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pper silicate microspheres using
rice husk ash and its application for
dearomatization of phenol derivatives

Na Li,a Lide Su,a Hongying Wang,a Hongdao Li, b Qianqian Shen*c

and Xiaofeng Han*a

In the present study, tubular copper silicate microspheres (CuSi-NTMs) were hydrothermally synthesized

using high-silicon rice husk ash (RHA) as the raw material. Structural characterization reveals CuSi-NTMs

have abundant mesopores, with a larger pore volume (0.367 cm3 g−1) and specific surface area (375 m2

g−1) than the precursor RHA, facilitating active component dispersion. As expected, CuSi-NTMs exhibited

superior catalytic performance in the dearomatization reaction between phenol derivatives and

azodicarboxylates compared to other copper-based catalysts, achieving a 98% yield. The steric

hindrance and electronic effects of phenolic substituents were also investigated. An ionic catalytic

mechanism for CuSi-NTMs has been proposed. Cu(II) coordinates with the phenolic hydroxyl group to

activate its para-position. Then, the activated phenol undergoes a Michael addition with the N]N group

and deprotonates, resulting in the formation of cyclohexadienone derivatives. Additionally, preparative

scale synthesis of cyclohexadieneone has been demonstrated.
1 Introduction

As a major rice producer, China generates approximately 40
million tons of rice husks (RHs) each year. The haphazard
accumulation of RHs without effective treatment leads to land
occupation, especially causing various environmental prob-
lems, such as bacterial growth, soil compaction, water and air
pollution, etc.1–3 Effective utilization of RHs has emerged as
a crucial concern in agricultural waste management.4–9 At
present, converting RHs into thermal and electrical energy is an
important way to achieve their high-value utilization, whereas
approximately 0.2 tons of rice husk ash (RHA) is produced per
ton burned in this process.2,10 Unfortunately, RHA is easily
carried away by the wind due to their low bulk density, resulting
in air pollution and ecological damage.11,12 Currently, its
resource utilization has been officially put on the agenda to
eliminate environmental risk.

Actually, RHA is rich in silicon (>80%), along with minerals
such as potassium, magnesium, and calcium.13–15 As reported,
extracting silicon from RHA is a key strategy for its valorization,
producing high-value materials like silica and silica gel.16–20
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However, this process oen requires complex chemical treat-
ment to separate and purify silica, thereby consuming
substantial amounts of energy and chemical reagents and
leading to secondary pollution.21,22 It is noteworthy that
previous studies have primarily centered on purifying silicon
from RHA, neglecting the potential value of silicon in catalyst
applications.23 By converting in situ silicon from RHA into
catalytic components or carriers, we signicantly simplify the
process ow, reduce production costs, and minimize resource
waste. Therefore, exploring the specic application routes and
mechanisms of RHA-derived silicon in the catalyst eld holds
considerable potential value and broad prospects.

The dearomatization of phenol derivatives plays a signicant
role in organic synthesis.24–26 It can transform phenol deriva-
tives into non-aromatic structures with higher reactivity,
providing a key step for the synthesis of complex organic
molecules.27,28 Dearomatization have extensive applications in
elds such as drug synthesis, total synthesis of natural prod-
ucts, and preparation of functional materials.29–31 There are
numerous types of catalysts used in dearomatization, including
small organic molecule catalysts and transition metal catalysts,
etc.31–34 Li's group reported an efficient silver-catalyzed amina-
tive dearomatization of phenols with azodicarboxylates, using
catalysts such as Ag2CO3, AgOAc, AgOTFA and Ag2O. Among
them, Ag2O showed the best result (95% yield).35 Sarkar's group
developed a blue light-driven method using riboavin tetra-
acetate (RFTA) as a photocatalyst for efficient para-selective
aminative dearomatization of phenols/anilines.36 In Wang's
study, a series of copper catalysts (e.g., CuOAc, CuCl2 and CuI)
RSC Adv., 2025, 15, 49557–49564 | 49557
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were employed for phenol dearomatization, but all exhibited
low efficiency (<50%), whereas Cu(OTf)2 proved to be the most
effective.25 However, due to constraints on metal electronic
structures, coordination environments, and substrate interac-
tion patterns, efficient dearomatization catalysts are still
limited.

Herein, we propose a novel approach for the in situ utiliza-
tion of silicon from RHA for synthesize tubular copper silicate
microspheres (CuSi-NTMs). Subsequently, we developed
a dearomatization reaction between phenol derivatives and
azodicarboxylates using CuSi-NTMs as the catalyst. The struc-
ture of catalyst, performance and catalytic mechanism were
investigated in detail. This research provides a new idea for the
high-value-added utilization of agricultural waste.
2 Experimental section
2.1 Materials

The raw rice husks (RHs) were supplied from Qiqihar Yuquan
Rice Industry Co. Ltd (Heilongjiang, China). Ammonium
hydroxide (NH3$H2O, 25–28%), hydrochloric acid (HCl) were
purchased from Beijing Chemical Factory, Beijing, China.
Phenol substrates were obtained from Bide Pharmatech Ltd,
Shanghai, China. Azodicarboxylates, CuCl2, CuBr, CuI, Cu2O,
CuSO4 and Cu(OAc)2 were purchased from Energy-chemical Co.
Ltd, Anhui, China. Copper nitrate trihydrate [Cu(NO3)2$3H2O]
was supplied by Titan Technology Co., Ltd, Shanghai, China.
2,2,6,6-Tetramethylpiperidinooxy (TEMPO) was supplied from
Heowns Ltd, Tianjin, China. Organic reagents including
acetone, dichloromethane (CH2Cl2), toluene, tetrahydrofuran
(THF), methanol (CH3OH) and N,N-dimethylformamide (DMF)
were obtained from Tianjin Damao Chemical Reagen Co. Ltd,
Tianjin, China.
2.2 Preparation of the catalyst

RHs (10 g) were rst washed by deionized (DI) water several
times to remove oatable substances. Subsequently, RHs were
washed again with sodium dodecylbenzene sulfonate solution
(3%, 200mL), followed by additional rinsing with DI water three
times. Aer ltration, the washed RHs were dried in an oven at
80 °C overnight. The dried RHs were then placed in a crucible
and roasted at 160 °C for 1 h to obtain rice husk ash (RHA).

A certain amount of hydrochloric acid (5 mL, 6 mol L−1) was
added to the resulting RHA (0.5 g), followed bymagnetic stirring
at 70 °C for 1 h. The mixture was centrifuged, ltered, and then
washed with DI water three times. Furthermore, the solid
residue was transferred to a beaker, to which Cu(NO3)2$3H2O
Fig. 1 Schematic illustration for the synthesis of CuSi-NTMs.

49558 | RSC Adv., 2025, 15, 49557–49564
(2.1 g), NH3$H2O (4.5 mL), and 50 mL DI water were added.
Aer stirring the mixture for 30 min, the suspension was
transferred to a hydrothermal reactor (100 mL) and heated at
140 °C for 10 h. The resulting solid was repeatedly washed with
DI water and absolute ethanol, then dried. Schematically, the
schematic illustration for the synthesis of CuSi-NTMs is depic-
ted in Fig. 1.

2.3 Catalytic test

Typically, phenol derivatives (0.1 mmol, 1.0 equiv.) was di-
ssolved in acetone (1.0 mL). Subsequently, diethyl azodi-
carboxylate (0.2 mmol, 2.0 equiv.) and the catalyst (20 mmol%)
were added to the solution. The mixture was then stirred for 2 h
at 25 °C and monitored by thin-layer chromatography (TLC).
Aer the reaction was complete, the organic solvent was dried
with anhydrous Na2SO4, ltered, and concentrated under
reduced pressure. Finally, the residue was puried with chro-
matography on silica gel (ethyl acetate: petroleum ether = 1 : 5–
1 : 3).

2.4 Characterization

Proton nuclear magnetic resonance (1H NMR) spectra was
recorded on a Quantum-1 plus 400 MHz spectrometer
(Zhongke-Niujin, China) at 25 °C. X-ray diffraction (XRD) anal-
ysis of the samples was performed using an X-ray powder
diffractometer (SmartLab, Rigaku, Japan). The microstructure
and morphology were characterized by a scanning electron
microscope (SEM) (Sigma 360, ZEISS, Germany) and trans-
mission electron microscopy (TEM) (F200X G2, FEI Talos, USA).
X-ray photoelectron spectra (XPS) were collected by an X-ray
photoelectron spectrometer (Kratos AXIS SUPRA+, Shimadzu,
Japan). Fourier transform infrared (FTIR) spectra of the samples
were obtained using the KBr pellet method on an IRAFFINITY-
1S spectrometer (Shimadzu, Japan). The elemental analysis of
the samples was conducted using an X-ray uorescence spec-
trometer (XRF) (Axios, Panalytical, Netherlands).

3 Result and discussion
3.1 Characterizations of materials

As shown in the inset of Fig. 2, RHA obtained aer calcination
exhibits a grayish-white appearance, which is attributed to the
Fig. 2 XRF analysis of RHA.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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removal of organic matter and partial decomposition of inor-
ganic components in RHs at high temperatures (600 °C). The
XRF analysis results (Fig. 2) indicate a 95.273 wt% silicon
content in RHA, which is signicantly higher than that in
uncalcined RHs (18.2 wt%).4 This demonstrates substantial
silicon enrichment following high temperature calcination. The
remaining constituents primarily consist of oxides such as CaO,
Na2O, and SO3, along with trace elements such as Fe2O3, Al2O3,
Cl and ZnO (<0.1 wt%), all present in relatively low concentra-
tions. These minor components, which originate from the
inherent minerals and impurities in RHs, are retained in the
ash due to incomplete volatilization or decomposition during
the calcination process. Overall, silica content predominates in
the composition of RHA, offering a favorable material founda-
tion for the design of silicon-based materials.

The crystal structures of the RHA and CuSi-NTMs sample
were characterized by XRD. As shown in Fig. 3, the XRD pattern
of RHA obtained by roasting at 600 °C exhibits a broad
diffraction band between 20° and 30°, which is characteristic of
amorphous materials. As reported, the crystalline phase of RHA
is directly temperature-dependent, with an amorphous phase
predominantly forming below 700 °C and a crystalline phase
manifesting above this temperature.37 The combined results of
XRD and XRF (Fig. 2) demonstrate the formation of amorphous
silica. As for the pattern of CuSi-NTMs, all the diffraction peaks
can be clearly indexed to CuSiO3$2H2O (JCPDS card no. 03-
0219), suggesting the copper silicate was obtained in situ using
RHA. Particularly, the peaks of CuSi-NTMs are relatively broad
because the amorphous RHA which is used as the silicon source
fails to provide a regular lattice template, thereby inhibiting the
crystalline growth of CuSi-NTMs. Low-crystallinity CuSi-NTMs
with numerous surface defects and abundant active sites may
exhibit higher catalytic activity.38,39 The mechanism for CuSi-
NTMs formation is proposed as follows. In an aqueous
ammonia solution (NH3$H2O, pH z 9), Cu2+ released from
Cu(NO3)2$3H2O coordinate with NH3$H2O to form the stable
copper-ammonia complex ion [Cu(NH3)4]

2+. Meanwhile,
NH3$H2O hydrolyzes to release hydroxide (OH−), establishing
an alkaline environment that promotes the etching of RHA. As
RHA gradually dissolves under alkaline conditions, the silicon–
Fig. 3 The XRD patterns of RHA and CuSi-NTMs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
oxygen bonds in its structure are broken, leading to the
formation of soluble silicate ions (SiO3

2−). Furthermore, nega-
tively charged surfaces drive Cu2+ enrichment on RHA via
electrostatic attraction of [Cu(NH3)4]

2+ complexes. Subse-
quently, to maintain charge neutrality in the solution, the
SiO3

2− in the solution combine with the surface adsorbed Cu2+,
leading to the nucleation of copper silicate via the reaction of
[Cu(NH3)4]

2+ + SiO3
2− + H2O / CuSiO3$2H2O + NH3$H2O.

Fourier-transform infrared (FTIR) spectroscopy was
employed to investigate the surface functional groups of RHA
and CuSi-NTMs, with the spectra shown in Fig. 4a. Two similar
peaks located at around 798 cm−1 and 1036 cm−1 are observed
on the spectra of RHA and CuSi-NTMs. These peaks correspond
to the bending vibration of the Si–O bond and the stretching
vibration of the Si–O–Si bond, respectively, indicating the
presence of silicate tetrahedra. For CuSi-NTMs, the peak at
3615 cm−1 is attributed to stretching vibration of Cu–OH, the
presence of Cu–OH suggests partial hydrolysis of Cu species
during synthesis.40 The peak at approximately 3453 cm−1 is
assigned to the –OH stretching vibration of the adsorbed water
molecules, conrming the hydrophilic nature of CuSi-NTMs.
Hydrophilic surfaces enhance polar reactant adsorption via
hydrogen bonding, leading to reactant enrichment at the cata-
lyst interface and subsequent acceleration of the reaction.41

Moreover, the small band centered around 1640 cm−1 is the
H–O–H bending vibration of adsorbed water, which is consis-
tent with the broad –OH stretching peak at 3453 cm−1 and
provides further evidence for the hygroscopic nature of the
material. The 670 cm−1 peak is characteristic of octahedrally
coordinated Cu2+ in layered silicates, corresponding to the
vibrational mode of the Cu–O–Si bond. The 466 cm−1 peak
reects Cu–O lattice rigidity, potentially contributing to the
enhanced thermal stability of CuSi-NTMs. The surface chemical
compositions of CuSi-NTMs were further analyzed by XPS
(Fig. 4b). The charging effect on the sample surface was cali-
brated with reference to the C–C peak at 284.8 eV. As shown in
Fig. 4 (a) FTIR spectra of RHA and CuSi-NTMs; (b) full-survey scan XPS
spectra of CuSi-NTMs; (c and d) high-resolution XPS spectra of Cu 2p
and Si 2p.

RSC Adv., 2025, 15, 49557–49564 | 49559
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Fig. 6 (a and b) SEM, (c and d) TEM and (e and h) element mapping
images of CuSi-NTMs.
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Fig. 4c, the high-resolution XPS spectra of Cu 2p suggest that
the Cu existed primarily in the form of Cu2+, as evidenced by the
binding energies of Cu 2p1/2 (955.79 eV) and Cu 2p3/2 (935.83
eV), along with Cu 2p satellite peaks at about 963.17, 944.34 and
942.06 eV. Fig. 4d presents the Si 2p XPS curve of CuSi-NTMs.
The two peaks at 103.96 eV (Si–O–Si) and 102.56 eV (Si–OH)
conrm the presence of siloxane (Si–O–Si) networks and surface
silanol (Si–OH) groups, respectively. Additionally, the peak at
103.23 eV is an indication of the formation of Si–O–Cu bonds,
suggesting covalent integration of copper into the silicate
framework rather than mere physical adsorption.

The porosity of RHA and CuSi-NTMs was investigated using
nitrogen adsorption/desorption isotherms and pore size distri-
bution curves (Fig. 5). The isotherms of the two samples
exhibited distinct typical type-IV curves, indicating the presence
of mesoporous structures according to IUPAC classication.
Pore size distribution curves revealed that mesopores (3–20 nm)
were predominant in both samples (inset in Fig. 5). In addition,
RHA has a total pore volume (Vpore) of 0.261 cm3 g−1 and
a specic surface area (SBET) of 230 m2 g−1. The CuSi-NTMs
shows a signicant increase in both Vpore and SBET, reaching
values of 0.367 cm3 g−1 and 375 m2 g−1, respectively. The
increase in Vpore and SBET of CuSi-NTMs was mainly attributed
to the hydrothermal-induced structural reconstruction that
generated more mesoporous channels and enhanced the
dispersion of active components within the material.

The morphologies of the as-prepared CuSi-NTMs were
observed using SEM and TEM analyses. As shown in the SEM
image in Fig. 6a, CuSi-NTMs exhibits a spherical morphologies
with sizes ranging from 500 nm to 1.5 mm. Fig. 6b provides
a magnied view, clearly revealing numerous rod-like protru-
sions on the surface of the microspheres. The TEM images
(Fig. 6c and d) show that CuSi-NTMs exhibit a hollow interior,
with microspheres assembled from densely stacked nanotubes.
Additionally, a growth mechanism of the CuSi-NTMs hollow
microspheres is proposed. Aer high temperature calcination
of RHs and subsequent hydrochloric acid leaching, the RHA
exhibits a porous structure. The pore characteristic facilitates
preferential nucleation of CuSi-NTMs precursors at pore
entrances or surface defects, followed by directional growth
along specic crystallographic planes. As the concentration of
Fig. 5 N2 adsorption/desorption isotherms of RHA and CuSi-NTMs.

49560 | RSC Adv., 2025, 15, 49557–49564
SiO3
2− increases, the precursor layer gradually thickens and

curls, forming nanotubes. This process is likely driven by
surface energy minimization, where nanotubes reduce interfa-
cial energy through curling while maintaining template contact
for structural stability. The generated nanotubes grow vertically
on the surfaces of RHA. Subsequently, they stack via van der
Waals forces or hydrogen bonding, forming 3D hollow micro-
spheres. The RHA provides silicon source and templates for the
growth of nanotubes, while the coordination of copper-
ammonia complex ions regulates the directional deposition of
CuSi-NTMs. The synergistic interaction between these two
mechanisms enables self-assembly from microscopic coordi-
nation to microsphere structures. Such unique morphological
feature signicantly enhances the adsorption and diffusion
efficiency of reactants, expediting the reaction kinetics.
Furthermore, the energy-dispersive X-ray spectroscopy (EDS)
elemental mapping in Fig. 6e and h reveals that Cu, Si, and O
atoms are uniformly distributed on the surface of the CuSi-
NTMs microspheres. These results suggest that copper silicate
particles have been successfully prepared, consistent with the
XRD data.
3.2 Catalysis performance of CuSi-NTMs

We began exploring the initial study with the reaction between
2-methoxy-4-methylphenol 1a (0.1 mmol) and diethyl azodi-
carboxylate 2 (0.2 mmol) for condition optimization, with
results summarized in Table 1. In the presence of CuCl2
(20 mol%), the dearomatization occurred to afford the corre-
sponding cyclohexadieneone 3a in 32% yield aer 2 h at 25 °C
in acetone solvent (Table 1, entry 1). To further rene the
catalytic system, we systematically evaluated a series of copper
salts (20 mol%), including CuBr, CuI, Cu2O, CuSO4, Cu(OAc)2
and CuSi-NTMs (entries 2–7). Notably, CuSi-NTMs exhibited the
highest product yield, reaching 98%. The possible reason is that
the interaction between silicon and the active metal
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Reaction optimization of dearomatization

aEntry Catalysts Solvent Time (h) Yieldb (%)

1 CuCl2 Acetone 2 32
2 CuBr Acetone 2 35
3 CuI Acetone 2 58
4 Cu2O Acetone 2 63
5 CuSO4 Acetone 2 90
6 Cu(OAc)2 Acetone 2 37
7 CuSi-NTMs Acetone 2 98
8 CuSi-NTMs CH2Cl2 2 50
9 CuSi-NTMs Toluene 2 47
10 CuSi-NTMs THF 2 52
11 CuSi-NTMs CH3OH 2 30
12 CuSi-NTMs DMF 2 34
13 CuSi-NTMs H2O 2 64
14 — Acetone 2 Trace
15 CuSi-NTMs Acetone 1 70

a Reactions were performed with 1a (0.1 mmol), 2 (0.2 mmol), catalysts
(20 mol%) in 1.0 mL of solvent, 25 °C, 2 h. b Isolated yield.

Fig. 7 Substrate scope of dearomatization (0.1 mmol of 1, 0.2mmol of
2, 20 mol% of CuSi-NTMs, 1.0mL of acetone, 25 °C, 2 h. Isolated yield).
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components modulates the electronic structure of the catalyst,
thereby enhancing its catalytic activity and selectivity. Further-
more, a range of organic solvents were employed to assess the
solvent compatibility (entries 8–13). The results revealed that
acetone exhibited superior performance among the tested
solvents including CH2Cl2, toluene, THF, etc. In the absence of
copper salts, only a trace amount of 3a was generated, indi-
cating that acetone solvent has no signicant inuence on the
reaction (entry 14). When the reaction time was shortened to
1 h, a decline in yield to 70% was observed (entry 15). Conse-
quently, the conditions shown in entry 7 are selected as the
optimized ones.

We systematically investigated the inuence of the steric
hindrance and electronic effects of phenol derivatives on their
dearomatization reactions. Under the optimized conditions,
a series of para-substituted phenols were subjected to dear-
omatization with diethyl azodicarboxylate, as shown in Fig. 7.
Specically, substrates bearing alkyl groups with varying
degrees of para-steric hindrance (–CH3, –C2H5 and –C3H7) were
evaluated (3a–3c, Fig. S1–S6). Results revealed that dearomati-
zation of phenol derivatives with different steric hindrances
gave satisfactory yields (>90%). Notably, the para-methyl-
substituted phenol 1a afforded the desired product 3a in 98%
yield within 2 h under these conditions. To further probe elec-
tronic effects, ortho-substituted phenols bearing –CH3, –F, and
–Cl groups were examined (3d–3f, Fig. S7–S12). All these
substrates reacted smoothly, yielding the corresponding cyclo-
hexadienones in excellent yields, suggesting minimal electronic
perturbation from these substituents under the reaction
conditions. However, the ortho-uorinated substrate 3e
© 2025 The Author(s). Published by the Royal Society of Chemistry
exhibited a slightly lower yield (89%), likely attributable to the
stronger electron-withdrawing inductive effect of the uorine
atom compared to the other substituents. In contrast, the ortho-
methyl-substituted analogue 3d maintained excellent yield
performance (95%), consistent with the electron-donating
nature of the methyl group. Additionally, a gram-scale
synthesis was conducted using the model substrate. Speci-
cally, compound 1a (1.38 g, 10 mmol) was reacted with
compound 2 (3.48 g, 20 mmol) in 8 mL of acetone at 25 °C for
2 h, giving product 3a (3.0 g) in 92% yield.

To verify the catalytic mechanism of the CuSi-NTMs, we
introduced the radical scavenger TEMPO into the reaction
between 1a and 2. Control experiments conrmed that the
presence of TEMPO did not signicantly affect the formation of
product 3a (Fig. S13), which was still obtained in an 88% yield.
Notably, this nding eliminates the potential involvement of
Fig. 8 Plausible mechanism of dearomatization.
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a radical-mediated pathway, demonstrating that the reaction
proceeds via an ionic-catalyzed process. Based on previous
study of Cu(II)-catalyzed C–N coupling mechanism,42 we have
proposed a possible mechanism for the dearomatization of
phenolic derivatives catalyzed by CuSi-NTMs, as depicted in Fig.
8. In the initial stage of the reaction, the –OH group of 2-
methoxy-4-methylphenol 1a interacts with Cu(II) to form
phenol-CuII complex I. This process activates the para-position
of the phenol, thereby facilitating the formation of dieneone-
CuII complex II. Subsequently, complex II undergoes an aza-
Michael-type addition reaction with diethyl azodicarboxylate,
leading to the generation of the dearomatized amino-CuII

complex III. Finally, the dearomatized product 3a (cyclo-
hexadienone) is produced through a proton transfer process,
while CuSi-NTMs is regenerated to participate in the subse-
quent catalytic cycle.
4. Conclusions

In summary, we obtained rice husk ash (RHA) with a high
silicon content by calcining rice husks (RHs) at 600 °C. By in situ
utilizing the silicon present in the RHA, we successfully
prepared the CuSi-NTMs catalyst. The characterization results
of the CuSi-NTMs material reveal its good crystallinity. The
material exhibits a hollow microsphere morphology composed
of densely stacked nanotubes. Compared with other Cu-based
catalysts, the CuSi-NTMs catalyst can efficiently catalyze the
dearomatization reaction between phenol derivatives and di-
ethyl azodicarboxylate. Under controlled reaction conditions
(25 °C, 2 h, acetone), CuSi-NTMs catalyzed the reaction with
a yield reaching 98%, which indicates its superior performance
compared to traditional copper-based catalysts. Further studies
have shown that the presence of a strong electron-withdrawing
group (–F) at the ortho-substituted phenols leads to a slight
decrease in yield. In addition, the steric effect of para-
substituted substituents has minimal impact on the yield,
resulting in yields ranging from 89% to 95%. The catalytic
mechanism of CuSi-NTMs follows an ionic-catalyzed mecha-
nism. First, the Cu(II) coordinates with the phenolic –OH group,
activating its para-position. Then, the activated phenol
undergoes a Michael addition reaction with the N]N group,
followed by deprotonation, ultimately yielding cyclo-
hexadienone derivatives. Overall, the rational utilization of
biomass resources to design catalysts holds great potential to
drive the catalytic industry towards green, efficient, and
sustainable upgrading.
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