonlinear relationships between process 
parameters and response values, predicting the following optimal conditions: an unchanged mixed acid 
concentration, a leaching temperature of 249 ℃, a 6 h leaching time, and a 5:1 liquid–solid ratio. The 
predicted optimal Al removal rate is 55.52%. Validation results are shown in Table 5. 

Table 5. Experimental validation results 

No. Al removal rate /% Average Al removal rate /% 
1 54.88 

54.23 2 55.20 
3 52.61 
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The measured Al removal rate was 2.3% lower than predicted. This comprehensive experimental 
analysis confirms the tested model’s accuracy in predicting Al removal via hydrothermal acid leaching 
and thereby demonstrates its suitability for quartz sand purification studies. 

An ICP-OES analysis of quartz sand leached under optimal conditions was conducted, and the 
results are shown in Table 2. The residual metallic impurity content after mixed acid leaching was 82.6 
mg/kg. This result confirms that the process successfully removes metallic impurities, achieving a 
purity level characteristic of high-purity quartz. Notably, it attains a purification efficacy on par with 
traditional hydrofluoric-nitric acid systems, all while striking a balance with environmental 
sustainability. 

4. Conclusions 

(1) This systematic experimental analysis identified the composition and content of the main metallic 
impurities in quartz sand raw material. The contents of the main metallic impurities Al, K, Na, Ca, 
and Fe were 290.7, 104.4, 56.0, 42.5, and 19.8 mg/kg, respectively. 

(2) Single-factor experiments determined the optimal alkaline leaching process parameters to be a 
NaOH concentration of 8%, a reaction time of 2 h, and a temperature of 225 ℃. SEM detection 
indicated that after alkaline leaching pretreatment, a large number of cracks and corrosion pits were 
formed on the quartz sand surface, which created favorable conditions for the subsequent acid 
leaching process. 

(3) RSM optimization determined the optimal process parameters for mixed acid pressure leaching to 
be an acid leaching temperature of 249 ℃, a reaction time of 6 h, and a solid–liquid ratio 1:5. Under 
these conditions, the total metallic impurity content in the quartz sand was significantly reduced 
from the initial 523.2 mg/kg to 82.6 mg/kg, thereby achieving an overall removal rate of as high as 
84.33%. The contents of Al, Ca, Fe, K, Mg, Na, and Ti were 50.4, 8.1, 2.2, 6.9, 2.3, 11.5, and 1.2 mg/kg, 
respectively. 

(4) Through the aforementioned process, metallic impurities such as Al and Fe in quartz were 
effectively removed. In practical production applications, methods such as ultrasonic assistance can 
be employed to enhance the leaching process, reduce the required leaching temperature, thereby 
lowering costs and improving production safety. 
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