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This study investigates the catalytic transfer hydrogenation (CTH) of methyl levulinate (ML) into -
valerolactone (GVL) using mixed metal oxides derived from metal-organic frameworks (MOFs) under
continuous flow conditions. A series of MOF-derived Al,Os—-ZrO,/C catalysts with different Al/Zr molar
ratios were investigated, revealing a synergistic effect that significantly enhances catalytic efficiency.
Physico-chemical characterization demonstrates that the incorporation of aluminum into zirconium
dioxide increases the surface area as well as the presence of catalytically active acid and basic sites,
which are essential for the efficient transfer hydrogenation of ML into GVL. A,O3—-ZrO,/C (1:1) exhibited
the highest ML conversion rate (80%) and GVL yield (72%) at 200 °C within 30 minutes. The study also
emphasizes the critical role of reaction parameters in maximizing GVL production. The stability and
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rsc.li/rscsus reusability of the AlbO3—ZrO,/C (1: 1) catalyst, following appropriate thermal treatment, were also assessed.

Sustainability spotlight

The production of y-valerolactone (GVL), a renewable bio-based chemical and fuel additive, plays a crucial role in achieving Sustainable Development Goal 7
(SDG 7) by fostering affordable and clean energy solutions. This study highlights a novel approach using MOF-derived Al,0;-ZrO,/C catalysts to produce GVL
through a scalable and highly efficient process. By replacing precious metals with cost-effective and sustainable catalysts, this method reduces dependence on
non-renewable resources, directly supporting SDG 12 by promoting responsible consumption and production. Furthermore, the integration of renewable
feedstocks and the optimization of catalyst reusability minimize environmental impacts, aligning with SDG 13 by contributing to climate action. These
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advancements underscore the potential of this process to drive greener industrial practices and accelerate the shift towards a circular, low-carbon economy.

Introduction

The transition towards renewable energy sources, combined
with the adoption of circular economy principles, serves as
a critical strategy in promoting sustainable development. This
approach emphasizes effective resource management by
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minimizing environmental impacts and maximizing economic
benefits through the reuse, recycling, and regeneration of
materials.’? The shift towards these practices necessitates
innovative technological advancements, particularly in catal-
ysis, which plays a vital role as a key technology that facilitates
the efficient and selective conversion of renewable resources
into valuable products.*® One promising direction in achieving
circularity and sustainability is the use of lignocellulosic
biomass as a renewable feedstock for producing fuels, chem-
icals, and materials.** Biomass-derived levulinic acid and its
alkyl esters can be utilized to synthesize value-added chemicals,
including +y-valerolactone (GVL).'*** GVL, recognized for its
degradability, non-toxicity, and potential as a green solvent and
fuel additive, highlights the necessity for sustainable and
economically viable production processes."

An effective method to produce GVL from levulinates is the
catalytic transfer hydrogenation (CTH) process, employing H-
donor solvents as an indirect hydrogen source, thus address-
ing challenges linked with the direct use of molecular H,, such
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as purchase, transportation and safety risks, thereby enhancing
the sustainability of industrial processes."> "

To reduce the reliance on conventional noble metal-based
catalysts for the production of vy-valerolactone (GVL) from
alkyl levulinates,'>” several non-precious metals have been
investigated.”? In this context, ZrO,-based catalysts have
emerged as promising non-precious metal alternatives in these
reactions. These catalysts, often part of bifunctional catalytic
systems that incorporate metals like zirconium (Zr) and
niobium (Nb), along with Brgnsted and Lewis acid sites, are
effective in converting C5 carbohydrates and alcohols into alkyl
levulinates.>*3°

Furthermore, mixed metal oxides are favored in heteroge-
neous catalysis due to their cost-effectiveness, regenerative
capabilities, and superior physical-chemical properties, which
include enhanced surface area and thermal stability.**> Recent
studies have demonstrated that the coexistence of acid and
basic sites in catalysts like ZrO, and Al,O; can synergistically
improve catalytic performance in MPV reactions.**?*

Accordingly, metal-organic frameworks (MOFs) have attrac-
ted significant attention as catalytic systems, due to their
tunable properties and extensive surface area.

Among their advantages, the porous structure enables the
encapsulation of active compounds that act as catalytic sites,
thereby offering enhanced stability and selectivity in heteroge-
neous catalysis. These features facilitate efficient and selective
conversion of lignocellulosic biomass.**** While MOFs have
demonstrated proven efficacy under liquid batch conditions,
their application in continuous flow systems poses challenges,
primarily due to their structural instability and leaching during
chemical reactions.*” Nevertheless, MOFs can be effectively
utilized as templates to create MOF-derived catalysts.*** Their
porous structure enables the encapsulation of active
compounds that act as catalytic sites, thereby offering enhanced
stability and selectivity in catalysis. During this templating
process, calcination plays a crucial role in removing the organic
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ligands from the MOF structure.®® This leaves behind metal
oxide nanoparticles or clusters, which further contributes to the
stabilization of the catalyst structure. The addition of new
properties to the material could address the challenges associ-
ated with MOF-flow systems that have been previously reported
and may also enhance the batch catalytic performance of both
MOFs and MOF-derived oxides. Several studies have already
reported the use of MOF-derived catalysts in catalytic reactions
for the production of GVL under batch conditions ie. Ru-
7ZrO0,@C,* Ir@ZrO,@C,** and Ru@C-Al,0;.>®> However, these
materials contain noble metals. On the other hand, flow-
catalytic reactions from methyl levulinate to GVL have been
studied (Table 1) in some research.

Our study investigates the use of MOF-derived Al,03;-ZrO,/C
catalysts for converting methyl levulinate into GVL under
continuous flow conditions, focusing on the effect of varying Al/Zr
molar ratios on catalytic efficiency and selectivity. By enhancing
the selectivity for GVL production, a potential green fuel, this
research advances the development of highly active non-noble
metal catalysts and promotes sustainable catalytic processes.

Experimental section
Synthetic procedures

All chemicals were acquired as analytical grade compounds
from commercial sources and used without any further purifi-
cation: terephthalic acid (>99%, Acros), zirconium(wv) chloride
(ZrCly) (>99.9%, Sigma-Aldrich), aluminum nitrate nonahydrate
(Al(NO3);-9H,0) (>99%, Merck), methanol (MeOH) (>99.9%,
Panreac), N,N-dimethylformamide (DMF) (>99.9%, Panreac),
methyl levulinate (>98%, Sigma-Aldrich), and isopropanol
(>99.9%, Panreac).

Bimetallic MOFs, utilizing UiO-66 (Zr) and MIL-53 (Al) as
sacrificial templates, were prepared for a series of Al,05-ZrO,/C
catalysts with varying Al/Zr ratios (0:1; 1:2; 1:1; 2:1). The
preparation began with solution A, consisting of terephthalic

Table 1 Catalyst and conditions used for production of GVL under flow conditions

Catalyst Conditions Conversion (%) Selectivity (%) Ref.
ZrO, ML: 2-PrOH = 1:10 (molar >99 80 35
ratio), 7 = 1's, % mol N, :
ML:EtOH = 90.1:0.9:9,
250 °C
Ui0-66 (Zr) ML : 2-PrOH = 1:5.4 (molar >99 74 36
ratio), time on stream: 1 h,
240 °C
5% Ru/C ML: 2-PrOH 1: 50, 20 bar, >95 85 37
0.4 mL min™*, 150 °C
Zr10/HBEA (75) 0.3 M methyl levulinate and 45.5 96 38
0.01 M pyridine in 2-
propanol, flow rate of 0.2
mL min ", at 200 °C and 30
bar pressure
AL O5-Zr0,/C ML : 2PrOH = 1: 100, flow >99 85 This work

0.5 mL min~*, 30 bar,
220 °C, 0.5 g cat
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acid and zirconium chloride in 50 mL of DMF, and solution B,
consisting of terephthalic acid and aluminum nitrate in 50 mL
of DMF. Initially, terephthalic acid was added to zirconium
chloride with 50 mL of DMF (solution A) and mixed until it
formed a clear solution over 30 minutes. Concurrently, ter-
ephthalic acid was mixed with aluminum nitrate in an equal
volume of DMF (solution B) for another 30 minutes. Subse-
quently, solution A was added to solution B under stirring for 1
hour, during which the ratios of Al to Zr were adjusted. The
combined solution was then transferred to a 125 mL stainless
steel-lined Teflon autoclave and heated at 120 °C for 24 hours.
The resultant precipitate was filtered and washed several times
with DMF and MeOH. Finally, the precipitate was dried over-
night at 80 °C and pyrolyzed in a muffle furnace under a mixed
atmosphere (N,/air) at 600 °C for 2 hours.

Methodology

The crystal structure and phase composition of the synthesized
Al,03;-ZrO,/C catalysts were characterized using a Bruker D8
DISCOVER with Cu Ka radiation ( = 1.5418 A) and operated at
a scanning speed of 1° min~* over a range from 5° to 80° 26. The
textural properties of the samples were examined using phys-
isorption isotherms with N,, measured on a Micromeritics ASAP
2000 at 77 K. Samples were degassed under a vacuum of 0.1 Pa
for 24 h at 130 °C prior to measurement.

The crystal structure and phase composition of the synthe-
sized Al,05;-ZrO,/C catalysts were characterized using a Bruker
D8 DISCOVER with Cu Ka radiation (I = 1.5418 A) and operated
at a scanning speed of 1° min~" over a range from 5° to 80° 24.

In situ IR spectroscopy of adsorbed CO, was used to charac-
terize the acidic and basic sites on the surface of the MOF-derived
catalysts. Transmission IR spectra were collected using a Bruker
Vertex 70 spectrophotometer equipped with a Mercury-
Cadmium-Telluride (MCT) cryo-detector in the 4000-600 cm™"
range with a resolution of 2 cm™". The samples, gently pelletized
(applied pressure ca. 0.2 Ton per cm?) into self-supporting thin
pellets (thickness ~ 0.01 mg mm™2), were placed in a custom cell,
equipped with KBr windows, designed for thermal treatments in
a controlled atmosphere. Prior to analysis, the samples were
activated on a vacuum line by degassing the pellets at 500 °C
(ramp rate 5 °C min~") until the pressure reached 5 x 10~* mbar,
then kept overnight. Hereafter, 100 mbar O, was dosed into the
cell and maintained for 15 min. This process was repeated three
times, followed by a 2 h long outgassing step. Lastly, the cell was
cooled down to room temperature and, without exposure to air,
connected to a second vacuum line and placed inside the IR
spectrometer. Experiments were carried out by sending an initial
dose of 25 mbar CO, on the catalysts at beam temperature.
Spectra were continuously measured for 15 min, allowing the
adsorbate-adsorbent system to equilibrate. Finally, the cell was
opened to a dynamic vacuum to observe the behaviour of the
species formed upon CO, adsorption during evacuation at beam
temperature. The evolution of the system under these conditions
was monitored by collecting IR spectra for an additional 15 min.
The collected spectra were a posteriori corrected for the sample
thickness in order to allow the semi-quantitative considerations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Surface activity was further studied using pulse chromato-
graphic titration at 200 °C. Pyridine (PY) and 2,6-dimethylpyr-
idine (DMPY) served as titrant bases in a cyclohexane solution
using a Hewlett Packard 5890 Series II gas chromatograph. The
catalysts were saturated by small injections (2 pL each) of these
molecules. The probe molecules were then detected in the GC
with an FID detector, assuming that pyridine titrates both
Bronsted and Lewis sites, while 2,6-dimethylpyridine selectively
titrates Bronsted acid sites.

X-ray photoelectron spectroscopy (XPS) was conducted to
analyze the chemical composition of the surface materials. The
internal structure of the catalysts was examined using a JEOL
JEM-2100F transmission electron microscope (TEM). The same
instrument was used for energy-dispersive X-ray (EDX) testing to
verify the good dispersion of the MOFs and oxides. Morpho-
logical characteristics were assessed through scanning electron
microscopy (JEOL JSM 6300), with an energy-dispersive X-ray
detector (EDS) used for qualitative analysis of the sample's
constituent elements.

Reactions were conducted using a ThalesNano Phoenix
continuous flow reactor (see Scheme S1}). The reactor was
loaded with 0.5 g of catalyst, packed into a 70 mm long Tha-
lesNano CatCart, and inserted into the reactor. A solution of
0.2 M methyl levulinate in 2-propanol was passed through the
CatCart at a flow rate of 0.1 to 0.5 mL min~', under a nitrogen
pressure of 30 bar and temperatures ranging from 160 to 220 °C.
Samples were collected at specific times on stream; the analyzed
samples correspond to the reactor's outlet stream collected over
specified intervals. Therefore, the GC results represent an
average of the reaction mixture's composition from the start of
the reaction up to the respective sampling time.

Product identification was performed by comparing with
commercially available samples using an Agilent 7820A GC/
5977B equipped with an HP-5ms column (30 m x 0.25 mm
x 0.25 pm). Products were quantified using an Agilent 6890A
gas chromatograph equipped with an FID detector and a non-
polar fused silica hydroxyl column, SUPELCO EQUITY TM-1
(60 m x 0.25 mm x 0.25 pm). The carrier gas used was Ny,
with a flow rate of 1.2 mL min . The heating program started
with a 1 min isotherm at 60 °C, followed by an increase to 180 °
Catarate of 5 °C min~ ', maintained for 5 min, then increased
to 250 °C at a rate of 15 °C min~" and maintained for another
5 min.

The methyl levulinate conversion, product selectivity and
product yield were calculated as follow:

mOIMLinitiul - mOIML final

Conversion (%) = x 100 1
( 0) MOlML initial ( )
.. o) — mOISpeciﬁc product
Selectivity (%) = sum of Mol produn x 100 (2)
1s ecific produc
Yield (%) = Dpeciic product ) 3)

MOl initial

Carbon balance was assessed by GC-FID quantification,
obtaining a loss-value in all cases lower than 2% of carbon loss.
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Scheme 1 Schematic representation of the synthesis and preparation process of the bimetallic MOF-derived Al,Oz—-ZrO,/C catalysts.

Results and discussion
Catalyst synthesis and characterization

MOF-derived Al,0;-ZrO,/C catalysts were prepared using a sol-
vothermal method as described by McKinstry and colleagues.>®
Briefly, the synthesis involves combining solutions of tereph-
thalic acid with zirconium chloride and/or aluminum nitrate in
dimethylformamide (DMF). This mixture is then heated in an
autoclave to form the MOF structure. After washing and drying,
the material is subjected to pyrolysis in a nitrogen atmosphere
to convert the precursors into the desired Al,03;-ZrO,/C cata-
lysts. A schematic representation of the synthesis and prepa-
ration process of the samples is depicted in Scheme 1.

N, physisorption was utilized to investigate the textural
properties of the catalysts (Table 2). In contrast to the precursor
MOFs, which typically exhibit type I isotherms, all catalysts
displayed type IV isotherms indicative of mesoporous materials
(Fig. S11). This transformation can be attributed to the removal
of organic linkers during MOF calcination, which originally
contributed to microporosity. The highest surface area was
recorded for Al,O,/C at 232 m? g™, while ZrO,/C exhibited the
lowest at 31 m> gfl. Materials containing Al,O; in their struc-
ture (Al,03-ZrO,/C mixtures) demonstrated enhanced ZrO,/C
surface areas, mostly in ratios of 1:1 and 1:2. This trend
extends to total pore volume and pore diameter, where an
increased content of Al,O;/C correlates with large total pore
volumes and diameters (Table 2).

Oxide crystal structure was investigated by XRD analysis
(Fig. 1). ZrO,/C exhibits a mixed phase between monoclinic and
tetragonal phases.>*?#3-%% A],0;/C shows a characteristic
amorphous structure.®® Peaks attributed to monoclinic ZrO,/C
appear at 28 (111) and 62 (312) 26 degrees while the tetragonal
phase appears at 30 (101), 35 (110), 50 (112) and 59 (131) 26
degrees. On the other hand, mixed oxide structures combine
characteristics from both pure oxides, resulting in materials

Table 2 Textural properties of the investigated catalyst

M Al,04-Zr0,/C (1:2)

Al,04-Zr0,/C (1:1)

* tzro,
= m-2r0,
amorphous AL,O;

Intensity (a.u.)

A1,0,-Zr0,/C (2:1)

AN\ . . .

ALO/C

20 30 40 50 60 70 80
2 Theta (degree)

Fig.1 XRD patterns of calcined MOF-derived Al,O3-ZrO,/C catalysts.

that exhibit unique properties, leading to a structure more
amorphous than pure ZrO,/C due to the presence of Al,O3/C.
Furthermore, it is noteworthy that these mixed oxide structures
tend to maintain the tetragonal phase of ZrO,/C as the
predominant phase. Other studies involving the synthesis of
these mixed oxides have also shown similar trends.*

The acidity of the catalysts was determined through pyridine
adsorption followed by titration, with the acid site density
results presented in Table 2, normalized for both surface area
(m”) and mass (g). Notable differences were observed in the acid
site densities between the pure oxides ZrO,/C and Al,O3/C.
Zr0,/C, which has a relatively lower specific surface area of 31
m” g™, demonstrated a higher acid site density of 1 pmol m~>.
This is attributed to a more pronounced aggregation of acid
sites on the limited surface area available. In contrast, Al,O5/C,
with a significantly higher specific surface area of 232 m”> g™ *,

SA Vayu VMESO Dy Total acidity Total acidity Bronsted
Catalyst Al/Zrratio (m*g™) (em’g™)  (em’g™) (&) (umol m™?) (umol g7 acidity (umol DMPY g™ )
Zr0,/C — 31 0.16 0.08 80 1 32 <5
ALO,-Zr0,/C (1:2)  1:2 165 0.75 0.54 100 0.18 30 <5
Al,03-Zr0,/C (1:1) 1:1 210 0.85 0.50 100 0.37 77 <5
Al,03-Zr0,/C (2:1) 2:1 96 0.42 0.21 70 0.26 25 <5
Al,03/C — 232 1.44 0.94 300 0.18 43 <5
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Fig. 2 In situ IR spectra of CO, adsorbed on all the pure and mixed

oxides recorded at beam temperature. The spectra are corrected for
the pellet thickness and focus on the 2400-2300 cm™! range, relative
to linear CO, complexes.

showed the lowest acid site density of 0.18 pmol m™2, likely
resulting from the broader dispersion of acid sites across the
extensive surface. However, when quantified based on the total
number of acid centers per gram, Al,0;/C, with 43 pmol g’l, is
comparably effective to ZrO,/C, which has 32 pmol g’l. This
indicates that the functional performance of Al,05;/C compen-
sates for its lower density per unit area through a greater overall
quantity of accessible acid sites.

08
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The mixed oxides exhibit textural properties that represent
a balance between the enhanced surface area provided by Al,O;
and the strong inherent acidity of ZrO,. A tendency was
observed, where an excess of either component - Al,O; or ZrO, -
results in acid site densities (umol g~ ') similar to those of the
individual oxides. The optimal acid site density was observed in
the Al,05-ZrO,/C (1:1) catalyst, achieving the highest values
both per gram (77 pmol g~ *) and per unit area (0.37 pmol m™>).

Furthermore, it is important to note that all materials
predominantly exhibit Lewis acid sites, with the absence of
Brgnsted acid sites. This characterization underscores the
Lewis acid sites as the primary contributors to the acidity of
these catalysts.

To further elucidate the acid-base properties of the mate-
rials, we added CO, as a probe molecule in this study. This
approach allows the simultaneous assessment of the materials’
acidic and basic characteristics, contributing to a more
complete understanding of their catalytic properties. Following
this line, an in situ IR study exploiting CO, as a probe molecule
was performed to characterize the acid and basic sites on the
surface of the catalysts. Two spectral regions were analyzed
separately: (i) acid site region (within the 2400-2300 cm™*
range), where the adsorption bands are ascribed to the X,"
mode of CO, linearly adsorbed on cationic sites, responsible for
Lewis acidity;***® and (ii) basic site region (within the 1800-
1200 cm™" range), where the adsorption bands are ascribed to
carbonate and bicarbonate species (unidentate, bidentate, or

— Zro,/C
— AlLO/C

0.0
1800

T T T T T
1700 1600 1500 1400 1300 1200

Wavenumber (cm™)

Fig.3 Theinsitu IR spectra of CO, adsorption in the 1800-1200 cm™ range are divided into two sections. Sections (A) and (B) correspond to the
stabilization of the carbonate species on the surface of ZrO, (A) and Al,Os (B) in contact with 25 mbar CO, (0 min corresponding to the blue and
orange bold spectra and 15 min to the black bold spectra). Sections (C) and (D) follow the CO, degassing step on the same materials (0 min
corresponding to the blue and orange bold spectra and 15 min to the black bold spectra).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bridged bidentate) formed after the adsorption of CO, on
electron-rich oxygen atoms on the surface.*>*"*

Fig. 2 reports the IR spectra in the 2400-2300 cm™" region,
relative to the linear adsorption of CO, on Lewis acid sites. In
agreement with the existing literature, the overall absorption of
CO, on ZrO,/C is shifted towards higher wavenumbers than on
Al,05/C, indicating that the acid sites on the surface of the former
material are generally stronger than the ones on the latter. The
spectra of CO, on both ZrO,/C and Al,O;/C can be decomposed
into 2-3 contributions, suggesting the presence of at least a few
different families of acid sites on each material, as previously
reported.®”*® Mixed oxides also show distinct contributions
centered at intermediate wavenumbers between pure Al,O3/C and
ZrO,/C due to which unambiguous assignation to CO, adsorption
on A" or Zr*" is not straightforward. The intensity of the overall
band in the thickness-corrected spectra can be correlated with the
abundance of the acid sites, pointing out substantial differences
in the inspected materials. Pure oxides demonstrate lower acidity
compared to some mixed oxides, such as Al,0;-ZrO,/C (1:1) and
Al,05-Zr0,/C (2 : 1). Results are in line with those in Table 2 ob-
tained using pyridine, confirming the equimolar mixture of
Al,0;-Zr0,/C (1: 1) as the material with the highest abundance of
Lewis acid sites.

Fig. 3 presents the IR spectra in the 1800-1200 cm ™" region,
recorded to follow the adsorption of CO, on the basic sites of
the pure ZrO,/C and Al,0;/C, which serve as references for the
mixed materials. The measurements are divided into two
sections. Spectra in Fig. 3A and B are meant to follow the
evolution of the carbonate species formed upon CO, adsorption
under static conditions. The blue and orange spectra in Fig. 3A
and B were collected immediately after CO, dosing (25 mbar),
while the black spectra correspond to the final situation, ob-
tained after waiting 15 minutes maintaining the same CO,
pressure. Spectra in Fig. 3C and D are recorded degassing CO,
under dynamic vacuum. The blue and orange spectra in Fig. 3C
and D were collected immediately after exposing the sample to
dynamic vacuum, while the black spectra were collected after
a degassing of 15 minutes.
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Dotted vertical lines mark the positions of bicarbonate species
(HCO;>")

e Symmetric C-O stretching (veym C-O) at 1435-1480 cm ™. The
band features contributions from monodentate (1435 cm™")
and bidentate bicarbonates (1455 cm "), complicating the
analysis.

e Asymmetric C-O stretching (v,sym C-O) at 1660-1680 cm ™

¢ Bending of the OH group (dOH) on bicarbonate species at

1230 cm ™.

Conversely, the bands centered at ~1550 cm ~ and
~1330 cm " indicate the presence of bidentate carbonates, as
confirmed by the significant spectral separation (D, =
200 Cmfl)‘so,ss,ss

By comparing the spectra of the carbonate species formed on
the surface of the two pure oxides, it emerges that ZrO,/C
exhibits a strong affinity for CO,, forming both carbonates and
bicarbonates. On the other hand, the spectra recorded on Al,O5/
C present a much smaller contribution of carbonate bands,
suggesting that the basicity profile of Al,O;/C is primarily
provided by OH groups, which is in line with previous studies.”

Fig. 4 presents the thickness-corrected spectra of the five
catalysts, with pure materials shown in Fig. 4A and mixed
materials in Fig. 4B. All spectra are normalized and displayed
on a consistent scale to simplify comparison. Two spectra, one
recorded after contact with CO, (solid line) and one upon
degassing at room temperature (dotted line), are reported for
each catalyst. In both cases, the reported spectrum corresponds
to the situation after 15 minutes of equilibration and degassing,
respectively. The overall higher intensity of the bands in the
Zr0,/C spectrum compared with Al,O;/C indicates the higher
basicity of the former pure catalyst (Fig. 4A).”* Regarding the
mixed samples, it is evident that Al,03;-ZrO,/C (1:1) exhibits
the highest abundance of basic sites (even compared with the
pure ZrO,/C). The other mixed oxides display similar basicity to
one another, although the formed species are different due to
the varying Al,0,-ZrO, molar ratios.””*

Lastly, the dotted spectra in Fig. 4 allow the stability of the
carbonate species to be assessed depending on the quantity that

1

1

0.2 0,2
A — Zro,/C B = Al,05-Zr0,/C (1:1)
— AlL0,/C ~ ALO;-Zro,/C (2:1)
— ALO;-Zro,/C (1:2)
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Fig. 4
dotted lines to CO, outgassing (5 x 107> mbar).
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IR spectra of CO, adsorption of pure oxides (A) and mixed oxides (B) with the solid lines corresponding to stabilization of 25 mbar CO, and
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Table 3 XPS binding energies of the C 1s, O 1s, Zr 3d, and Al 2p core
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levels of the bimetallic MOF-derived Al,O3-ZrO,/C catalysts

Binding energy (eV)

0O 1s Al 2p Zr 3d
Sample Al,O4 C=0/C-0 ZrO, Al,O5 ZrO, Zr(OH),
Zr0,/C — — 529.9 — 181.8-184.1 183.2-185.4
Al,03-Zr0O,/C (1 : 2) 533 531.9-530.8 530.7 75.2-73.7 181.8-184.1 183.2-185.4
Al,0;-Zr0,/C (1 : 1) 533 531.9-530.8 530.7 75.2-73.7 181.8-184.1 183.2-185.4
Al,05-Zr0,/C (2 : 1) 533 531.9-530.8 530.7 75.2-73.7 181.8-184.1 183.2-185.4
ALO,/C 533 — — 75.2-73.7 — —

is retained after the degassing treatment at room temperature.
The IR bands of the carbonate species decrease in intensity in
all cases upon degassing, with the Al,03;-ZrO,/C (1:1) catalyst
being able to retain the highest quantity of carbonates
compared with the rest of the materials for the same degassing
time.

X-ray Photoelectron Spectroscopy (XPS) was employed to
characterize the surface chemical composition of the catalysts
under investigation. Detailed binding energies for the O 1s, Al
2p, and Zr 3d orbitals are reported in Table 3 across all samples.
For the Al,O;/C and ZrO,/C samples, the binding energies
observed for O 1s, Al 2p, and Zr 3d are consistent with estab-
lished signatures for Al,O; and ZrO, oxides, respectively. In
mixed Al,0;-ZrO,/C samples, the O 1s spectrum exhibits
a broad peak at 529.7 eV, reflecting contributions from oxygen
in both Al,O; and ZrO, matrices, and at 530.8 eV, indicative of
oxide defects. Additional contributions are noted at 531.5 eV
and 533 eV, corresponding to carbonyl groups and ether link-
ages or possibly to water adsorbed on the surface. The Al 2p
core-level spectra of these catalysts display peaks at approxi-
mately 73.7 and 75.2 eV, indicative of AI’" in distinct chemical
environments. The peak at 73.7 eV is attributed solely to Al,O;,
while the peak at 75.2 eV is likely associated with hydrated
aluminum oxides or hydroxide species. Similarly, Zr 3d core-
level spectra show peaks with a separation of 2.4 eV, typical
for ZrO,, at binding energies of 184.1 and 181.8 eV. Additional
peaks at 185.4 eV and 183.2 eV are identified as originating from
Zr(OH),. These observations align with the known characteris-
tics of ZrO, derived from UiO-66 (Zr), underscoring the intricate
composition of these catalytic materials.”

An increase in the Zr binding energy was noted, suggesting
that Zr and Al species are effectively dispersed within the mixed
metal oxides corroborated by Energy Dispersive X-ray Spec-
troscopy (XPS) analysis (Fig. S27). The positive charge on Zr
atoms, attributable to the higher electronegativity of Al in Zr-O-
Al bonds, likely enhances the number and efficacy of Lewis acid
sites. This phenomenon is in agreement with previously re-
ported literature findings.”

Transmission electron microscopy (TEM) analysis was
carried out to elucidate the size and morphology of the catalyst
structures. The Al,03-ZrO,/C (1:1) sample displays aggregates
of small particles, creating interparticle voids that contribute to
a disordered structure (Fig. 5). This observation is consistent
with the X-ray diffraction (XRD) results presented in Fig. 1.

© 2025 The Author(s). Published by the Royal Society of Chemistry

ALLOSZ

I 20 nm

Fig. 5 STEM image and EDX analysis of the AlLLOz-ZrO,/C (1:1)
catalyst.

TEM analysis shows a homogeneous distribution of Zr and
Al and distinctly captures the formation of y-Al,05/C, with
darker areas indicating particle presence (Fig. S37t), visually
confirming its structural composition, and with lighter areas
indicating the formation of ZrO,. Scanning electron microscopy
(SEM) was employed to further delineate the morphology of the
materials. It reveals that the catalysts possess predominantly
irregular, amorphous structures, either as blocks or planes.
Notably, the Al,05-ZrO,/C (1: 1) sample exhibits a more porous
structure compared to other materials, aligning with porosim-
etry results (Fig. S47). Moreover, the EDS results presented in
Fig. S51 confirm that the elemental ratios in Al,03;-ZrO,/C
catalysts align with their respective nominal molar ratios, such
as2:1,1:1and 1:2.

Catalytic test

To expedite catalyst screening and gain preliminary insights
into the ability of MOF-derived Al,03;-ZrO,/C catalysts, all
prepared systems were tested in the transfer hydrogenation of
methyl levulinate by using 2-propanol as an indirect H-source at
200 °C at 30 min (Fig. 6).

The data presented in Fig. 6 point to the significant role of
Al,O; content in modulating the catalytic efficiency of the
examined systems.

Employing ZrO,/C at 200 °C for 30 minutes resulted in an ML
conversion rate of 24%, with a 100% selectivity towards GVL. The
use of a pure Al,O; catalyst yielded a similar ML conversion rate
of 20%, but with a significantly reduced GVL yield of 9%, where
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Fig. 6 Catalyst screening in the CTH of methyl levulinate into g-
valerolactone promoted by MOF-derived Al,O3—ZrO,/C catalysts by
using 2-propanol as an H-source (reaction conditions: 0.5 mL min~t
flow rate; ML 0.2 M in 2-propanol; 0.500 g of catalyst; 30 bar pressure;
time on stream: 30 min; reaction temperature: 200 °C).

isopropyl levulinate (IPL) emerged as the predominant reaction
product. When Al,O; was integrated in a 1:2 molar ratio with
ZrO,, a notable enhancement in both ML conversion and GVL
yield, peaking at 65%, was observed. This marked improvement
suggests a synergistic interaction within the mixed metal oxide
matrix, potentially augmenting the number and efficacy of cata-
lytic sites available for the hydrogenation reaction.

The optimum catalytic performance was recorded with an
equimolar ratio of Al,O3; to ZrO, in the Al,03-ZrO,/C (1:1)
catalyst. This configuration not only enhanced ML conversion
to an impressive 80% but also pushed GVL yield (72%). The GC-
MS chromatogram of this reaction at 30 min time on stream is
depicted in Fig. S6.t

To assess the catalytic efficiency, we quantified the produc-
tivity of +y-valerolactone (GVL) under specific conditions:
employing 0.5 g of the Al,03-ZrO,/C (1: 1) catalyst at a flow rate
of 0.5 mL min ™", with a reaction temperature of 200 °C and a N,
pressure of 30 bar. The catalyst achieved a productivity rate of
9 mmol GVL per gram of catalyst per hour. This performance is
noteworthy when compared with analogous systems such as
ZrO,/SBA-15 and Zr-containing zeolites, which report produc-
tivities of 5.2 and 0.81 mmol GVL per gram of catalyst per hour,
respectively.*>*7¢

4% 20%
ML conversion ML conversion
100% 100%
160 °C 180 °C
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The performance data depict a tendency-curve where exces-
sive addition of Al,O; beyond the optimum ratio led to
a diminished conversion rate (55%) and a comparably reduced
GVL yield (44%) when using Al,0;-ZrO,/C.

This trend can be attributed to the substantial surface area
and the dense distribution of acidic and basic sites associated
with the Al,0;-ZrO, ratio, where Al,03-ZrO,/C (1:1) composi-
tion exhibits a higher density of acid (Table 2 and Fig. 2) and
basic sites (Fig. 4). Moreover, it has been previously reported
how basic sites contribute more importantly to the reaction
than acid sites.”” In other words, while Al,O; contributes
beneficial properties to some extent, it may also induce over-
adsorption and complex transformations of intermediates on
the catalyst surface due to changes in the catalytic acid and
basic sites. Additionally, an increase in the Al,O; content was
correlated with a decreased GVL selectivity, favoring the
production of isopropyl levulinate (IPL), a notable by-product.

Having identified Al,05-ZrO,/C (1:1) as an optimum per-
forming catalyst, subsequent experiments were focused to
identify the best reaction conditions to maximize GVL produc-
tion and to assess its practical application potential.

Temperature tests in the range from 160 °C to 220 °C were
subsequently carried out to establish the optimum thermal
conditions that favor high GVL yield while minimizing the
formation of by-products such as isopropyl levulinate (IPL).
Results revealed that temperatures above 200 °C resulted in
a higher rate of ML conversion with decreased selectivity
towards GVL, indicating a shift in reaction dynamics towards
the IPL pathway (Fig. 7). These results already improve not only
those obtained in continuous flows (Table 1), but also those
obtained under batch conditions with similar materials sub-
jected to high temperatures, pressures and times (Table S11).

The time effect of Al,03-ZrO,/C (1:1) in the transfer hydroge-
nation of methyl levulinate (ML) at 200 °C was meticulously
monitored to assess changes in catalytic activity over prolonged
time on stream (Fig. 8). By using the Al,05;-ZrO,/C (1:1) catalyst,
a consistent decline in performance was observed over 6 hours of
continuous reaction. Notably, a significant drop in activity
commenced after the first 60 minutes with the investigated cata-
lyst achieving a 75% ML conversion rate and a 67.5% GVL yield. As

80% 100%

ML conversion ML conversion

200 °C 220 °C

Il ML Conversion

Liquid Product Selectivity:

GVL IPL

Fig.7 Effect of reaction temperature on ML conversion and product selectivity for AlbO3—ZrO,/C (1: 1) under transfer hydrogenolysis conditions
(reaction conditions: 0.5 mL min~?! flow rate; ML 0.2 M in 2-propanol; 0.500 g of catalyst; 30 bar pressure; time on stream: 30 min).
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Fig. 8 CTH of methyl levulinate into y-valerolactone promoted by the Al,O3—-ZrO,/C (1:1) catalyst against time (reaction conditions: 0.5
mL min~* flow rate; ML 0.2 M in 2-propanol; 0.500 g of catalyst; 30 bar pressure; reaction temperature: 200 °C). The regeneration of the catalyst
was performed for three consecutive cycles after 360 min of time-on-stream (dotted gray line).

the reaction progressed, ML conversion decreased to 35% and
GVL yield to 31.5% by the end of 360 minutes. This decline in
catalytic activity can primarily be attributed to the accumulation of
humin deposits on the Al,0;-ZrO,/C (1 : 1) catalyst surface, which
block active sites and progressively deactivate the catalyst.

Other synthesized mixed oxide catalysts, Al,03-ZrO, (1:2)
and Al,0;-ZrO, (2:1), demonstrated similar deactivation
patterns (Fig. S71). This uniformity across different material
compositions suggests that the presence of aluminum within
the catalyst does not significantly impact catalytic stability.
However, aluminum remains essential for optimizing both
conversion and selectivity.

To address this challenge, a regeneration protocol was
implemented. This involves halting the flow of the reagent
mixture and removing the catalyst from the flow system. The
catalyst is then subjected to a thermal treatment, where it is
maintained at 400 °C in an air flow of 30 mL min " for two
hours. This procedure aimed to promote the combustion of
deposited carbonaceous residues, effectively restoring its
activity. It is important to emphasize that the regeneration
treatment is not expected to alter the chemical nature or
properties of the Al,0;-ZrO,/C (1:1) catalyst. The catalyst
underwent initial synthesis through a thermal treatment at
600 °C, a process far more intense than the subsequent regen-
eration at 400 °C. Consequently, the approximately 5% of
carbon integrated into the material remains unchanged and is
not oxidized into other species. Even in the unlikely event of
oxidation, the minimal amount of carbon present would have
negligible impact on the overall physico-chemical properties of
the Al,05-ZrO,/C (1: 1) catalyst.

Analysis of the catalyst performance after regeneration
reveals a noticeable decline in ML conversion efficiency, yet the
selectivity towards GVL remains consistently high at 90%. This
demonstrates the catalyst's capability to maintain its effective-
ness in producing the desired product despite a reduction in

© 2025 The Author(s). Published by the Royal Society of Chemistry

overall activity. In comparison, when the catalyst is simply
discharged and dried under normal conditions, it continues to
function, yielding similar results to those observed during its
last use. These results suggest that the catalyst's deactivation is
primarily due to the blocking of active sites. Extensive literature
indicates that in biomass processing, the deposition of humins
(high-molecular-weight compounds formed by the polymeriza-
tion of intermediates) on the catalytic surface is a major cause of
catalyst deactivation.”®®® Similarly, in this study, humins are
primarily suspected as the main cause of deactivation. Although
these compounds are not detectable by gas chromatography
(GC) due to their high molecular weight, the carbon balance
analysis, which shows a maximum weight loss of only 2%,
suggests that a small portion of ML is converted into humins
through a competing polymerization reaction.

The continuous flow setup intensifies this effect, as the
catalyst sites are constantly exposed to the reaction mixture.
Attempts to detect humins on the exhausted catalyst using ATR
spectroscopy were unsuccessful due to the instrument's insuf-
ficient sensitivity to detect significant spectral differences.
Additionally, the analysis of changes in acid-base sites was
unreliable due to the temperature activation required prior to
measurement, as detailed in the Experimental section. In any
case, the correlation between the loss of active sites and humin
deposition is supported not only by the observed catalytic
behavior (where conversion decreases while selectivity remains
constant, indicating that the remaining active sites are still
functional) but also by the catalyst's color change to a slightly
darker hue. Moreover, these observations align with corrobo-
rative findings from previous studies within our group on the
reductive upgrading of biomass derived molecules under
continuous flow conditions with oxide materials derived from
MOFs, further validating our conclusions.*”®

Different flow rates were subsequently assessed employing
Al,03-Zr0,/C (1: 1) to investigate their effect on ML conversion

RSC Sustainability, 2025, 3, 2273-2285 | 2281
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Fig. 9 CTH of methyl levulinate into g-valerolactone promoted by Al,O3—-ZrO,/C (1:1) under a flow rate effect at different times on stream
(reaction conditions: ML 0.2 M in 2-propanol; 0.500 g of catalyst; 30 bar pressure; reaction temperature: 200 °C).

and GVL yield at 200 °C. Results, including the residence time
for each condition, are depicted in Fig. 9.

Initially, at 30 minutes, reducing the flow rates from 0.5
mL min " to 0.2 mL min~ " and 0.1 mL min " did not significantly
influence ML conversion rates (80%, 81% and 83%, respectively at
0.5, 0.2 and 0.1 mL min ") or GVL selectivity (90% at 0.5, 88.9% at
0.2 mL min~' and 88% at 0.1 mL min'). However, by using
a lower flow rate, catalyst deactivation was markedly accelerated,
evidenced by the significant drop in ML conversion to 4% at
a lower flow rate of 0.1 mL min ™" after 360 minutes, likely due to
prolonged contact between the reactants and the catalyst, as
demonstrated by the increased residence time. This prolonged

contact time also shifted product selectivity, primarily increasing
the tendency for ML to undergo transesterification and likely
leading to the deposition of humins on the catalyst surface at
lower residence times. As a result, GVL selectivity decreased
progressively over time, from 88.9%, 88.5%, and 86%, to 85% at
0.2 mL min~" and from 88%, 86.7%, and 84.4%, to 82.8% at 0.1
mL min~* for 30-, 60-, 180-, and 360 minutes of time on stream,
respectively. Conversely, at a higher flow rate of 1 mL min™", the
system encountered complications such as blockages. This
outcome emphasizes the importance of balancing contact time to
maintain both the effectiveness and durability of the catalytic
system as well as to prevent mechanical issues.
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Scheme 2 Reaction pathways in the CTH of methyl levulinate (ML) with 2-propanol to GVL under continuous flow conditions.
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Understanding of GVL production pathways in the presence
of 2-propanol

The conversion of methyl levulinate (ML) into g-valerolactone
(GVL) via a transfer hydrogenation process is thoroughly
documented and remains a focus of significant research
interest."'*#>#* Utilizing 2-propanol both as a solvent and
a hydrogen donor, ML is subjected to a variety of chemical
transformations that may lead to GVL production. These
transformations are primarily categorized into three potential
pathways (Scheme 2):

(1) Direct (transfer) hydrogenation: the carbonyl group in ML
is first CTH hydrogenated through catalytic transfer hydroge-
nation (CTH), leading to the formation of methyl 4-hydrox-
ypentanoate that is then rapidly cyclized into GVL.

(2) Cyclization and subsequent (transfer) hydrogenation: ML
might initially cyclize into various lactone intermediates, which
are subsequently hydrogenated to produce GVL.

(3) ML wundergoes transesterification with 2-propanol,
resulting in the formation of isopropyl levulinate (IPL) that can
be further converted into GVL via lactone cyclization.

Catalytic tests and physicochemical characterizations facili-
tate the interpretation of reported results and support the
hypothesized mechanisms underlying GVL production. Results
related to the effects of temperature and alumina content
distinctly show that introducing alumina into the catalyst
system significantly influences the course of these reactions.
The presence of alumina notably enhances ML conversion,
while its varying content critically impacts substrate conversion
and liquid product selectivity. Notably, an increased Al/Zr ratio
tends to increase ML conversion and alters the reaction
pathway, especially under elevated temperatures (220 °C).

Experimental outcomes reveal that lower reaction tempera-
tures (up to 180 °C) and a minimum presence of alumina (up to
a 1:1 Al/Zr ratio) favor the activation of 2-propanol, thereby
promoting transfer hydrogenation reactions over trans-
esterification, which in turn directs product selectivity towards
enhanced GVL production. Conversely, higher alumina content
and increased reaction temperatures tend to favor intra-
molecular cyclization, predominantly leading to the formation
of IPL. In any case, the absence of detectable methyl 4-hydrox-
ypentanoate and lactone intermediates in experimental anal-
yses restricts a definitive conclusion about whether GVL is
primarily produced from the direct hydrogenation (pathway 1)
or via cyclization and subsequent hydrogenation (pathway 2).

Conclusions

The effectiveness of MOF-derived Al,03;-ZrO,/C catalysts in the
catalytic transfer hydrogenation of methyl levulinate to vy-
valerolactone under continuous flow conditions was success-
fully demonstrated. By incorporating Al,O; into ZrO, using
MOFs as sacrificial templates, the catalytic performance was
significantly enhanced due to the synergistic interaction
between these two oxides. The combination of alumina and
zirconia in catalysts not only enhances the number of acid and
base sites but also increases the specific surface areas of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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resulting catalysts. Notably, all mixed Al-Zr oxides demon-
strated superior catalytic activity compared to the individual
ZrO, and Al,O; catalysts, with the Al,0;-ZrO,/C catalyst with
a 1:1 ratio demonstrating superior performance, achieving
more than 99% conversion of ML and 85% yield of GVL at 220 °
C within 30 minutes.

Optimum reaction conditions were identified to maximize
GVL production, with a reaction temperature of 200 °C and
a duration of 30 minutes proving most effective. These condi-
tions effectively balanced the catalytic activity, leading to high
conversion rates and desired product yields. Extended time on
stream up to 6 hours showed a decrease in ML conversion and
GVL yield, primarily due to catalyst deactivation from carbo-
naceous deposits. However, thermal regeneration at 400 °C
successfully restored the catalyst's activity, demonstrating the
feasibility of catalyst reuse.

The study also highlights the importance of maintaining
balanced Al/Zr ratios to optimize selectivity and avoid excessive
production of by-products such as isopropyl levulinate (IPL)
through transesterification reactions. Different flow rates were
tested, and the optimal flow rate was determined to be 0.5
mL min~", which maintained high conversion and selectivity
while preventing catalyst deactivation.

The successful implementation of a thermal regeneration
strategy additionally underscores the potential practical feasi-
bility of this catalytic system for industrial applications. To
further enhance the promise of this work and align with
sustainable development goals, we have already begun to focus
on two crucial advancements: (i) the synthesis of MOF-derived
materials utilizing greener aprotic solvents, and (ii) the refine-
ment of catalyst synthesis conditions to not only preserve but
also optimize the high selectivity observed while improving
stability and thereby increasing GVL production. Since y-valer-
olactone (GVL) is one of the most promising chemicals in
modern biorefineries, these enhancements in its catalytic
production from methyl-levulinate are anticipated to signifi-
cantly advance the development of a circular economy, opti-
mizing resource efficiency and minimizing waste.
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