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Abstract 10 

The synthesis of silicon carbide from rice husk typically requires temperatures above 1500 °C 11 

due to limitations in solid-state diffusion. In this study, a Cu-catalyzed carbothermal reduction route 12 

was investigated using a rice husk�silica gel mixture at a fixed mass ratio of 1:1.4 over the 13 

temperature range of 900�1300 °C. After HF purification, a high SiC content of 88.47% (ISO 21068-14 

2:2008) was achieved at 1300 °C, which is approximately twice that obtained by non-catalytic 15 

pyrolysis (40�60% at 1600 °C). Three distinct kinetic regimes were identified: 900�1100 °C, 16 

characterized by a gradual increase in SiC yield (4.63% per 100 °C); 1100�1200 °C, showing a sharp 17 

increase (8.48% per 100 °C after purification); and 1200�1300 °C, where the reaction approached 18 

saturation. The presence of Cu promotes a Vapor�Liquid�Solid mechanism via the formation of a low-19 

temperature Si�Cu eutectic (~800 °C), thereby significantly enhancing atomic diffusion between the 20 

liquid and solid phases. XRD analysis confirmed the formation of 3C- and 4H-SiC polytypes, while 21 FTIR spectra revealed characteristic Si–C vibration bands at 809 and 624 cm⁻¹. HF treatment 22 effectively removed residual SiO₂ and Cu oxides, as evidenced by SEM/EDX analysis. The combined 23 

catalytic assistance and selective post-purification enable high-purity SiC formation at significantly 24 

reduced temperatures, demonstrating an efficient pathway for converting biomass-derived 25 

precursors into advanced ceramic materials.  26 
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1. Introduction 27 

Silicon carbide (SiC) is a strategic material with widespread applications in abrasives, 28 

advanced structural ceramics, high-temperature components, power electronics, and lithium-ion 29 

batteries, owing to its exceptional hardness, high thermal conductivity, and outstanding thermal 30 

stability in vacuum environments.1-4 Industrial-scale SiC production is dominated by the Acheson 31 process (SiO₂ + 3C → SiC + 2CO), which requires extremely high temperatures of 2200–2500 °C in 32 electric arc furnaces, resulting in high energy consumption (11.6 MWh t⁻¹ SiC) and substantial CO₂ 33 emissions (9.2 t CO₂ t⁻¹ product).5-7 Driven by the rapid growth of electric vehicles and renewable 34 

energy systems, the global SiC market reached approximately USD 3.5 billion in 2024, with an annual 35 

growth rate of about 25%. However, 60�70% of high-purity crystalline SiC remains dependent on 36 

production in China, mainly due to the high manufacturing costs associated with energy-intensive 37 

processes in developed countries. Consequently, the environmental and economic limitations of the 38 

Acheson process have motivated increasing interest in green chemistry strategies that replace 39 

synthetic silica and fossil-derived carbon with sustainable biomass resources.8-10  40 

Vietnam, the world�s third-largest rice exporter (8.1 million tons in 2025), generates 41 

approximately 18�20 million tons of rice husk annually, corresponding to 3.6�4.0 million tons of 42 biogenic silica with limited economic value (<500 VND kg⁻¹). Rice husk is a unique natural composite 43 containing amorphous SiO₂ (15–22%) with nanoscale particle sizes of 10–50 nm,11 high surface area 44 (100–200 m² g⁻¹),12 and lignocellulosic carbon (38�42%),13 with intimate SiO₂/C contact at the 45 

nanoscale.14,15 These intrinsic features make rice husk an attractive precursor for SiC synthesis, 46 offering advantages in cost (200 VND kg⁻¹ for rice husk versus ~15 000 VND kg⁻¹ for conventional 47 

raw materials), reduced reliance on external carbon sources, and mitigation of environmental 48 

pollution associated with open-air husk burning. 49 

Numerous studies have therefore explored the synthesis of SiC from rice husk via carbothermal 50 

reduction, as summarized in Table 1. However, the fundamental limitation of the solid-state reaction 51 (SiO₂(s) + 3C(s) → SiC(s) + 2CO(g)) lies in sluggish solid-state diffusion kinetics, which typically 52 

necessitate temperatures above 1500 °C to overcome activation barriers despite favorable 53 

thermodynamics.16 54 

 55 

 56 

 57 
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Table 1. Overview of representative studies on SiC synthesis from rice husk. 58 

Author / Year Temperatu

re (°C) 

SiC (wt%) Cataly

st 

Limitation Ref

. 

Pereira et al., 

2020 

1600-1800 40-60 - High temperature 17 

Tran et al., 2024 1375 65 

(whiskers) 

- Low yield 18 

Kieu et al., 2024 1200 20,4 Na₂SiO₃ 

Temperature not 

optimized 

19 

Kieu et al., 2024 1200 18,3 Na₂SiO₃ 

Low yield 15 

Trung et 

al.,2020 

- 85.12  Complex equipment 20 

 59 

To address this challenge, transition-metal catalysts such as Fe, Ni, and Cu have been 60 

introduced to lower the reaction temperature through a Vapor�Liquid�Solid (VLS) mechanism.21,22 61 

In this mechanism, the formation of the metal�silicon eutectic generates a transient liquid phase that 62 

markedly enhances atomic diffusion and accelerates SiC formation. Among these catalysts, Cu 63 

exhibits the lowest eutectic temperature, minimal magnetic contamination, and reduced propensity 64 

for undesired phase transformations compared with Fe and Ni.23-25 65 

Despite these advantages, most Cu-catalyzed studies have primarily focused on varying Cu 66 

content, while the systematic influence of calcination temperature in the range of 900�1300 °C at 67 

fixed feedstock composition remains insufficiently explored.25 Moreover, the combined use of silica 68 gel to compensate for SiO₂ deficiency in rice husk and the optimization of post-thermal treatment 69 

coupled with purification have received limited attention. Therefore, this study aims to elucidate the 70 

effect of calcination temperature on Cu-assisted synthesis of SiC from a rice husk�silica gel mixture. 71 

By fixing the feedstock composition and varying the calcination temperature from 900 to 1300 °C, 72 

the optimal conditions for phase formation were identified through systematic evaluation of SiC 73 

yield, phase composition, and microstructural evolution. The effectiveness of HF purification in 74 

enhancing SiC content was also assessed. 75 
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2. Experimental method 76 

2.1. Materials 77 

Rice husk (RH), collected from Tay Ninh Province, Vietnam, was used as the primary precursor 78 

providing both silica and carbon. The raw rice husk was thoroughly washed with distilled water, 79 

dried at 110 °C, and subsequently ground into fine powder. The average particle size of the milled 80 

rice husk, determined by laser particle size analysis, was 13.12 µm. The chemical composition of the 81 

rice husk is summarized in Table 2. 82 Silica gel (SG) was synthesized from sodium silicate (Na₂SiO₃) and hydrochloric acid (HCl) 83 

following the procedure reported in 26. The synthesized silica gel was dried, ground, and 84 

characterized for particle size and chemical composition. The average particle size of the ground 85 

silica gel was 14.93 µm, and its chemical composition is also presented in Table 2. Silica gel was used 86 to compensate for the SiO₂ deficiency of rice husk in the feedstock mixture. 87 

Copper powder (purity >99%, industrial grade) was employed as a catalytic additive to 88 

promote SiC formation. Hydrofluoric acid (HF, 50 %wt.) was diluted to 10 wt% and used for post-89 

synthesis purification of the SiC products. 90 

Table 2. Chemical composition of rice husk and silica gel (%wt.). 91 

Material Si Na K S Fe C N H Others 

RH 6.96 0.08 0.15 0.07 0.31 45.92 3.12 6.13 35.26 

SG 67.20 1.75 0.12 0.06 - - - - 30.87 

 92 

Sample Preparation and Synthesis 93 

A schematic illustration of the experimental workflow is presented in Figure 1. 94 

Feedstock preparation - Rice husk, silica gel, and Cu powder were weighed according to fixed 95 

mass ratios. The rice husk/silica gel ratio was maintained at 1:1.4, while the rice husk/Cu ratio was 96 

fixed at 1:2. The powders were dry-mixed using a planetary ball mill at a rotational speed of 400 rpm 97 

for 2 min to ensure homogeneous dispersion of all components. The mixed powder was then pressed 98 

into cylindrical pellets with a diameter of 10 mm and a height of 8 mm under a compaction pressure 99 

of 2 MPa. 100 
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Thermal treatment - Carbothermal reduction was conducted in a horizontal tube furnace. The 101 pellets were placed in high-purity alumina crucibles (Al₂O₃, 99%) and heated at a constant heating 102 rate of 10 °C min⁻¹ under a CO₂ protective atmosphere. The calcination temperatures investigated 103 

were 900, 1000, 1100, 1200, and 1300 °C, with a 60-minute holding time at the target temperature. 104 

After the carbothermal reaction, the furnace temperature was rapidly decreased to 800 °C, followed 105 

by an isothermal holding step for 60 min in ambient air. Finally, the furnace was allowed to cool 106 

naturally to room temperature. 107 

 108 

Figure 1. A Diagram of the prototyping process 109 

2.2. Characterization Techniques 110 

Determination of SiC, SiO₂, and free carbon contents - Both as-synthesized and HF-111 purified samples were analyzed for SiC, SiO₂, and free carbon contents according to ISO 112 

21068�2:2008. Total carbon was determined by oxidation with tin powder in a tube furnace 113 at 1050 °C, converting carbon to CO₂ via combustion. Free carbon was selectively oxidized to 114 CO₂ using a chromic–sulfuric–iodic acid mixture at 130–140 °C. In both cases, the generated 115 CO₂ was absorbed in sodium hydroxide (NaOH) solution. Total carbon and free carbon 116 

contents were calculated using Eqs. (1) and (2), respectively. The SiC content was 117 
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subsequently calculated from the difference between total carbon and free carbon using Eq. 118 (3). SiO₂ content was determined by dissolution in hydrofluoric acid based on the chemical 119 

reactions described in Eqs. (4) and (5). 120 

%Ctotal = 0,2729 * (∆m/m01) * 100% (1) 121 

%Cfree = 0,2729 * (∆m/m02) * 100% (2) 122 

%SiC = 3,3383 * (%Ctotal - %%Cfree) (3) 123 SiO₂ + 2KF + 4HF → K₂SiF6 + 2H₂O (4) 124 K₂SiF6 + 4NaOH → 2KF + 4NaF + SiO₂ + 2H₂O (5) 125 

Where %Ctotal is the total carbon content (%), %Cfree is the free carbon content (%), %SiC 126 

is the SiC content (%), Δ݉ is the mass increase of the NaOH solution during CO₂ absorption 127 

(g), ݉01and ݉02 are the initial masses of the composite samples for total carbon and free 128 carbon determination (g), respectively. The factor 0.2729 converts CO₂ to carbon, while 129 

3.3383 is the stoichiometric conversion factor from carbon to SiC. 130 

X-ray diffraction (XRD) - Phase composition was identified by X-ray diffraction using an 131 EMPYREAN diffractometer (PANalytical) with Cu Kα radiation. Diffraction patterns were 132 recorded over a 2θ range of 15–75° with a step size of 0.02°. 133 

Fourier transform infrared spectroscopy (FTIR) - Chemical bonding and functional 134 

groups were analyzed using a Nicolet 6700 FTIR spectrometer (Thermo Scientific) with the 135 KBr pellet method in the wavenumber range of 450–3900 cm⁻¹ at a resolution of 1.93 cm⁻¹. 136 

Scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEM/EDX) - 137 

Microstructural features and semi-quantitative elemental distributions were examined using 138 

a JSM-IT200 scanning electron microscope (JEOL) equipped with an EDX detector. SEM 139 

images were acquired at magnifications of ×1000 and ×5000 using an accelerating voltage of 140 

10 kV, a working distance of 11.5 mm, and secondary electron imaging mode. 141 
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3. Results & Discussion 142 

3.1. SiC yield before purification and effect of calcination temperature 143 

Figures 2 and 3 present the chemical composition of the as-synthesized products obtained at 144 

different calcination temperatures, determined according to ISO 21068-2:2024. As shown in Figure 145 

2, the SiC content in the raw products increases progressively from 22.72% at 900 °C to a maximum 146 

of 44.12% at 1300 °C, clearly revealing three distinct kinetic regimes for the carbothermal reduction 147 

reaction in the rice husk�silica gel�Cu system. 148 

 149 

Figure 2. SiC content in products before HF purification 150 

In the first regime (900�1100 °C), SiC formation is limited by the high activation energy 151 

of the solid-state reaction, leading predominantly to the formation of amorphous 152 

intermediates. The average increase in SiC yield in this temperature range is 4.63% per 100 153 

°C, consistent with diffusion-controlled kinetics (reaction (6)). In the intermediate regime 154 

(1100�1200 °C), enhanced atomic mobility significantly accelerates the reaction, resulting in 155 

a higher SiC growth rate of 8.48% per 100 °C. In the final regime (1200�1300 °C), the increase 156 

in SiC content becomes less pronounced (3.67% per 100 °C), which can be attributed to the 157 

establishment of a dynamic equilibrium between SiC formation and reverse oxidation 158 

reactions, as described by reaction (7). 159 
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The post-calcination thermal treatment at 800 °C in air plays a critical role in increasing 160 

the SiC content compared with previous studies.27 This step selectively oxidizes residual free 161 

carbon via reaction (8), thereby increasing the relative fraction of SiC in the composite. A 162 

similar effect was reported for rice husk pyrolysis, where a 15% increase in SiC content was 163 

achieved after oxidation at 700 °C.17 164 SiO₂(r) + 3C(r) → SiC(r) + 2CO(k) (6) 165 SiC(s) + O₂(g) → SiO₂(s) + CO₂(g) (7) 166 C + O₂ → CO₂ (8) 167 

 168 

Figure 3. Residual phase composition in products before HF purifacation 169 

Compared with literature data, the SiC yield of 44.12% achieved at 1300 °C is 170 

approximately 30% higher than that obtained from rice husk alone under similar 171 

conditions,15 and is comparable to self-propagating high-temperature synthesis from rice 172 

husk ash, which typically yields 40�50% SiC.28,29 Nevertheless, the obtained yield remains 173 

lower than the theoretical value (70�80%), which can be attributed to three main limiting 174 factors: (i) deviation of the actual SiO₂/C ratio from the stoichiometric value of 1:3 due to the 175 

intrinsic compositions of rice husk (6.96% Si, 45.92% organic carbon) and silica gel (67.20% 176 

Si); (ii) the presence of a high fraction of residual phases (~45%) mainly associated with Cu, 177 CuO, and Cu₂O (Figure 3); and (iii) the local CO₂-rich atmosphere in the tube furnace, which 178 

may hinder complete carbothermal reduction at the pellet surface. 179 
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 180 

 181 

The catalytic role of Cu in enhancing reaction kinetics can be rationalized by the well-182 established Vapor–Liquid–Solid mechanism. Upon heating, molten Cu (Tₘ = 1085 °C) forms a 183 

low-temperature Si�Cu eutectic in the range of 800�1000 °C, generating a transient liquid 184 

phase that markedly increases the diffusion coefficients of Si and C relative to solid-state 185 

diffusion. This liquid�solid interface facilitates nucleation and growth of SiC at significantly 186 

lower temperatures than those required for uncatalyzed reactions.25 187 

Figure 3 further shows that the free carbon content decreases sharply from 15.27% at 188 

900 °C to 4.25% at 1300 °C, confirming the progressive consumption of carbon through 189 reactions (6) and (8). Similarly, the residual SiO₂ content decreases from 15.57% to 5.88%, 190 

indicating increasing participation of silica in SiC formation at elevated temperatures. In 191 

contrast, the fraction of �other� components remains relatively constant (45.75�46.45%), 192 which is mainly attributed to Cu, CuO, and Cu₂O generated through secondary reactions (9) 193 

and (10). 194 Cu + O₂  CuO (9) 195 

2CuO + CO  Cu₂O + CO₂ (10) 196 

3.2. Phase composition, molecular structure, and microstructure before 197 

purification 198 

The FTIR spectra of the as-synthesized samples shown in Figure 4 provide direct 199 

evidence for the formation of silicon carbide during carbothermal reduction. Characteristic 200 Si–C vibration bands appear at approximately 809 cm⁻¹, corresponding to the stretching 201 mode, and at 624 cm⁻¹, associated with the bending mode, for samples calcined at 202 

temperatures of 1100 °C and above. The emergence and progressive intensification of these 203 

bands with increasing temperature confirm the onset and advancement of SiC formation, in 204 

agreement with previous reports on biomass-derived SiC systems.30,31 The delayed 205 

appearance of these bands at lower temperatures suggests that SiC formation is kinetically 206 

limited below 1100 °C, requiring sufficient thermal energy to overcome diffusion and reaction 207 

barriers. 1100 °C also corresponds to the melting temperature range of Cu. Thereby 208 

promoting the SiC creation process. 209 
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 210 

 211 

Figure 4. FTIR spectra of products before HF purification 212 The absorption band at 1633 cm⁻¹, assigned to aromatic C=C stretching vibrations, 213 

persists across the entire temperature range but gradually decreases in intensity as the 214 

calcination temperature increases from 900 to 1300 °C. This trend indicates partial 215 

consumption of free carbon during carbothermal reduction, while also confirming that 216 

complete carbon conversion is not achieved even at the highest temperature investigated.32 217 

The coexistence of residual carbon and SiC is commonly observed in biomass-derived systems 218 

due to the heterogeneous distribution of carbon and silica at the microscale and local diffusion 219 

limitations during solid-state reactions. 220 SiO₂·nH₂O → SiO₂ + nH₂O (11) 221 A broad absorption band centered at approximately 1110 cm⁻¹ corresponds to 222 asymmetric Si–O–Si stretching vibrations, reflecting the presence of residual free SiO₂ that 223 

has not fully participated in reaction (6).33 The persistence of this band across the 224 

temperature range suggests incomplete conversion of silica, which can be attributed to the 225 

formation of thermodynamically stable crystalline silica phases or physical encapsulation of 226 SiO₂ within carbon-rich regions. The broad –OH stretching band observed at around 3442 227 cm⁻¹ originates from physically adsorbed moisture on the powder surface, which is typical 228 
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for porous oxide- and carbide-containing powders exposed to ambient conditions.34 229 Additionally, the low-wavenumber band near 480 cm⁻¹ can be attributed to overlapping Cu–230 

O lattice vibrations and Si�O bending modes, confirming the presence of copper oxide species, 231 

as also indicated by the elemental analysis in Figure 3.35,36 These copper-related phases play 232 

a dual role, acting as catalysts for SiC formation while also contributing to impurity phases in 233 

the as-synthesized products. 234 

 235 

Figure 5. XRD patterns of products before HF purification 236 

The phase composition inferred from FTIR analysis is further clarified by X-ray 237 

diffraction patterns presented in Figure 5. The diffraction results clearly demonstrate the 238 formation of cubic 3C-SiC, with characteristic diffractions at 2θ = 35.7° (111), 59.96° (220), 239 

and 71.76° (311) (JCPDS 29-1129) 37, alongside hexagonal 4H-SiC, evidenced by peaks at 2θ = 240 

34.1° (100) and 38.1° (102) (JCPDS 29-1127)38. The coexistence of cubic and hexagonal 241 

polytypes suggests that SiC nucleation occurs under non-equilibrium conditions, where 242 

temperature gradients and local compositional variations promote the formation of multiple 243 

crystal structures. The gradual narrowing and sharpening of SiC diffraction peaks with 244 

increasing calcination temperature indicate enhanced crystallinity and increased crystallite 245 

size, as estimated using the Scherrer equation.39 246 
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Residual silica is primarily detected in the form of cristobalite SiO₂, with characteristic 247 reflections at 2θ = 21.98° (101) and 31.46° (102) (JCPDS 39-1425)40. The relative intensity of 248 

these peaks becomes more pronounced at 1200 °C, suggesting partial crystallization of 249 

initially amorphous silica during thermal treatment. In addition, metallic Cu with a face-250 centered cubic structure, Cu₂O (cuprite), and CuO (tenorite) are detected (JCPDS 04-0836,41 251 

05-0667,42 and 05-0661,43 respectively), in agreement with previous studies on Cu-assisted 252 

SiC synthesis.25 The simultaneous presence of Cu, CuO, and Cu₂O at elevated temperatures 253 

indicates dynamic redox cycling, where CO partially reduces copper oxides to regenerate 254 

metallic Cu, as described by reaction (12). This redox interplay sustains catalytic activity and 255 

facilitates SiC formation by enhancing mass transport and lowering the effective reaction 256 

temperature. 257 Cu₂O + CO  2Cu + CO₂ (12) 258 

The microstructural changes in the as-synthesized samples are revealed by SEM 259 

observations shown in Figure 6. At lower calcination temperatures (900�1000 °C), the 260 

samples consist of fine, irregular particles with rough surfaces, reflecting the coexistence of 261 SiO₂, carbon, and copper-related phases. As the temperature increases to 1200–1300 °C, SiC 262 

particles become more distinguishable and coarser, indicating progressive grain growth and 263 

phase development. The rough surface morphology is attributed to the adhesion of residual 264 SiO₂ and CuO phases, which partially coat the SiC particles prior to purification. 265 

Distinct spherical Cu* particles are observed at lower temperatures and gradually 266 

evolve into porous or cratered structures at higher temperatures. High-magnification SEM 267 

images (Figure 7) reveal surface degradation features on Cu* particles, which can be 268 associated with repeated oxidation–reduction cycles between Cu, Cu₂O, and CuO during 269 

calcination. These morphological changes are consistent with the participation of copper in 270 

catalytic reactions and provide microstructural evidence supporting the Vapor�Liquid�Solid 271 

growth mechanism for SiC formation.44 In this mechanism, transient liquid or semi-liquid Cu�272 

Si phases facilitate Si transport and promote localized SiC nucleation, while continuous redox 273 

cycling maintains catalytic efficiency. 274 
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 275 

Figure 6. SEM images of products before HF purification at magnification 1000× 276 

 277 

Figure 7. SEM image of the Cu* surface for the sample calcined at 1000 °C without HF acid 278 

treatment (magnification 5000×) 279 
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Overall, the combined FTIR, XRD, and SEM results presented in Figures 4�7 280 

demonstrate that copper effectively enhances the synthesis of silicon carbide from a biomass 281 

feedstock via a Vapor�Liquid�Solid-assisted carbothermal reduction pathway. However, this 282 

catalytic advantage is accompanied by the formation of residual impurity phases, including 283 SiO₂, Cu, CuO, and Cu₂O, which remain embedded in or adhered to the SiC matrix prior to 284 

purification. These observations underscore the necessity of an efficient post-treatment step 285 

to selectively remove impurity phases and improve the properties of biomass-derived SiC. 286 

3.3. Properties of SiC after HF purification 287 

Figure 8 shows the SiC content of the products after HF purification, revealing a 288 

pronounced increase in SiC concentration across all samples following acid treatment. The 289 

maximum SiC content reaches 88.47% at a calcination temperature of 1300 °C, approximately 290 

twice that of the corresponding as-synthesized product (44.12%) and exceeding previously 291 

reported value for rice husk�derived SiC.45 This marked increase highlights that a substantial 292 

fraction of SiC formed during carbothermal reduction is initially obscured by residual silica 293 

and copper-related by-products, rather than reflecting insufficient SiC formation. 294 

 295 

Figure 8. SiC content in products after HF purification 296 

The evolution of SiC yield after purification exhibits two distinct kinetic regimes. In the 297 

temperature range of 900�1200 °C, the SiC content increases sharply by approximately 298 
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44.56%, corresponding to an average increment of about 14.85% per 100 °C. This rapid 299 

enhancement is primarily attributed to the dissolution of residual amorphous or crystalline 300 SiO₂ as well as copper oxides formed during carbothermal reduction. In this regime, HF 301 

selectively removes non-SiC phases that coat or embed SiC crystallites, thereby significantly 302 

increasing the apparent SiC content without altering the underlying carbide structure. At 303 

higher temperatures (1200�1300 °C), the rate of increase becomes less pronounced, 304 

indicating a gradual approach toward equilibrium. This behavior is consistent with the 305 

diminishing amount of removable impurities and the increasing influence of reverse 306 

oxidation reactions, which limit further net gains in SiC content, as discussed in the previous 307 

sections. 308 

 309 

Figure 9. XRD patterns of products after HF purification 310 

The effectiveness and selectivity of HF purification are further corroborated by the XRD 311 

patterns shown in Figure 9. After treatment, diffraction peaks corresponding to cristobalite 312 SiO₂, CuO (tenorite), and Cu₂O (cuprite) are nearly eliminated. In contrast, diffraction peaks 313 

attributed to metallic Cu remain detectable, particularly in samples calcined at 900�1000 °C. 314 

This observation is consistent with the known chemical inertness of metallic copper toward 315 

HF under ambient conditions. The preferential dissolution of copper oxides follows their 316 basicity, with CuO dissolving more readily than Cu₂O, as described by reactions (13) and (14). 317 Notably, the complete disappearance of SiO₂-related diffraction peaks confirms that HF 318 
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purification effectively removes residual silica, a significant obstacle to achieving high-purity 319 

SiC from biomass-derived precursors. 320 

CuO + 2HF  CuF₂ + H₂O (13) 321 Cu₂O + 2HF  Cu + CuF₂ + H₂O (14) 322 

 323 

Figure 10. Residual phase composition after HF purification 324 

Quantitative phase analysis after purification, summarized in Figure 10, provides 325 

information on the change in impurity phases with increasing calcination temperature. The 326 SiO₂ content decreases markedly to 4.51% at 900 °C and 0.50% at 1300 °C, confirming the 327 

efficiency of HF in dissolving silica via reaction (15). The persistence of small amounts of silica 328 

at higher temperatures may be attributed to its encapsulation within dense SiC aggregates, 329 which can partially hinder acid accessibility. For copper-related impurities, metallic Cu, Cu₂O, 330 

and CuO collectively account for 25.26�42.23% of the residual phases at lower calcination 331 

temperatures (900�1100 °C). At higher temperatures (1200�1300 °C), however, the residual 332 copper species are dominated by Cu₂O (2.51–7.98%), as metallic Cu is progressively oxidized 333 during thermal treatment and HF preferentially reacts with the more basic CuO before Cu₂O.46 334 These results confirm that the relative reactivity toward HF follows the order CuO > Cu₂O > 335 SiO₂ ≫ Cu(0), which is consistent with thermodynamic predictions. 336 
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SiO₂(s) + 4HF(aq) → SiF₄(g)↑ + 2H₂O(l) (15). 337 

 338 

Figure 11. SEM images of products after HF purification (magnification 1000×) 339 

SEM observations after HF treatment (Figure 11) provide complementary 340 

morphological evidence for the effective removal of impurity phases. Compared with the as-341 

synthesized samples (Figure 6), the purified products exhibit sharply defined SiC particles 342 

with clean, well-resolved surfaces, indicating that surface-adsorbed silica and copper oxide 343 

layers have been successfully removed. The exposure of faceted SiC grains suggests that HF 344 

treatment not only removes impurities but also reveals the intrinsic morphology of the 345 

carbide phase. At lower calcination temperatures, residual spherical Cu particles remain 346 

visible, consistent with the limited chemical interaction between metallic Cu and HF. Notably, 347 
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no signs of surface etching or structural degradation of SiC are observed, confirming its 348 

chemical stability under the applied purification conditions. 349 

 350 

Figure 12. Elemental distribution map of the sample calcined at 1300 °C before (a) and after (b) HF 351 

acid treatment 352 
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Elemental distribution maps obtained by EDX for samples calcined at 1300 °C, before 353 

and after HF purification (Figure 12), further alter the compositional evolution induced by 354 

acid treatment. A substantial reduction in Cu and O signals is observed after purification, 355 

indicating the effective removal of copper oxides and silica. Concurrently, the relative 356 

intensities of Si and C increase markedly and become more uniform, confirming that the 357 

purified product is predominantly chemically stable SiC. The homogeneous Si�C distribution 358 

also suggests that HF purification does not induce elemental segregation or preferential 359 

dissolution of the SiC phase. 360 

Collectively, the results presented in Figures 8�12 demonstrate that HF purification 361 

serves as a highly effective and selective post-treatment strategy for enhancing the phase 362 

purity of SiC derived from rice husk biomass. By efficiently removing residual silica and 363 

copper oxides while preserving the structural and chemical integrity of SiC, this approach 364 

significantly improves the apparent yield and quality of the final product. From a 365 

sustainability perspective, the ability to achieve high-purity SiC at relatively low synthesis 366 

temperatures, combined with an effective purification step, underscores the potential of this 367 

biomass-based route as a viable alternative to conventional high-energy industrial processes. 368 
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4. Conclusion 369 

A Cu-catalyzed carbothermal reduction route using a rice husk�silica gel feedstock was 370 

successfully developed for the synthesis of SiC at 1300 °C. After HF purification, a high SiC content of 371 

88.47% was achieved, representing a twofold improvement over previously reported biomass-based 372 

methods (40�75%). This enhancement is attributed to three key factors: (i) formation of a low-373 

temperature Si�Cu eutectic (~800 °C) that overcomes solid-state diffusion limitations via a Vapor�374 

Liquid�Solid mechanism; (ii) a controlled oxidation step at 800 °C that selectively removes free 375 carbon and increases the relative SiC fraction; and (iii) efficient HF purification residual SiO₂ and 376 copper oxide impurities. Compared with the conventional Acheson process (2200 °C, ~9.2 t CO₂ per 377 

ton of SiC), the proposed method significantly reduces processing temperature and energy demand 378 

while valorizing abundant Vietnamese rice husk resources (~20 million tons per year, <200 VND 379 kg⁻¹). This study demonstrated a viable approach for producing high-quality SiC from agricultural 380 

biomass, with the potential to scale to continuous processing and achieve high-purity SiC. 381 
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