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y-Valerolactone (GVL) is a valuable bio-based chemical, solvent and fuel additive derived from
levulinic acid, a key platform chemical from lignocellulosic biomass. Catalytic transfer
hydrogenation (CTH) of levulinic acid using secondary alcohols as hydrogen donors presents
a sustainable alternative to conventional hydrogenation with molecular hydrogen and can be
efficiently carried out with inexpensive oxides. Here, we demonstrate how controlled silica
incorporation onto zirconia provides a route to tailor acidity and thus direct reactivity in the
CTH of levulinic acid and its esters to GVL. Silica-doped zirconia catalysts with varying Si
loadings were synthesised via colloidal deposition and comprehensively characterised using
ICP-OES, TEM/EDX, XRD, BET, NHs-TPD, and pyridine-adsorbed DRIFTS, XPS and
NEXAFS. Moderate silica incorporation enhanced surface area, stabilised the tetragonal ZrO>
phase, and increased total acidity, and most importantly, altered the Bronsted-to-Lewis acid
balance that dictated the reactivity. Ethyl levulinate conversion was favoured over Lewis acid-
rich catalysts, whereas LA conversion required higher Brgnsted acidity. The optimal catalyst
(6 wt.% Si) delivered 80% GVL yield from levulinic acid at 190 °C in 4 hours. Isopropyl
levulinate was identified as a side-product that can also convert to GVL via CTH, though less
efficiently. The 6 wt.% Si/ZrO. catalyst exhibited excellent stability across three consecutive
cycles without calcination, demonstrating resistance to leaching, a major drawback of
heterogeneous catalysts in liquid-phase reactions, as well as to carbon deposition. This study
demonstrates that silica doping provides an effective means of tuning zirconia acidity, resulting

in catalysts that combine good stability with practical applicability in sustainable chemistry.

Keywords: catalytic transfer hydrogenation; y-valerolactone; levulinic acid, ethyl levulinate;

zirconia; silica.
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1. Introduction DOI: 10.1039/D5TA08295A

The chemical industry produces nearly one billion tonnes of products each year, contributing
to approximately 7% of global gross domestic product (GDP)."? Its outputs ranging from
plastics and fertilisers to pharmaceuticals and synthetic fibres, have played a central role in
improving health, food security, and overall quality of life. However, this economic and societal
importance comes with significant environmental impact. The sector remains one of the most
energy-intensive and continues to rely heavily on fossil resources, with over 90% of chemical
products still derived from them.3 In 2020, direct emissions from petrochemical production
were estimated at 1.30 Gt COz-equivalent, corresponding to roughly 14% of global industrial
greenhouse gas emissions and about 2.5% of total anthropogenic emissions." These figures
reflect the scale of the challenge in cutting emissions across the chemical industry and point
to the need for cleaner feedstocks and low-carbon technologies. To help reduce reliance on
fossil-derived inputs, researchers and industries are increasingly turning to renewable carbon
sources. Biomass, derived from lignocellulose, sugars, and ftriglycerides, is the only
sustainable feedstock capable of supporting the large-scale production of fuels and
chemicals.* Among these, lignocellulosic biomass stands out for its abundance, low cost, and
lack of competition with food supplies, making it a particularly attractive option for sustainable

chemical manufacturing.®

Among biomass-derived chemicals, y-valerolactone (GVL) has attracted considerable

attention due to its versatility. GVL can serve as a green solvent, fuel additive, and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

intermediate for polymers and bio-based chemicals and fuels. GVL has demonstrated strong
potential as a safer alternative to conventional polar aprotic solvents. It is readily

biodegradable and exhibits low toxicity to humans and aquatic organisms. Coupled with its
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comparable solvent properties to acetone, N-methyl-pyrrolidone, dimethylformamide and
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dimethylacetamide, GVL presents a strong case as a sustainable, multifunctional solvent
across diverse chemical applications.® Apart from being safe and environmentally friendly,
GVL has proven effective in biomass fractionation processes, enabling efficient separation of
lignin and carbohydrates.”® It also shows promise in emerging applications such as
photocatalytic C-H bond activation, where its high dielectric constant and polarizability lower
the activation barrier and enhance radical stabilisation, enabling efficient self-coupling of
benzylic compounds under visible light.'® GVL is also a promising fuel additive. Bereczky et
al. demonstrated that blending 7% GVL with biodiesel and diesel reduced smoke emissions
by up to 47% compared to neat diesel, with minimal impact on engine performance or NOx
emissions.'! In a separate study, a 10% GVL blend in petrol was shown to deliver octane
ratings comparable to those of ethanol.’? GVL can also serve as an intermediate for the

production of advanced biofuels and renewable chemicals. Through catalytic upgrading, GVL
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can be converted into valeric acid derivatives and further processed via hydrodegxygenations >
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to yield liquid alkanes suitable for use in diesel and jet engines'®'4, offering a route to drop-in
fuels from lignocellulosic biomass. In addition, GVL is a versatile precursor to valuable
chemicals such as 2-methyltetrahydrofuran (MTHF), 1,4-pentanediol, and adipic acid which
are key building blocks for green solvents and renewable monomers used in the production of

nylons's, polyethers, and polyurethanes.’?

GVL can be produced by hydrogenating bio-based levulinic acid (LA) or its esters. LA
production has been commercialised by GF Biochemicals, who demonstrated scalable
synthesis from biomass.'® Traditional hydrogenation relies on high-pressure hydrogen gas
and precious metal catalysts. Despite its widespread availability, hydrogen production from
natural gas or water electrolysis is energy-intensive, raising sustainability and economic
concerns. Catalytic transfer hydrogenation (CTH) is a promising alternative, using liquid
hydrogen donors and avoiding precious metals and hazardous H..'”'® CTH operates near
thermoneutrality, requiring minimal energy with effective heat recovery.’ Alcohols have
shown promising results as hydrogen donors under mild conditions when combined with non-
precious catalysts such as those based on Zr20-22, Ni23-26 and Cu?"%8, as well as pure?® and

Zr-modified zeolites30-32,

Despite extensive research into CTH of LA and its esters, significant challenges remain in
identifying catalysts that are highly active but also practically viable. Numerous catalysts
reported in the literature demonstrate excellent activity and selectivity toward GVL but require
complex synthesis routes. The synthesis of high-performance materials often involves
multistep procedures, the use of expensive precursors (e.g., as templating agent), or the
incorporation of multiple active components such as bimetallic or trimetallic systems. These
factors increase cost and hinder scalability, posing a barrier to commercial deployment.
Therefore, the development of simple, cost-effective, and scalable catalysts with tunable
properties remains a key challenge in advancing CTH as a sustainable route for GVL

production.

In response to these challenges, there is growing interest in non-precious metal catalysts,
particularly solid acid materials such as zirconia-based systems, which offer greater potential
for scalable and commercially viable processes. Zirconia is thermally stable and relatively
inexpensive. Although not strongly acidic in its native form, ZrO2 has demonstrated tunable
acidity with the ability to develop both Bronsted and Lewis acid sites, making it attractive for

acid-catalysed reactions such as CTH.

The performance of catalysts in transfer hydrogenation of LA and esters is closely tied to the

nature and balance of acid sites. Across multiple studies, an optimal combination of Lewis and
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Bregnsted acid sites has been shown to improve activity and selectivity for GVL. For instatice; Soon
ZrO2/SBA-15 materials demonstrated highest GVL vyields when a monolayer of ZrO;
introduced a balanced distribution of Lewis and Brgnsted sites, enabling carbonyl activation
as well as cyclisation.®® In another work, Soumoy et al. tested Zr-decorated silica
nanostructures (hollow nanotubes and porous nanospheres) in ethyl levulinate conversion to
GVL, revealing that morphology, structural/textural properties, and an optimal Lewis/Brgnsted
acid ratio govern the activity and stability of the catalysts.3* Zirconium phosphate catalysts
further confirmed that excess Bragnsted acidity could suppress performance, with optimal GVL
selectivity achieved at intermediate Brgnsted/Lewis site ratios.3® Additionally, sulphated
zirconia, with strong Brgnsted acidity, has been shown to promote esterification and
lactonization steps in batch and continuous-flow CTH systems.3¢ These findings collectively
highlight the importance of acid site cooperativity, making control over the type and quantity

of acid sites key to optimising GVL yield and selectivity using solid acid catalysts.

There are various methods to enhance and tune the acidity of ZrO2. Sulphation, one of the
most common methods, involves treating zirconia with sulphuric acid or other sulphate
precursors, leading to the formation of surface SO4 groups that increase Brgnsted acidity37—4°.
Similarly, phosphation introduces phosphate species onto the zirconia surface, enhancing the
density and strength of acid sites.*’*2 A common issue with sulphated and phosphated
zirconia catalysts is poor stability due to the weak interaction between the sulphate or
phosphate groups and zirconia that causes the leaching of functional groups, especially at

high loadings.*® Functionalisation with sulfonic acid groups provides additional Brgnsted

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

acidity through grafted -SOsH groups.#4-46 Tungstate doping can also enhance the acidity. It

involves the dispersion of WOy species onto zirconia, which can interact with surface hydroxyls

Open Access Article. Published on 13 January 2026. Downloaded on 1/14/2026 12:40:26 AM.

and oxygen vacancies to generate strong acid sites.#’=*° The interaction between tungstate

(cc)

species and zirconia are generally stronger than sulphate-zirconia interaction, which to some
extent addresses the catalyst stability issue. However, tungstated catalysts often lack the
superacidity observed in sulphated zirconia. Additionally, although W is far less expensive
than precious metals, it is significantly more costly than some other abundant elements such
as Al and Si. Zirconia combined with other metal oxides such as alumina®?, titania5'52, or silica
alters the electronic structure and surface properties. These additives are inexpensive and
readily available, making the approach cost-effective. Additionally, they can enhance thermal
and hydrothermal stability, improve textural properties (e.g., surface area and porosity),

making the resulting catalysts more suitable for industrial applications.

Silica in particular is an abundant and inexpensive oxide that has been shown to be able to
enhance the acidity of zirconia-based catalysts, hence improving performance in acid-

catalysed reactions. For example, Wang et al. demonstrated that flame-derived silica-zirconia
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exhibited markedly higher activity than pure zirconia in the one-step conyersiol of 5 0
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phenylglyoxal to ethyl mandelate, attributing this enhancement to the presence of Brgnsted
acid sites formed by silica incorporation.®® Similarly, Scotti et al. investigated amorphous mixed
Zr-Si oxide nanoparticles with strong Brgnsted acidity. Their optimised material (ZrSi30)
outperformed benchmark solid acids in the dehydration of 1-octanol, with superior activity,
selectivity, and stability.>* In a recent study, Zhao et al. reported that silica species leached
from glassware during the synthesis of Zr(OH)4 significantly modified the surface acid-base
properties, leading to Zr-O-Si structures that enhanced the balance of Lewis and Brgnsted
acid sites for the CTH of LA to GVL, highlighting the critical role of silica incorporation albeit

through an unintended route.%®

Building on this concept, our work systematically incorporates silica into zirconia to explore its
influence on the physicochemical properties and catalytic behaviour of the resulting materials.
Owing to silica’s abundance, low cost, and the feasibility of incorporating it into zirconia by
simple, scalable methods, this approach holds promise for commercialisation applications.
Despite these advantages, silica-zirconia remains comparatively less studied than other acid-
modified systems, leaving ample scope for exploring its structure-acidity-performance

relationships.

In this study, we synthesised a series of silica-zirconia catalysts with varying Si/Zr ratios via a
straightforward surface modification method. The catalysts were evaluated in the catalytic
transfer hydrogenation of LA and its esters to GVL, using 2-propanol as the hydrogen donor.
The catalysts were characterised using elemental analysis, X-ray diffraction, surface area
measurements, NH3-TPD, and pyridine-DRIFTS to evaluate their physicochemical properties
and acid site characteristics, as well as XPS and NEXAFS to probe the catalysts’ surface and
silicon environment. To the best of our knowledge, this represents the first systematic

investigation of silica-doped zirconia materials in transfer hydrogenation reactions.
2. Experimental

2.1. Materials

Ethyl levulinate (EL, 98%), levulinic acid (LA, 98%), y-valerolactone (GVL, 98%), 2-propanol
(99.5%), and potassium bromide (99+%, IR grade) were purchased from Fisher Scientific, UK.
Isopropyl levulinate (IPL, 99%) was acquired from Gute Chemie abcr, Germany. LUDOX®
AS-30 colloidal silica (30 wt.% suspension in H20), and n-dodecane (99 %) were purchased
from Sigma-Aldrich, UK. Zirconium hydroxide, Zr(OH)s (XZ01501/09) was provided by Luxfer
MEL Technologies, UK.
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2.2.  Catalyst preparation DOI: 10.1039/D5TAGS205A

A series of silica doped zirconia (SiO2/ZrOz) catalyst with 1.5, 3, 6, and 10 wt.% Si were
prepared through a colloidal deposition method. To prepare each sample, zirconium hydroxide
was immersed in denoised water at a 1:16 ratio (g of support : mL of H>-O) and stirred for 2 h.
Then, an appropriate amount of LUDOX® AS-30 colloidal silica suspension, calculated based
on the desired Si loading, was added to the zirconium hydroxide mixture and mixed thoroughly
for 2 h at room temperature. Subsequently, the mixture was heated to 80 °C under constant
stirring to evaporate the water. Finally, the samples were calcined in static air at 500 °C for 3
h, with a heating rate of 10 °C min™" to obtain the SiO2/ZrO. catalysts. The catalysts are
denoted as xSi/Zr, where x represents the Si weight percent in the material. To obtain pure
ZrO2, the same zirconium hydroxide material was calcined following the same procedure as

the rest of the catalyst series.

2.3. Catalyst characterisation

The catalysts’ Si content was measured by ICP-OES performed by Medac Ltd using a Varian
720-ES ICP-OES system.

The surface areas and pore sizes of catalysts were measured by N2 physisorption on a
Quantasorb Nova 4000 instrument. Samples were degassed at 120 °C under vacuum for 4 h

prior to analysis at =196 °C. The specific surface area was calculated by applying the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Brunauer-Emmett-Teller (BET) model in the range of P/Po= 0.03-0.20, where a linear
relationship was maintained. Pore size distributions were obtained using the Barrett-doyner-

Halenda (BJH) model applied to the desorption branch of the isotherm.
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Powder X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance diffractometer
using Cu Kq radiation with crystalline phase identification performed in the range 26 = 20-80°

with a step size of 0.04°.

Ammonia chemisorption followed by temperature-programmed desorption (NHs-TPD) was
conducted using approximately 0.15 g of catalyst, loaded into a fixed bed quartz reactor. The
sample was pre-treated in helium at 500 °C for 40 min, then cooled to 100 °C under He flow.
Ammonia adsorption was performed by flowing 5% NHs/He over the sample for 1 h at 100 °C.
To remove physiosorbed ammonia, the sample was purged with pure helium at 100 °C for 2
h. TPD was then conducted from 100 to 900 °C at a heating rate of 10 °C min~' under a
constant helium flow. The composition of the effluent gas was monitored online using a

quadrupole mass spectrometer (Omnistar, Balzer). Quantification of desorbed ammonia was
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water (m/z = 17) and hydroxyl fragments (m/z = 16).

Diffuse reflectance infrared Fourier transform (DRIFT) spectra of pyridine-adsorbed catalysts
were acquired using a Bruker VERTEX 80v spectrometer (Bruker, UK) equipped with an
infrared source and mercury cadmium telluride (MCT/A) photon detector, operated at =196 °C.
Spectra were recorded by averaging 64 scans with 4 cm~' resolution. Prior to pyridine
adsorption, the catalysts were outgassed under vacuum at 150 °C. Subsequently, pyridine
was applied to the samples and allowed to adsorb for 5 min, after which excess physisorbed
pyridine was removed by overnight treatment in a vacuum oven at 150 °C. For analysis, 50
mg of each catalyst was diluted with 450 mg of finely ground KBr to obtain a 10 wt.% mixture.
DRIFT spectra of the diluted samples were collected using a Praying Mantis High Temperature
Reaction Chamber (Harrick Scientific, USA) at 150 °C to minimise any physisorbed moisture

interference.

Transmission electron microscopy (TEM) was conducted on an FEI Titan® Themis G2
operating at 300 kV fitted with 4 Energy Dispersive X-ray spectroscopy (EDX) silicon drift
detectors, multiple STEM detectors and a Gatan One-View CCD. TEM samples were
prepared by dispersing the powder in methanol, with a drop placed on a holey carbon coated

copper grid.

XPS data was acquired using a Kratos Axis SUPRA using monochromated Al ka (1486.69
eV) X-rays at 15 mA emission and 12 kV HT (180 W) and a spot size/analysis area of 700 x
300 pym. The instrument was calibrated to gold metal Au 4f (83.95 eV) and dispersion adjusted
to give a binding energy (BE) of 932.6 eV for the Cu 2ps2 line of metallic copper. Ag 3ds2 line
full width at half maximum (FWHM) at 10 eV pass energy was 0.544 eV. Source resolution for
monochromatic Al Ka X-rays is ~0.3 eV. The instrumental resolution was determined to be
0.29 eV at 10 eV pass energy using the Fermi edge of the valence band for metallic silver.
Resolution with charge compensation system on <1.33 eV FWHM on polytetrafluoroethylene
(PTFE). High resolution spectra were obtained using a pass energy of 20 eV, step size of 0.1
eV and sweep time of 60 s, resulting in a line width of 0.696 eV for Au 4f7,. Survey spectra
were obtained using a pass energy of 160 eV. Charge neutralisation was achieved using an
electron flood gun with filament current=0.4 A, charge balance =2V, filament bias=4.2 V.
Successful neutralisation was adjudged by analysing the C 1s region wherein a sharp peak
with no lower BE structure was obtained. Spectra have been charge-corrected to the main line
of the carbon 1s spectrum (adventitious carbon) set to 284.8 eV. All data was recorded at a

base pressure of below 9 x 10-° Torr and a room temperature of 294 K. Data was analysed
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using CasaXPS v2.3.19PR1.0. Peaks were fit with a Shirley background prior to_compofigats v

A08295A
analysis.

Soft energy XANES (Near edge X-ray absorption fine structure - NEXAFS) data was collected
at beamline VerSoX (B07) at Diamond Light Source, UK (photon energy range: 45-2200 eV).
A 600 lines/mm plane grating monochromator with a CFF of 2.25 mm was used. Si K-edge

(1820-1880 eV, 0.01 eV step) measurements were performed.
2.4, Catalytic tests

Catalytic transfer hydrogenation of EL, IPL and LA were carried out using 2-propanol as the
hydrogen donor solvent in a 100 mL Parr autoclave reactor equipped with a glass liner and a
magnetic stirrer. In each experiment, the reactor liner was charged with 5 mmol of a single
reactant (EL, LA or IPL), 250 mmol (19.1 mL) of 2-propanol, 0.5 mmol (0.12 mL) of n-dodecane
as an internal standard, and 100 mg of catalyst. A large excess of 2-propanol was used to
ensure that the hydrogen donor was never rate-limiting. The reactor was then purged three
times with nitrogen at atmospheric pressure and subsequently by pressurisation to 5 bar. The
reaction mixture was then heated to 170 °C and stirred continuously at 600 rpm for 6 h. After
the reaction, the reactor was cooled down to room temperature, and catalyst was separated
from the reaction mixture by filtration. The filtrate was analysed using a gas chromatograph
(GC2010, Shimadzu Instruments) equipped with a Zebron ZB-WAXPLUS column (30.0 m x
0.25 mm x 0.25 ym) and a flame ionisation detector (FID). Conversion, yield and selectivity

were calculated using Equation 1 - Equation 3,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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. Ngi — Ng .

Conversion (%) = — x 100 Equation 1
S,1
g

. Mp .

Yield (%) = — x 100 Equation 2
S,l

Yield .

Selectivity (%) = —————— X 100 Equation 3
Conversion

where n is the number of moles, s refers to substrate, i denotes the initial amount, and p

stands for product.

Recyclability tests were performed following the same procedure as described above. After
each run, the catalyst was recovered by filtration, washed thoroughly with fresh 2-propanol,

and dried at 80 °C overnight before reuse.
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3. Results and discussion DOI: 10.1039/D5TA08295A

3.1. Characterisation of SiO2/ZrO. catalysts

ICP-OES analysis was undertaken to determine the bulk Si content of the catalysts after
modification of zirconia support via the colloidal deposition method. The Si contents are

presented in Table 1, showing that the measured loadings were close to the nominal values.

Table 1. Physicochemical properties of SiO./ZrO> catalysts.

Siloading @ Surface area? Total pore volume ¢ Total acidity ¢

Catalyst [ wt.% / m2 g1 /cm3gt / umol g’ BIL*
ZrOz 0 89 0.55 128 0.2
1.58i/Zr 1.5 188 0.63 199 0.5
3SilZr 3.2 221 0.66 212 0.6
6Si/Zr 6.1 290 0.71 270 0.7
10Si/Zr 9.9 269 0.61 178 1.6

a |CP-OES, *BET, ¢Measured at P/Po = 0.99, ¢ NHs-TPD, ¢ Brgnsted/Lewis (B/L) acid site
ratio calculated from the integrated areas of pyridine adsorption bands at 1540 cm™
(Brgnsted acid sites) and 1447 cm~" (Lewis acid sites) from pyridine/DRIFTS.

EDX mappings of the 3Si/Zr and 10Si/Zr samples (Figure 1) shows how silicon distribution
varies with increasing Si loading. At 3 wt.% Si, the elemental maps show a uniform distribution
of SiO2 throughout the ZrO: particles. In contrast, the 10 wt.% Si sample exhibits evident phase
separation, with SiO2 localised on the surface of the ZrO- particles. The main reason for this
difference is most likely the use of a surface modification method for the synthesis of these
materials. At low loadings, the SiO:2 particles in the precursor suspension can spread more
evenly across the zirconia surface. However, as more silica is added, the surface becomes
saturated, leading to the formation of SiO. overlayers, uneven distribution and formation of

silica-rich phases.

10
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Figure 1. STEM-EDX elemental mapping of (a-d) 3Si/Zr, and (e-h) 10Si/Zr.

The crystalline phase identification was carried out using XRD. As shown in Figure 2, the XRD
pattern of the parent ZrO; exhibits characteristic peaks at 24.3°, 28.2°, 31.5°, 34.4°, 35.2°,
38.6°,40.7°, 45°, 49.3°, 50.2°, 54.1°, 55.5°, 60°, 62.8°, 65.7°, and 74.9° corresponding to the
crystallographic planes of monoclinic zirconia (m-ZrO).% The tetragonal phase (t-ZrO>) is
typically identified by diffraction peaks at 30.2°, 50.2°, 50.7°, 59.3°, 60.1°, 62.8°, 73° and
74.5°.5" However, most of these are overlap with those of the monoclinic phase, except for the

30.2° peak, which is unique to the tetragonal phase with minimal interference from monoclinic

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

reflections. This confirms that the parent ZrO. material comprises a mixture of monoclinic and
tetragonal phases, which is typical for undoped zirconia calcined at 500 °C.3” Upon addition
of 1.5 wt.% Si to zirconia, a clear change in the XRD pattern is observed. The 1.5Si/Zr catalysts
exhibits diffraction peaks only at 30.2°, 34.6 °, 50.5° and 60.2°, which are characteristic of t-

ZrO2. The stabilisation of the tetragonal phase and the absence of monoclinic peaks in this

Open Access Article. Published on 13 January 2026. Downloaded on 1/14/2026 12:40:26 AM.
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sample can be attributed to silica deposited on the surface of zirconium hydroxide during
colloidal deposition. The silica likely acts as a physical barrier that inhibits crystallite growth by
suppressing the sintering of zirconia particles during calcination. Since the phase transition
from t-ZrO2 to m-ZrO- is size-dependent®®, the formation of nanoscale crystallites stabilises
the tetragonal phase, which becomes more thermodynamically favourable than the monoclinic
phase at small sizes due to its lower surface energy.%® This can be rationalised in terms of the
total Gibbs free energy of a crystallite, expressed as the sum of bulk and surface contributions

(Gtotat = Gpuik + Gsurface)- As particle size decreases, the surface-to-volume ratio increases,
making Gsurrace @ larger fraction of the total free energy. At the nanoscale, where surface

energy dominates, the tetragonal phase is stabilised because it has a lower surface energy
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than the monoclinic phase, resulting in a smaller G;o.4;.%° This observation is congijstent, With 5 5
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what has been previously reported on the stabilisation of t-ZrO; in SiO2/ZrO, material.6' At
higher Si loadings, broadening of the tetragonal peaks is observed, indicating progressive
reduction in crystallite size. Calculations using the Scherrer equation from the tetragonal
(50.5°) reflection show crystallite sizes decreasing from ~65 nm for pure ZrO. to 56 nm and
46 nm for the 1 wt.% and 3 wt.% Si samples, respectively. For the 6 and 10 wt.% Si samples,
crystallite sizes could not be determined due to excessive peak broadening, suggesting
extremely small crystallites below the detection limit of 2-3 nm. This suggests that at higher Si
loadings, surface silica disrupts atomic rearrangement during calcination, inhibiting the growth

of well-defined crystallites and driving the material towards an amorphous structure.

— 10Si/Zr
- 6Si/Zr
S
i P Lo 3Si/Zr
—
=y 1.5si
‘» .__*L AN, . = iZr
= b I
(D al ] - N
= t-ZrO,
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k h ke .“- L bl "
m-ZrO,
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20/°

Figure 2. XRD patterns of SiO2/ZrO2 catalysts with various Si loadings calcined at 500 °C.

TEM image of the parent ZrO: (Figure 3a) reveal particles of varying sizes and shapes, with
well-defined lattice fringes clearly visible, confirming the highly crystalline nature of the
material, consistent with the XRD results. The observed particles typically range in size
between 10 and 20 nm. These values are smaller than the average crystallite size estimated
using the Scherrer equation, as expected, it is known that using K values close to unity (e.g.,
0.9 by full-width at half-maximum (FWHM) or 1.05 by integral breadth (IB) tends to
overestimate crystallite size.®? With the addition of 3 wt.% Si, a noticeable change in
morphology is observed. The TEM image of 3Si/Zr (Figure 3c) show smaller crystallites that
are connected by the amorphous SiO:2 network, leading to agglomeration (see enlarged
Figure S1 in the ESI for clarity). This observation aligns with XRD data, which indicate a
reduction in crystallite size and overall crystallinity at intermediate Si loadings. The individual
ZrO- particles that were distinguishable in the parent ZrO, sample are embedded within and
"glued together" by the SiO. matrix. At the highest Si loading (10 wt.%), TEM image (Figure

12
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3e) reveal only unclear traces of crystalline domains, with those few visible grystallitesy s ue
appearing even smaller than in the 3 wt.% sample (see enlarged Figure S2 in the ESI for
clarity). The high degree of silica coverage results in a substantial loss of visible crystallinity.
The evolution of crystallinity is further evidenced by selected area electron diffraction (SAED).
The parent ZrO: exhibits a distinct diffraction pattern (Figure 3b), confirming its high
crystallinity. The sharp, bright spots corresponding to constructive interference from crystalline
planes of ZrO,, consistent with the TEM image and XRD analysis. As the Si loading increases
to 3 wt.%, the SAED pattern (Figure 3d) shows weaker but still recognisable diffraction rings,
indicating a reduction in crystallinity while retaining some ordered domains. At 10 wt.% Si

loading (Figure 3f), the halo patterns become more evident, confirming a further reduction in

crystallinity and formation of a predominantly amorphous material.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Figure 3. TEM images and selected area electron diffraction for (a, b) ZrO., (c, d) 3Si/Zr, and
(e, f) 10Si/Zr.

As mentioned earlier, the addition of SiO2 to ZrO: led to the formation of agglomerated
particles and reduced crystallinity. While agglomeration typically reduces surface area by
decreasing external surface, amorphisation can have the opposite effect by introducing
structural disorder and porosity. To understand how these structural changes affect the
textural properties of the SiO2/ZrO. materials, N> porosimetry was performed. As
demonstrated in Figure S3, isotherms of all samples exhibit a hybrid character, displaying

features of both Type Il and Type IV isotherms. The gradual uptake at low to intermediate
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relative pressures suggests multilayer adsorption on external surfaces, characteristic of Type: s0x
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Il behaviour. At higher relative pressures (P/Po > 0.8), a sharp increase in adsorption and the
presence of an H3-type hysteresis loop indicate capillary condensation in mesopores, typical
of Type IV isotherms. This combination suggests a material structure composed of macro-size
interparticle voids as well as mesopores, which is also reflected in the pore size distribution,
as illustrated in Figure S4. The corresponding surface area values, shown in Table 1,
increased markedly from 89 m? g-* for pure ZrO; to a maximum of 290 m? g-' at 6 wt.% Si.
Additionally, the total pore volume increased from 0.55 to 0.71 cm?g-' over the same range.
This trend suggests that the effect of amorphisation dominates over agglomeration. At 10 wt.%
Si, both surface area and pore volume decrease slightly to 269 m? g-' and 0.61 cm? g,
respectively. This may be attributed to excessive silica coverage, where agglomeration

becomes the dominant effect and/or where partial pore blockage occurs.

The surface acidity of the SiO2/ZrO, catalysts was quantitatively assessed using temperature-
programmed desorption of ammonia (NHs-TPD), with the acid site loadings reported in Table
1. The incorporation of SiO. onto ZrO- resulted in a linear increase in acidity, from 128 umol
g™ for the parent ZrO2 to 270 ymol g™ for the 6Si/Zr sample. This enhancement can be
attributed to the formation of bridging Zr-O-Si bonds, which generate additional acid sites.%3-
66 However, at the highest silica loading (10Si/Zr), the acidity decreased to 177 ymol g™*, likely
due to complete surface coverage by silica and the formation of Si-O-Si domains, which
suppress Zr-Si interactions and diminish the overall acidic character.6” Furthermore, as
displayed in Figure 4, the NH3-TPD profiles reveal that the majority of ammonia desorbs below
400 °C. Typically, NH3 desorption below 250 °C is attributed to weak acid sites, between 250-
400 °C to intermediate acid sites, and above 400 °C to strong acid sites.®® This indicates that
the surface acidity in all samples is primarily composed of weak and intermediate-strength
acid sites. Additionally, the desorption temperature remains largely unchanged across the

series, suggesting that the acid strength is not significantly influenced by increasing Si content.
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Figure 4. NH3-TPD profile of SiO2/ZrO2 catalysts with various Si loadings, illustrating the

intensity of m/z 15 (NH fragment) as a function of temperature.

Furthermore, pyridine/DRIFTS was performed on the SiO2/ZrO, samples to determine the
Lewis and Brgnsted nature of the acid sites. The DRIFT spectra of pyridine adsorbed samples
are shown in Figure S5, exhibiting transmittance bands at wavenumbers of 1447 cm™, and
1540 cm™, corresponding to Lewis and Brensted acid sites, respectively. An additional
broader band is also observed at 1489 cm™', which is associated with pyridine interacting with

both Lewis and Brgnsted acid sites.5®7° Through the integration of the bands at 1447 cm~"and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

1540 cm™, the quantity of Lewis and Bransted acid properties was compared. Figure 5 shows
the variation in Lewis and Brgnsted acid site densities across the SiO2/ZrO; catalysts with

different Si loadings. The acid sites of the parent ZrO- is mostly of Lewis acid character, likely

Open Access Article. Published on 13 January 2026. Downloaded on 1/14/2026 12:40:26 AM.

originating from uncoordinated Zr** species.”’ Additionally, it can be observed that the

(cc)

Bronsted acidity increases steadily with increasing Si content. In contrast, Lewis acidity
increases initially, reaching a maximum at 3 wt.% Si, and then declines at 10 wt.% Si. This
trend mirrors that of the total acidity observed in NH3-TPD measurements. As shown in Table
1, all catalysts except 10Si/Zr remain predominantly Lewis acidic, with Brgnsted:Lewis acid
site ratios < 1. These observations are consistent with those reported by Miller and Ko®3, who
demonstrated that SiO2/ZrO. mixtures develop new acid sites attributed to new Zr-O-Si
linkages, with SiO.-rich compositions favouring Brgnsted acidity and ZrO2-rich mixtures
becoming Lewis acidic. It is worth noting, unlike Miller and Ko who used a sol-gel method for
synthesising SiO2/ZrO2 materials, our catalysts were prepared by surface modification via
colloidal deposition. This difference in synthesis approach likely explains the observed decline

in acidity at high Si loadings, as silica gradually saturates the ZrO, surface. The decline in
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Lewis acidity at high Si content is supported by TEM-EDX mapping (Figure 1), which shigW; v

AO08295A

that at 10 wt.% Si, silica forms a continuous overlayer on ZrO>, covering the surface of ZrO.
and hence blocking Zr** sites responsible for Lewis acidity. Consequently, Lewis acidity
declines whereas Brgnsted acidity continues to increase because it originates from Si-OH

groups that are located in close proximity of Lewis acid sites.”
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Figure 5. Brgnsted (1537 cm™') and Lewis (1444 cm~') acid sites peak area from
pyridine/DRIFTS versus Si loading of the SiO2/ZrO> catalysts.

XPS analysis was performed to quantify of the surface composition of the catalysts and
compare it with the bulk values. In all cases, XPS reported a higher Si content than the bulk,
consistent with the suggestion of Si depositing on the surface of these materials, while the
overall trend reported a linear surface:bulk ratio (Table 2). XPS spectra were calibrated to
adventitious carbon at 284.8 eV, although this procedure may be considered slightly
erroneous in the case of oxides with large degrees of difference in acidity, and as such
absolute binding energy values were treated with caution.”>7* Instead, energy differences
were investigated to reveal trends in the sample environment, with the energy separation
between Zr 3d, and Si 2p photoelectrons (AE -sj) found to increase with Si content (Figure
6a), indicating that there is an increase in the relative dipole between Si and Zr, consistent
with the formation of Si-O-Zr moieties, as electronegativity effects induce dipole changes in
next-nearest neighbouring atoms.”> Oxygen 1s was deconvoluted (Figure 6b) using the pure
ZrO. as a reference, revealing a lattice oxygen and a surface oxygen largely comprised of
hydroxyls’8, while the O KLL regions were analysed through generation of a line shape from
reference data (Figure 6c), and using non-linear least squares fitting to determine shifts in

major emission energy and peak area, similar to methods used in literature.”” Following
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deconvolution, AE(z - o), and AEsi- o) could be identified (Figure S6a), with both the Si andZe: 5 0
components of the system reporting an affectation by increased loading, indicating that the
change to AEz -sj is indeed a commonality, and not the result of one species changing relative
to the other. Veracity of the O 1s fit was determined using correlation analysis of the O 1s fits,
which gave good agreement in both cases (Figure S6b).”® Finally, we could look at the
individual Auger parameters for the Zr and Si components within the mixed system (Figure
6d), observing a decreasing Auger parameter with increasing silicon for Zr and Si components,
indicating reduced polarizability as we increase Si content. This again is consistent with the
suggestion of formation of Si-O-Zr bonds, since Si atoms are smaller and less polarizable. O

KLL:KLYV ratios and differences are also in agreement with this observation (Figure S6c).”®

Table 2. Surface composition of SiO2/ZrO, materials obtained by XPS.

Surface loading / at.% . . . Surface loading / wt.%

Catalyst : Si/Zr atomic ratio -

Zr Si @) Zr Si O

ZrO2 35.8 0.0 64.2 0.00 76.1 0.0 23.9
1.5Si/Zr 29.7 5.2 65.1 0.18 69.5 3.8 26.7
3Si/zr 28.6 6.4 65.0 0.22 68.1 4.7 27.2
6Si/Zr 19.0 16.7 64.3 0.88 53.6 146 31.9
10Si/Zr 11.1 249 64.0 2.25 37.0 256 374

XPS spectra also gave insights into the spatial configuration of the moieties of this system

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(Figure 6e), with the inelastic photoelectron background of the lowest kinetic energy Zr peaks
(3p and 4s) revealing marked differences for the pure zirconia versus the silicon modified

system. After addition of silicon in the maximum loading, the post peak background

Open Access Article. Published on 13 January 2026. Downloaded on 1/14/2026 12:40:26 AM.

(normalised to Zr peak area) sees a large rise, due to inelastic scatter from an overlayer (in

(cc)

this case silica).8® Analysis of the peak area ratio between the Zr 4s peak (~1040 eV kinetic
energy), and the Zr 3s peak (~1400 eV kinetic energy) reveals a trend of increasing Zr 4s
proportion with Si content. TPP2M calculations determine the inelastic mean free path (IMFP)
of Zr 4s photoelectrons through silica to be 3.85 nm, while for Zr 3s photoelectrons, this is
around 3 nm, again supporting the earlier assertions of a silica overlayer given this changing

ratio indicates an overlayer (Figure 6f).

Si K-edge NEXAFS (Figure S6d) was used to probe the silicon environment, with the white
line (representing the Si 1s — t2(Si3pxy.z) transition) energy (Emax) found unchanged

depending on silicon loading, which confirms the silicon is only bound to oxygen atoms.?
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Figure 6. a) O 1s deconvolution, and b) O KLL deconvolution of XPS spectra, c) O KLL auger
parameters for deconvoluted Si and Zr components, d) binding and kinetic energy separations
between Si 3d and Si 2p core lines, and the individual O KLL contributions from Zr and Si
species, €) selected energy range XPS survey scan highlighting post Zr 3p region, and f) peak

area ratio of Zr 4s:Zr 3s photoelectron peaks of SiO2/ZrO. catalysts.
3.2, CTH of levulinic acid and esters

As demonstrated by catalyst characterisation, varying the Si doping level significantly affects
the textural properties (e.g., surface area), as well as the crystallinity and acidity of silica-
doped zirconia. These changes can, in turn, influence the material’s catalytic behaviour.
Therefore, a systematic study of Si doping levels (Si wt.% on ZrO) was conducted to assess
their effect on catalyst activity, selectivity, and overall performance in the CTH reactions of EL
and LA.

Initially, the catalytic performance of SiO2/ZrO. materials with different Si loadings was
evaluated in the transfer hydrogenation of EL using 2-propanol as the hydrogen donor solvent
at 170 °C. As shown in Figure 7a, under these conditions, the pure ZrO2 support achieved an
EL conversion of 53% and a GVL yield of 48%, after 6 h. As the Si loading increased from 0
to 3 wt.%, EL conversion and GVL yield increased, reaching a maximum of 78% and 68%,
respectively. However, the conversion and yield decreased upon further addition of silica. GVL

selectivity remained consistently high (~85%) across all samples, with only minor variations.
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Figure 7. Catalytic performance of SiO2/ZrO:. series with varying Si loading in transfer
hydrogenation of a) EL, and b) LA. Reaction conditions: catalyst (100 mg), EL or LA (5 mmol),
2-propanol (250 mmol), internal standard (n-dodecane, 0.5 mmol), 5 bar N2, 170 °C, 6 h.

This behaviour can be explained by the combined effects of acidity and textural properties,
both of which are influenced by Si doping. Consistent with earlier mechanistic studies, the
hydrogenation of EL, facilitated by Lewis acid sites, leads to the formation of 4-
hydroxypentanoic acid ester as an intermediate product (Figure 8). This intermediate will
undergo cyclisation to GVL which proceeds via a Brgnsted acid-catalysed lactonisation.82-86
Among the different physicochemical factors that can influence the catalytic performance, the
trend in conversion and GVL yield most closely follow the concentration of Lewis acid sites,

highlighting their central role in the initial CTH step. As evidenced by the characterisation data

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(Figure 5a), moderate Si incorporation maximises Lewis acidity and also increases surface

area and maintains a sufficient Bransted contribution to promote the cyclisation step and the

Open Access Article. Published on 13 January 2026. Downloaded on 1/14/2026 12:40:26 AM.

transesterification route. However, it is worth noting that when the Si loading increased from

0 to 1.5 wt.%, there was only a moderate increase in EL conversion (~7%) was observed,

(cc)

while the number of Lewis acid sites more than doubled. A plausible explanation for this
disproportionality may be related to the nature of the initial transfer hydrogenation step. The
transfer hydrogenation step (EL — ethyl 4-hydroxypentanoate) is catalysed by Lewis acid
sites, however this step is know from the literature to proceed through a reversible Meerwein-
Ponndorf-Verley (MPV) hydride-transfer mechanism.8”-8% Because this reaction is reversible,
increasing the number of Lewis sites alone does not necessarily translate into a proportional
increase in net conversion unless the downstream steps efficiently remove or transform the
intermediate. At 1.5 wt.% Si, the large increase in Lewis acidity did not lead to a proportional
increase in EL conversion most likely because the subsequent Brgnsted-acid-catalysed
cyclisation of ethyl 4-hydroxypentanoate is not yet fast enough to pull the MPV equilibrium

forward. At this loading, the Brgnsted acidity has not yet reached optimal level, so the
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additional Lewis sites are not fully translated to higher conversion. As a result, the gquilibeedss >ur
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can shift backwards, limiting the apparent disappearance of EL even when more Lewis sites
are present. In contrast, the catalyst with 3 wt.% Si provides a more favourable combination
of Lewis and Brgnsted acidity, which allows the intermediate to be consumed more rapidly
and pulls the equilibrium forward. Therefore, a greater increase in conversion is observed at
3 wt.% Si, even though the increase in Lewis acidity is smaller. At 6 wt.% Si loading, the
number of Lewis acid sites decreases but Brgnsted acidity continues to increase, leading to a
higher Brgnsted/Lewis (B/L) ratio. Under these conditions, the MPV hydrogen-transfer step
becomes limited by the reduced number of Lewis sites, and the overall conversion decreases
accordingly. However, the corresponding decrease in overall EL conversion is not proportional
to the loss of Lewis sites. This could be explained in terms of the Brgnsted-acid-catalysed
transesterification of EL to IPL (Figure 8). This pathway partially compensates for the reduced
hydrogen-transfer activity, so the drop in EL conversion is smaller than the drop in Lewis
acidity. At 10 wt.%, the number of Lewis acid sites decreases significantly, leading to a

substantial decrease in conversion.

)W\( )\fTT/

R—O! Isopropyl levulinate (IPL) R—OH Isopropyl 4-hydroxypentanoate /K
C
OH OH %,
/K ‘90,.
(trans)esterification (trans)esterification ’O,,
o OH o OH o
)k/\m/o\R )\ )K /J\/‘TO\R R—OH \Qfo
o AN 5 A
Levulinic acid (LA): R=H 4-Hydroxypentanoic acid y-Valerolactone (GVL)

Ethyl levulinate (EL): R = C;Hs CTH or ethyl 4-hydroxypentanoate Cyclisation

Figure 8. The widely accepted reaction pathways for the liquid phase CTH of levulinic acid
and ethyl levulinate using 2-propanol as a hydrogen donor.20.23.33.36

A similar set of experiments was conducted using LA as the reactant under identical
conditions. The transfer hydrogenation of LA also exhibited a strong dependence on Si
loading. As shown in Figure 7b, pure ZrO. exhibited modest activity, achieving 31.3%
conversion and a GVL yield of 10.3%. Incorporation of silica markedly enhanced performance,
with conversion increasing steadily with Si loading and reaching a maximum of 91% at 6 wt.%
Si. A similar trend was observed for GVL yield, which peaked at 67.4% at this composition. At
higher loading (10 wt.% Si), both conversion and yield declined, though performance remained

significantly higher than that of undoped ZrO:2 (79.2% conversion, 53% vyield).
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The difference in reactivity between EL and LA arises from the inherent properties of :their; 5 >7

A
carbonyl groups. As shows in Figure 9, at low B/L ratios (low Si loading), EL is more reactive

than LA, likely because the ester carbonyl of EL is intrinsically more electrophilic and more
readily activated to under CTH by Lewis acid sites than the carboxylic acid carbonyl of LA.
This trend is also reflected in GVL yield, consistent with literature reporting that EL undergoes
Lewis-acid-driven CTH more readily than LA.°® Incorporating SiO2 onto ZrO: introduces
Bragnsted acidity (as previously discussed), which narrows the reactivity gap between EL and
LA in terms of conversion and GVL yield. The presence of Brgnsted acid sites enables the
transesterification of EL or esterification of LA. Both reactions produce IPL, which was
identified as the only by-product in this study. At a B/L ratio of 0.6, EL and LA conversions
become comparable (78% and 81%, respectively), although GVL yield from EL remains ~10%
higher, indicating a more selective transformation. At a B/L ratio of 0.7 and above, LA
conversion and GVL yield surpass those of EL. This suggests that the esterification of LA
contributes more effectively to GVL production than EL transesterification under these
conditions, compensating for LA’s intrinsically lower direct CTH activity. Overall, as B/L ratios
increases LA benefits more than EL because LA undergoes Brensted-acid-catalysed
esterification to IPL more readily than EL undergoes transesterification. GVL selectivity
remains consistently lower for LA than for EL across all B/L ratios. This can be explained by
the preferential esterification of LA over Brgnsted acidic SiO.-doped catalysts towards IPL,
which competes with the desired CTH route and diverts a significant portion of LA away from
it. Although IPL can undergo CTH over Lewis acid sites followed by Brgnsted acid-catalysed
cyclisation to form GVL, this tandem pathway appears to be less efficient. In contrast, EL

undergoes direct CTH more readily, resulting in higher GVL selectivity and less IPL formation.
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Figure 9. Effect of varying Brgnsted/Lewis acid ratio on the conversion of EL and LA.

To further explore the role of B/L acid site balance and intermediate product reactivity, catalytic
tests were conducted using IPL as the starting reactant, alongside EL and LA for comparison.
As shown in Figure 10a, IPL consistently exhibits the lowest conversion across all Si loadings,

indicating its lower reactivity under the applied CTH conditions. Unlike EL, which can undergo
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transesterification in the presence of 2-propanol, IPL lacks this pathway since the leaying afid; s >70
incoming groups are both isopropyl, effectively precluding transesterification. Consequently,
the primary route available to IPL is CTH. IPL’s low reactivity likely arises from a combination
of steric and electronic effects. The bulkier isopropyl group may impose greater steric
hindrance, resulting in reduced access to active sites compared to LA and EL. Additionally,
the isopropyl group exerts a stronger electron-donating inductive effect than the ethyl group
of EL, increasing electron density at the carbonyl carbon and reducing its electrophilicity. This
makes the carbonyl in IPL less susceptible to hydride transfer during CTH.®" IPL conversion
remained around 35% at 0 and 3 wt.% Si loading but dropped to 22% at 10 wt.% Si, likely due
to diminished Lewis acidity in the 10Si/Zr catalyst. As shown in Figure 10b, higher GVL
selectivity was achieved from IPL compared to EL and LA at all Si loadings. This can be
attributed to the limited number of side reactions IPL can undergo, unlike EL and LA, which
are prone to (trans)esterification. Overall, while IPL can be converted to GVL, it is a less

efficient route compared to direct CTH of EL or LA.
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Figure 10. Reactivity of IPL, EL and LA under CTH conditions. a) IPL, EL and LA conversion,
b) GVL selectivity from IPL, EL and LA using Si/Zr catalysts. Reaction conditions: catalyst (100
mgq), IPL, EL or LA (5 mmol), 2-propanol (250 mmol), internal standard (n-dodecane, 0.5
mmol), 5 bar N2, 170 °C, 6 h.

The influence of reaction time on the catalytic behaviour of EL and LA further supports the
proposed reaction pathways. As presented in Figure 11, EL and LA show increasing
conversion and GVL yield over time. For both EL and LA, IPL yield progressively increases
with time; however, significantly more IPL is produced from LA than from EL throughout the
reaction. Likewise, IPL selectivity is consistently higher in reactions starting from LA. These
observations are in agreement with the earlier conclusion that esterification of LA to IPL is a

major competing pathway and occurs more readily than the transesterification of EL.
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Interestingly, across both reactants, IPL selectivity is highest at early times and thep deglitigs, 5 0ur

A08295A

suggesting that IPL behaves as a reaction intermediate rather than a terminal byproduct. The

decrease in the selectivity is consistent with IPL being formed transiently and subsequently

consumed, most likely via CTH to GVL. These observations support the idea that the

(trans)esterification route diverts reactants from the direct CTH pathway and instead

represents a secondary route in which IPL serves as an intermediate that can be converted to

GVL under appropriate acid site conditions, albeit more slowly.
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Figure 11. Profiles of LA and EL conversion as well as GVL and IPL yield and selectivity.
Reaction conditions: 6Si/Zr (100 mg), LA or EL (5 mmol), 2-propanol (250 mmol), internal

standard (n-dodecane, 0.5 mmol), 5 bar N2, 170 °C, 6 h.
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The influence of reaction temperature on EL conversion was systematically investigated Usitig, 5>
6Si/Zr across a temperature range of 160-190 °C. All experiments maintained consistent
reaction parameters, including reactant/catalyst ratio, solvent volume, and a fixed 6-hour
duration, to enable direct comparison of temperature effects. As demonstrated in Figure S7,
EL reaction exhibited a strong temperature dependence, with conversion and GVL yield
increasing significantly at elevated temperatures. At 190 °C, near-complete EL conversion
(94%) was achieved, accompanied by an 83% GVL yield. IPL yield shows a clear temperature-
dependent trend. At lower temperatures, the yield progressively increases with time, whereas
at 190 °C it reaches a maximum after 1 h before declining. This behaviour supports our earlier
discussion that IPL is an intermediate which can undergo transfer hydrogenation to GVL.
Similarly, the effect of temperature on LA conversion was examined using the same catalyst
and temperature range. Elevated temperatures also led to improve LA conversion and GVL
yield, with almost complete LA conversion (98%) achieved at 190 °C within approximately 4
hours, yielding 78% GVL. After which reactant is spent and GVL yield plateaus. IPL yield
followed a similar trend to that observed when EL was used as the reactant; however, more

IPL is formed from LA than from EL, particularly at higher temperatures.

Recyclability tests were carried out with the 6Si/Zr catalyst across three consecutive reaction
cycles. Leaching is a major challenge for solid acids such as sulphated zirconia in liquid-phase
reactions, particularly in protic solvents such as water and alcohols, and often leads to rapid
deactivation.®29 |n sharp contrast, our catalyst maintained its activity across all three cycles
with no detectable loss in performance, as shown by the consistent conversion, yield and
selectivity in Figure 12. Remarkably, this stability was achieved without any calcination
between runs, as the catalyst was only washed with fresh 2-propanol and dried. This indicates
that the material not only resists leaching but also does not suffer from significant
carbonaceous deposits, thereby retaining its performance without high-temperature
regeneration. Even when introduced by colloidal deposition, silica interacts strongly with
zirconia through the formation of covalent Zr-O-Si linkages that are insoluble in protic solvents.
This prevents leaching of the silica and preserves the tailored acidity, leading to a stable
catalytic performance. Although longer-term validation is required in continuous mode, the
present results demonstrate a clear benefit of this material as it resists immediate leaching

and shows excellent stability under the investigated conditions.
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(100 mg), LA (5 mmol), 2-propanol (250 mmol), internal standard (n-dodecane, 0.5 mmol), 5
bar N2, 170 °C, 6 h.

As summarised in Table 81, our 6 wt.% silica-doped zirconia catalyst (6Si/Zr) demonstrates
superior productivity compared with the majority of reported systems for the catalytic transfer
hydrogenation of LA to GVL using 2-propanol as hydrogen donor. Noble metal catalysts such
as Pd/C, Pt/C and Ru/C, although achieving high conversions, show modest productivities
(£8.2 mmolevL geat™* h™"), considering the high catalyst to reactant ratio (172 wt.%). Similarly,

non-noble systems such as Ni/ZrO2 and Cu/AC give good GVL yields (88-90%) but remain

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

limited in productivity (<2 mmolew geat™ h™'). In contrast, 6Si/Zr consistently achieves high
conversions (82-98%) with good GVL yields (64-80%) and reaches a productivity of 18
mmolevL geat™! h™" at 190 °C. Although higher productivities have been reported for Zr@PS-FA

Open Access Article. Published on 13 January 2026. Downloaded on 1/14/2026 12:40:26 AM.

and NisP-CePQ04%6:%4, the synthesis of these materials is considerably more complex, making

(cc)

large-scale application less straightforward. The simplicity and effectiveness of Si-doping
therefore offer a more practical route to developing efficient and scalable zirconia-based

catalysts.
4. Conclusions

This study investigated the CTH of LA and its esters to GVL over silica-doped zirconia
catalysts. Varying the silica content significantly altered the physicochemical properties of the
material, including acidity, surface area, and crystallinity. Incorporation of moderate silica
loading inhibited the sintering of ZrO- particles during calcination, promoting the formation of
smaller particles and stabilising the tetragonal phase. It also enhanced surface area and the

total number of acid sites, however, at 10 wt.% Si, these benefits were partially diminished
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and the material became amorphous. XPS and NEXAFS analyses further confirmed silicon5 >0

AO08295A
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enrichment at the surface and the formation of Si-O-Zr linkages, consistent with the presence
of a silica overlayer and its role in modifying the electronic and catalytic environment. The
Brgnsted-to-Lewis acid site ratio increased progressively with silica content, influencing the
catalytic performance. EL conversion to GVL was favoured over Lewis acid-rich catalysts,
whereas LA conversion showed a stronger dependence on Brgnsted acidity. IPL, a key
intermediate, especially in LA reactions, was also convertible to GVL, albeit less efficiently.
Optimal GVL vyields were achieved with catalysts possessing a balanced acidity profile. For
EL, a Brgnsted/Lewis ratio of 0.6 (3 wt.% Si) was ideal, whereas LA required a slightly higher
ratio of 0.7 (6 wt.% Si). Under optimised conditions, a GVL yield of 69% and a productivity of
5.9 mmolevL geat™ h™' from LA was obtained at 170 °C after 6 h. Increasing the temperature to
190 °C led to full LA conversion and 80% GVL yield and a productivity of 18 mmolevL geat™ h™".
In addition, the optimal 6Si/Zr catalyst maintained its performance across three consecutive
cycles without calcination, confirming resistance to leaching under liquid-phase conditions.
Considering the simple and scalable synthesis, low-cost composition, and stability, the silica-

doped zirconia catalysts developed here exhibit promising attributes for future scale-up.
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