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Abstract

The synthesis of adipic acid through the oxidation reaction of a cyclohexanone-cyclohexanol mixture was investigated using
30% hydrogen peroxide (H,0,) as the oxidizing agent and a B,0;-SiO, catalyst synthesized via heat treatment at various
temperatures. This study aimed to evaluate the catalytic performance of B,03;-SiO, in facilitating the oxidation reaction and
to determine the optimum reaction conditions for achieving the maximum vyield of adipic acid. The effects of reaction time
and temperature on the oxidation process were systematically studied. The reactions were conducted for 5, 6, 7, and 8 hours
at temperatures of 60°C, 70°C, 80°C, and 90°C. The reaction products were analyzed using Gas Chromatography (GC) and
Fourier-transform infrared spectroscopy (FT-IR). The results showed that the B,0;-SiO, catalyst exhibited the highest catalytic
activity at a reaction temperature of 90°C, producing adipic acid with a maximum yield of 2.36% after 7 hours of reaction. Based
on FT-IR characterization, it was observed that the B,0;-SiO, catalyst became unstable after the reaction, indicated by the
reduction of Brgnsted acid sites. This decrease in acidity led to less effective catalytic performance, resulting in a suboptimal

oxidation process and a relatively low yield of adipic acid.
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1. INTRODUCTION

Adipic acid (hexanedioic acid) is a vital dicarboxylic acid used
extensively in the manufacture of nylon-6,6, plasticizers, lubri-
cants, insecticides, and polymer precursors (e.g. polyesters)
(Liang et al., 2025; Ribeiro et al., 2020). Traditionally, adipic
acid is produced via the oxidation of cyclohexane to a cyclo-
hexanone/cyclohexanol mixture, followed by oxidation using
nitric acid, a process that emits nitrous oxide (N;0) as a ma-
jor greenhouse gas by product Lisicki et al. (2023a); Yan et al.
(2020). To mitigate environmental impact, greener synthetic
routes employing hydrogen peroxide (H,0O,) as an oxidant have
been explored, because H,O, decomposes to water and avoids
nitrogen oxide byproducts (Dutta, 2025; Qin et al., 2025). In fact,
30 wt% H,0, has been demonstrated as a practical “clean” oxi-
dant for converting cyclohexane, cyclohexanol, cyclohexanone,
or their derivatives to adipic acid in prior studies (Lesbani and
Mohadi, 2015; Mouanni et al., 2019; Sativa and Lesbani, 2017).
Moreover, using a mixture of cyclohexanone and cyclohexanol
often gives a higher yield of adipic acid than stoichiometric use
of each substrate individually, due to synergistic oxidation in-

teractions and radical chain propagation between ketone and
alcohol moieties (Lisicki et al., 2023a; Moudjahed et al., 2022).

Catalysts are essential in such oxidative syntheses, as they ac-
tivate hydrogen peroxide (or peroxo species) and guide selective
oxidation pathways toward adipic acid instead of over-oxidation
or undesired byproducts. For example, Dawson-type polyox-
ometalates have shown high conversion of cyclohexanone/cycloh
exanol mixtures with H,0, under mild conditions (Moudjahed
et al,, 2022). Other catalysts reported include WO;/SiO, for green
oxidation of cyclohexanone to adipic acid (Yan et al., 2020), and
various heteropoly acids or supported metal catalysts.

Various solid acid catalysts have been employed in the oxida-
tion of cyclohexanone and cyclohexanol to adipic acid to activate
hydrogen peroxide and enhance selectivity toward the desired
product. Among them, polyoxometalates (POMs) with the Keg-
gin structure are frequently utilized in acid catalysis because of
their simple synthesis procedure, strong redox ability, and excel-
lent chemical stability (Hanifah and Amri, 2023; Qin et al., 2023;
Zhao et al., 2023). However, their high cost and potential leach-
ing in liquid-phase reactions limit their large-scale applications.
Therefore, the development of alternative, stable, and low-cost
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catalysts remains essential. Among boron-based catalysts, boric
acid (H3BOs) has often been applied because boron centers can
confer both Lewis and Bronsted acidity, which facilitates per-
oxidic activation and proton transfers during oxidation cycles,
although specific studies combining boron and silica in adipic
acid synthesis remain limited (Deary, 2023; Walia et al., 2014;
Yang et al., 2014).

In this study, a catalyst composed of boric acid (B,05) and sil-
ica (SiO,) was employed for the oxidation of a cyclohexanone-cyc
lohexanol mixture to adipic acid using hydrogen peroxide as
the oxidant. The catalytic performance was evaluated through
product analysis using Fourier Transform Infrared Spectroscopy
(FTIR) and Gas Chromatography (GC). To obtain the highest
possible adipic acid yield, the effects of reaction time and temper-
ature on the oxidation process were systematically investigated.

2. EXPERIMENTAL

2.1 Chemicals and Instruments

All chemicals used in this study were of analytical grade (p.a).
Cyclohexanone, cyclohexanol, hydrogen peroxide (H,0,), dis-
tilled water, boric acid (H3BOs3), and silica (SiO,) were used with-
out further purification. The instruments employed in this re-
search included a 250 mL reflux flask equipped with a magnetic
stirrer, reflux apparatus, desiccator, filter paper, beakers, ther-
mometer, and capillary tubes. The catalysts and products were
characterized using a Fourier Transform Infrared (FT-IR) spec-
trophotometer (Shimadzu Prestige-21) and analyzed using a gas
chromatograph (GC) Shimadzu 2010 Plus.

2.2 Preparation and Characterization of B,0;-SiO, Cata-
lyst

The B,03-SiO, catalyst was prepared following the method re-
ported by Ni et al. (2024) with slight modifications. A total of
0.162 g of boric acid (H;BOs;) was dissolved in 30 mL of distilled
water in a 100 mL beaker. The mixture was stirred magnetically
for 10 minutes at 80°C, followed by the addition of 1.458 g of
SiO,. The resulting suspension was refluxed for 5 hours at 90°C.
After refluxing, the mixture was evaporated to obtain a solid
precursor of B,O3-SiO,. The obtained solid was then dried at
95°C for 48 hours to remove residual moisture. Subsequently,
the dried solid was calcined at different temperatures of 300°C,
400°C, 500°C, 600°C, and 700°C. The resulting B,05-SiO, catalyst
was characterized by FT-IR spectroscopy to identify its structural
and functional group features.

2.3 Conversion of Cyclohexanone-Cyclohexanol Mixture
to Adipic Acid

2.3.1 Synthesis of Adipic Acid Using B,05;-SiO, Catalyst

The oxidation of the cyclohexanone-cyclohexanol mixture into
adipic acid was carried out according to a modified procedure by
Lisicki et al. (2023b). A mixture consisting of 1 mL cyclohexanone
and cyclohexanol in a 1:1 molar ratio was placed into a flask along
with 0.02 g of B,03-Si0, catalyst (calcined at 600°C). The mixture
was stirred magnetically for 10 minutes at room temperature,
followed by the addition of 8 mL of 30% H,0, solution. The
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reaction mixture was then refluxed for 6 hours at 90°C. After the
reaction, the mixture was cooled and kept at 5°C for 24 hours
before being analyzed by gas chromatography.

2.3.2 Effect of Reaction Time

The schematic illustration of the oxidation of the cyclohex-
anone-cyclohexanol mixture to adipic acid using 30% H,0, as the
oxidant and B,03-Si0, as the catalyst is shown in Figure 1. The
influence of reaction time on the conversion of cyclohexanone-
cyclohexanol mixture into adipic acid was investigated using
the same procedure as described in Section 2.3.1. The reactions
were carried out for different durations of 5, 6, 7, and 8 hours.
After each reaction, the solution was filtered, and the obtained
product was stored in a desiccator prior to analysis using gas
chromatography.

Cyclohexanone

o
OH H,0, (30%) o
+ N HOM "
B,0;-si0,  ©
catalyst

60-90°C
5-8h

&

Figure 1. The Schematic Illustration of the Oxidation of the
Cyclohexanone-Cyclohexanol Mixture to Adipic Acid

Cyclohexanol Adipic Acid

2.3.3 Effect of Reaction Temperature

The effect of temperature on the conversion process was studied
using the optimized reaction time. The oxidation was conducted
at various temperatures: 60°C, 70°C , 80°C, and 90°C . After each
experiment, the solution was filtered and stored in a desiccator
for subsequent gas chromatographic analysis.

2.4 Characterization of the Catalyst After Reaction

After the oxidation reaction, the B,05;-SiO, catalyst was filtered,
dried at room temperature, and then treated with ammonia vapor
for 24 hours. The dried catalyst was subsequently characterized
by FT-IR spectroscopy to determine any changes in its acidic
functional groups after the conversion reaction.

2.5 Data Analysis

The characterization of the B,0;-SiO, catalyst and the reaction
products was carried out using FT-IR spectroscopy. Adipic acid
formation was confirmed by gas chromatographic analysis of
the oxidation products from the cyclohexanone-cyclohexanol
mixture. The influence of reaction parameters such as tempera-
ture and time on conversion efficiency was evaluated. The acidic
nature of the B,0;-Si0, catalyst before and after reaction was
also analyzed using FT-IR.
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Figure 2. FT-IR Spectrum of B,0;-SiO, Compoun

3. RESULTS AND DISCUSSION

3.1 Identification of B,0;-SiO, Compound

The B,0,;-Si0, compound was prepared through the impregna-
tion process of boric acid with silicon dioxide. The impregnation
of B,0;-Si0, represents an inorganic synthesis process aimed
at enhancing the acidity properties of the resulting compound,
combined with silica. The characterization of B,03-SiO, was per-
formed using a Fourier Transform Infrared (FT-IR) spectropho-
tometer with the KBr pellet method to identify the functional
groups present in the material.

The FT-IR spectrum of the B,05;-SiO, compound is shown
in Figure 2. In Figure 2, several absorption bands correspond-
ing to the functional groups of B,05;-SiO, were observed in the
range of 4000-300 cm'!. The absorption band around 3371 cm™
corresponds to the stretching vibration of Si—OH, while the
broad peak at 3217 cm™ is attributed to the B-O-H stretching
vibration (Invernizzi et al., 2018; Kostova et al., 2024). The sym-
metric stretching vibration of Si-O-Si was detected at 779 cm™.
The bands appearing near 925 cm™ and 648 cm™! are associated
with the stretching and bending vibrations of Si-O-B bonds,
respectively. Furthermore, a distinct band was observed at 1442
cm™ corresponding to the B-O vibration (Jamalaiah and Rasool,
2015).

3.2 Oxidation of Cyclohexanone—Cyclohexanol Mixture
Using B,0;-Si0, Catalyst
The oxidation of cyclohexanone and cyclohexanol mixtures in a
1:1 ratio was carried out using 30% H,0, as the oxidizing agent
at 90°C for 6 hours. Hydrogen peroxide (H,0O,) is an environ-
mentally friendly oxidant, producing only water as a by-product.
The B,05-SiO, catalyst synthesized at different calcination tem-
peratures (300°C, 400°C, 500°C, 600°C, and 700°C) was tested
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Figure 3. The Conversion Results in the Formation of Adipic
Acid Using B,0;-Si0, Catalyst Synthesized at Different
Calcination Temperatures

to evaluate its effect on adipic acid formation. The oxidation
products were analyzed using gas chromatography (GC), and
the conversion results are summarized in Figure 3.

The formation of adipic acid was observed when using the
B,0;-Si0, catalyst calcined at 600°C and 700°C, with the highest
yield of 0.28% obtained at 600°C. This result suggests that the
catalytic activity of B,03-SiO, is strongly influenced by the cal-
cination temperature. At 600°C B,05-SiO,, the surface acidity
and porosity of the catalyst are optimal, promoting the conver-
sion of cyclohexanol-cyclohexanone to adipic acid. However, at
higher temperatures (700°C), the decreased yield is likely due to
the collapse of pores and partial destruction of the active sites
caused by sintering, leading to catalyst deactivation (Grams and
Ruppert, 2021; Lyu et al., 2023). These findings indicate that
the B,05-SiO, catalyst synthesized and calcined at 600V -C pro-
vides the most favorable conditions for the oxidation process,
balancing structural stability and surface reactivity.

3.3 Effect of Reaction Time on the Formation of the Adipic

Acid
The effect of reaction time on the oxidation of a mixture of
cyclohexanone and cyclohexanol using H,O, was studied to
determine the optimal duration that produced the highest yield
of adipic acid. The oxidation reactions were carried out for 5, 6,
7, and 8 hours under the same procedure as described in Section
3.2. The catalyst used was B,0;-Si0, synthesized and calcined
at 600°C. The conversion of the cyclohexanone and cyclohexanol
mixture into adipic acid at 600°C was obtained with varying
reaction times, as summarized in Figure 4.

The conversion to adipic acid was relatively low at a reaction
time of 6 hours, yielding only 0.28%. When the reaction time
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Figure 4. The Effect of Reaction Time on the Percentage Yield
of Adipic Acid

was extended to 7 hours, the yield of adipic acid increased signif-
icantly to 2.36%. However, at a longer reaction time of 8 hours,
the amount of adipic acid produced decreased to 0.71%. This
decrease may be attributed to the degradation of adipic acid or
the occurrence of side reactions that reduced product selectivity
(Lisicki et al., 2023b; Liu et al., 2023).

The longer reaction time beyond the optimum led to product
degradation and a lower yield. Moreover, excessive heating for
extended durations could cause partial decomposition of adipic
acid or overoxidation, producing by-products rather than crys-
talline adipic acid. Based on these results, the optimal reaction
time for the oxidation of a cyclohexanone—cyclohexanol mixture
using the B,03-Si0, catalyst calcined at 600°C was determined
to be 7 hours, yielding 2.36% adipic acid.

3.4 Effect of Reaction Temperature on the Formation of

Adipic Acid
The effect of reaction temperature on the oxidation of the cyclo-
hexanone-cyclohexanol mixture using the B,0;-SiO, catalyst
was investigated to determine the optimum temperature that
yields the highest adipic acid conversion. The oxidation reaction
was conducted at various temperatures of 60°C, 70°C, 80°C, and
90°C. The results are summarized in Figure 5, showing that the
adipic acid yield increased with rising temperature. At a reac-
tion temperature of 60°C, no adipic acid was detected. When
the temperature was increased to 70°C, the conversion of cyclo-
hexanone-cyclohexanol to adipic acid reached 0.75%. Further
increasing the reaction temperature to 80°C resulted in a yield
of 2.05%, while the highest conversion of 2.36% was achieved at
90°C.

The data indicate that the reaction temperature plays a sig-
nificant role in promoting the oxidation of cyclohexanone and
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Figure 5. The Effect of Reaction Temperature on the
Percentage Yield of Adipic Acid

cyclohexanol to adipic acid. Higher temperatures increase the
kinetic energy of the molecules, enhancing the reaction rate and
the formation of the desired product. However, temperatures
above 90°C were not tested, as excessively high temperatures
may lead to undesirable side reactions or catalyst deactivation
(Ahmad et al., 2022; Barrientos et al., 2017; Zhao et al., 2018).
The optimal temperature for adipic acid formation under
these conditions was therefore determined to be 90°C, which
produced the maximum yield of 2.36%. These findings are con-
sistent with previous research by Mouanni et al. (2019), who
reported that higher temperatures facilitate the conversion of
cyclohexanone-cyclohexanol mixtures into adipic acid. The in-
crease in temperature improves the reactivity of the catalyst
surface and the oxidation efficiency of the B,0;-SiO, catalyst.

3.5 Identification of Catalyst Acid Groups After Conver-
sion Reaction

The acidity of the cyclohexanol and cyclohexanone mixture after
conversion was identified qualitatively using FT-IR analysis. The
FT-IR spectra of the catalyst before and after reaction are pre-
sented in Figure 6. The spectrum (a) represents the B,0;-Si0, cat-
alyst before the reaction, while spectrum (b) corresponds to the
catalyst after the oxidation of the cyclohexanone-cyclohexanol
mixture. Based on the FT-IR spectrum, it can be observed that
the absorption band corresponding to the functional group at a
wavelength of 1458 cm™ is missing, indicating that the Brensted
acid sites, typically found around 1400 cm’!, have diminished.
This reduction in Brensted acidity suggests that the B,0;-SiO,
catalyst becomes less stable, leading to decreased catalytic activ-
ity and, consequently, a lower yield of adipic acid (Aihara et al.,
2020; Hieu et al., 2022).
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Figure 6. FTIR Spectra of B,0;-SiO, Catalyst Before (a) and
After (b) the Reaction

3.6 Identification of Acid Sites in B,05-Si0, Catalyst After

Reaction
The acidity characteristics of the B,0;-Si0, catalyst after the con-
version reaction were also examined using FT-IR spectroscopy
with ammonia as a probe molecule. The resulting spectra are dis-
played in Figure 7, where spectrum (a) represents the B,05;-SiO,
catalyst after the reaction the conversion reaction saturated with
ammonia, and spectrum (b) corresponds to the catalyst after the
oxidation reaction.

The FT-IR spectrum of the pristine B,05;-SiO, catalyst (a)
shows absorption bands around 1040 cm™, which are attributed
to Si—O-Si stretching vibrations, and a broad band near 1400-1600
cm, indicating the presence of surface hydroxyl groups. Af-
ter ammonia adsorption (spectrum), a new absorption band ap-
peared at approximately 1600 cm™, which corresponds to the
N-H bending vibration of coordinated ammonia on Lewis acid
sites. This observation confirms that the B,0;-SiO, catalyst
possesses Lewis acid sites.

4. CONCLUSIONS

The oxidation of the cyclohexanone—-cyclohexanol mixture using
30% hydrogen peroxide (H,0,) and the B,05-SiO, catalyst suc-
cessfully produced adipic acid, with the yield of 2.36% obtained at
90°C and a reaction time of 7 hours. The FT-IR analysis revealed
that the B,05-SiO, catalyst became less stable after the reaction,
as indicated by the disappearance of Bronsted acid sites. This
reduction in acidity contributed to the low catalytic activity and
limited adipic acid formation.
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Figure 7. FTIR Spectra of B,0;-SiO, Catalyst After the
Conversion Reaction Saturated with Ammonia (a) and After the
Oxidation Reaction (b)

5. ACKNOWLEDGEMENT

The authors would like to express their sincere gratitude to the
Research Center of Inorganic Materials and Coordination Com-
plexes, Universitas Sriwijaya, for providing continuous support,
insightful scientific discussions, and essential assistance with the
instrumental analyses that greatly contributed to the completion
of this research.

REFERENCES

Ahmad, N., A. Wijaya, E. Salasia Fitri, F. Suryani Arsyad, R. Mo-
hadi, and A. Lesbani (2022). Catalytic Oxidative Desulfuriza-
tion of Dibenzothiophene by Composites Based Ni/Al-Oxide.
Science and Technology Indonesia, 7(3); 385-391

Aihara, T., K. Asazuma, H. Miura, and T. Shishido (2020). Highly
Active and Durable WO3/A1203 Catalysts for Gas-Phase De-
hydration of Polyols. RSC Advances, 10(61); 37538—37544

Barrientos, J., N. Gonzalez, M. Boutonnet, and S. Jaras (2017).
Deactivation of Ni/-Al,O5 Catalysts in CO Methanation: Effect
of Zr, Mg, Ba and Ca Oxide Promoters. Topics in Catalysis,
60(17-18); 1276-1284

Deary, M. E. (2023). Boric Acid Catalysed Hydrolysis of Peroxy-
acids. RSC Advances, 13(17); 11826-11837

Dutta, S. (2025). Hydrogen Peroxide as a Green Oxidant for Trans-
forming Biorenewable Carbohydrates into Organic Chemicals
of Industrial Significance. Journal of Molecular Liquids, 437,
128618

Grams, J. and A. M. Ruppert (2021). Catalyst Stability—Bottleneck
of Efficient Catalytic Pyrolysis. Catalysts, 11(2); 1-24

Hanifah, Y. and A. Amri (2023). Preparation of Layered Double

Page 105 of 106



Sitanggang et. al.

Hydroxide-Polyoxometalate Based Composite. Indonesian
Journal of Material Research, 1(2); 68-73

Hieu, D. T., H. Kosslick, M. Riaz, A. Schulz, A. Springer, M. Frank,
C. Jaeger, N. T. M. Thu, and L. T. Son (2022). Acidity and Sta-
bility of Brensted Acid Sites in Green Clinoptilolite Catalysts
and Catalytic Performance in the Etherification of Glycerol.
Catalysts, 12(3); 253

Invernizzi, C., T. Rovetta, M. Licchelli, and M. Malagodi (2018).
Mid and Near-Infrared Reflection Spectral Database of Natural
Organic Materials in the Cultural Heritage Field. International
Journal of Analytical Chemistry, 1; 7823248

Jamalaiah, B. C. and S. N. Rasool (2015). Fluorescence Properties
of Sm3+ Ions in Yttrium Aluminum Borate Phosphors for
Optical Applications. Journal of Molecular Structure, 1097;
161-165

Kostova, I. P., T. A. Eftimov, K. Hristova, S. Nachkova, S. Tsoneva,
and A. Peltekov (2024). An Effect of Boric Acid on the Struc-
ture and Luminescence of Yttrium Orthoborates Doped with
Europium Synthesized by Two Different Routines. Crystals,
14(6); 575

Lesbani, A. and R. Mohadi (2015). Conversion of Cyclohexanone
to Adipic Acid Catalyzed by Heteropoly Compounds. Indone-
sian Journal of Chemistry, 15(1); 64-69

Liang, X., M. Li, Q. Yang, C. Shen, and T. Tan (2025). Fast and
Continuous Synthesis of Biobased Adipic Acid in Micropacked-
Bed Reactors. Bioresource Technology, 434; 132782

Lisicki, D., B. Orlinska, A. A. Marek, ]. Binczak, K. Dzi-
uba, and T. Martyniuk (2023a). Oxidation of Cyclohex-
ane/Cyclohexanone Mixture with Oxygen as Alternative
Method of Adipic Acid Synthesis. Materials, 16(1); 298

Lisicki, D., B. Orlinska, T. Martyniuk, K. Dziuba, and J. Binczak
(2023b). Selective Oxidation of Cyclohexanone to Adipic Acid
Using Molecular Oxygen in the Presence of Alkyl Nitrites and
Transition Metals as Catalysts. Materials, 16(16); 5722

Liu, Y., L. Ni, H. Yao, J. Su, and Z. Cheng (2023). The Effects of
Acid and Hydrogen Peroxide Stabilizer on the Thermal Hazard
of Adipic Acid Green Synthesis. Sustainability (Switzerland),
15(8); 6530

Lyu, X, O. Yurchenko, P. Diehle, F. Altmann, J. Woéllenstein, and
K. Schmitt (2023). Accelerated Deactivation of Mesoporous
Co0304-Supported Au-Pd Catalyst through Gas Sensor Opera-
tion. Chemosensors, 11(5); 271

Mouanni, S., D. Amitouche, T. Mazari, and C. Rabia (2019). Tran-
sition Metal-Substituted Keggin-Type Polyoxometalates as

© 2025 The Authors.

Indonesian Journal of Material Research, 3 (2025) 101-106

Catalysts for Adipic Acid Production. Applied Petrochemical
Research, 9(2); 67-75

Moudjahed, M., L. Dermeche, Y. Idrissou, T. Mazari, and C. Rabia
(2022). Oxidation of Cyclohexanone and/or Cyclohexanol Cat-
alyzed by Dawson-Type Polyoxometalates Using Hydrogen
Peroxide. Journal of Chemical Sciences, 134(1); 31

Ni, Y., S. Li, B. Hou, W. Zhuo, and W. Wen (2024). Preparation of
Sol-Gel-Derived CaO-B203-SiO2 Glass/Al203 Composites
with High Flexural Strength and Low Dielectric Constant for
LTCC Application. Materials, 17(2); 511

Qin, K., D. Zang, and Y. Wei (2023). Polyoxometalates Based
Compounds for Green Synthesis of Aldehydes and Ketones.
Chinese Chemical Letters, 34(8); 107999

Qin, Y., H. Wang, E. Métay, and N. Duguet (2025). Oxidation
of Diglycerol to Diglycerose Using Hydrogen Peroxide as a
Clean Oxidant. RSC Sustainability, 3(7); 3088-3094

Ribeiro, A. P. C., E. Spada, R. Bertani, and L. M. D. R. S. Mar-
tins (2020). Adipic Acid Route: Oxidation of Cyclohexene vs.
Cyclohexane. Catalysts, 10(12); 1-7

Sativa, E. and A. Lesbani (2017). Conversion of Cy-
clohexane to Cyclohexanol and Cyclohexanone Using
H3[PMo012040].nH20/ZrOCI2 as Catalyst. Science and Tech-
nology Indonesia, 2; 59-63

Walia, M., U. Sharma, V. K. Agnihotri, and B. Singh (2014).
Silica-Supported Boric Acid Assisted Conversion of Mono-
and Polysaccharides to 5-Hydroxymethylfurfural in Ionic Lig-
uid. RSC Advances, 4(28); 14414-14418. Accepted manuscript,
DOI placeholder

Yan, W., G. Zhang, J. Wang, M. Liu, Y. Sun, Z. Zhou, W. Zhang,
S. Zhang, X. Xu, J. Shen, and X. Jin (2020). Recent Progress in
Adipic Acid Synthesis over Heterogeneous Catalysts. Frontiers
in Chemistry, 8; 185

Yang, J., W. Chen, X. Ran, W. Wang, J. Fan, and W.-X. Zhang
(2014). Boric Acid Assisted Formation of Mesostructure Silica:
From Hollow Spheres to Hierarchical Assembly. Unpublished
or early online version

Zhao, H.-Q., Z.-H. Wang, X.-C. Gao, C.-H. Liu, and H.-B. Qi
(2018). Optimization of NO Oxidation by H202 Thermal De-
composition at Moderate Temperatures. PLoS ONE, 13(4);
0192324

Zhao, X., J. Li, H. Jian, M. Lu, and M. Wang (2023). Two Novel
Schiff Base Manganese Complexes as Bifunctional Electro-
catalysts for CO, Reduction and Water Oxidation. Molecules,
28(3); 1074

Page 106 of 106



	INTRODUCTION
	EXPERIMENTAL 
	Chemicals and Instruments
	Preparation and Characterization of B2O3–SiO2 Catalyst
	Conversion of Cyclohexanone–Cyclohexanol Mixture to Adipic Acid
	Synthesis of Adipic Acid Using B2O3–SiO2 Catalyst
	Effect of Reaction Time
	Effect of Reaction Temperature

	Characterization of the Catalyst After Reaction
	Data Analysis

	RESULTS AND DISCUSSION
	Identification of B2O3–SiO2 Compound
	Oxidation of Cyclohexanone–Cyclohexanol Mixture Using B2O3–SiO2 Catalyst
	Effect of Reaction Time on the Formation of the Adipic Acid
	Effect of Reaction Temperature on the Formation of Adipic Acid
	Identification of Catalyst Acid Groups After Conversion Reaction
	Identification of Acid Sites in B2O3–SiO2 Catalyst After Reaction

	CONCLUSIONS
	ACKNOWLEDGEMENT

