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The development of simple, efficient and economical catalysts for the hydrogenation of biomass to

produce high value-added chemicals is of great significance in solving the energy crisis. In this work,

a series of non-precious metal catalysts (Cu–Al2O3–ZnO) with different defect sites were prepared by

etching Devarda's alloy. Under optimized mild reaction conditions, the furfural conversion and furfuryl

alcohol selectivity are both greater than 99.0%, and the catalyst has good reusability. Characterisation

and experiments were used to investigate the activate species for hydrogenation reaction. It can be

proved that the low-valent Cu species in the Cu–Al2O3–ZnO catalysts play an important role as

adsorption and dissociation sites for H2. Different etching degrees and sample reduction temperatures of

the alloy can be used to adjust the content of acidic sites such as Al2O3 and CuO, which have

appropriate adsorption properties for furfural. ZnO promotes the dispersion of the Cu species and

enhances the accessibility of the active sites. The etching method achieves the interaction between

species to further enhance the stability and activity of the catalyst. The catalytic performance of the

catalyst is very competitive and this study provides a new method for the efficient hydrogenation of

furfural to furfuryl alcohol.
1. Introduction

In the context of fossil fuel depletion and global warming, the
extraction of high value-added products from a wide range of
biomass platform chemicals has gradually become a viable
alternative to petroleum products in order to solve a range of
environmental problems and the energy crisis, and to reduce
over-reliance on fossil fuels.1–3 Furfural (FAL) derived from
lignocellulosic biomass, has attracted increasing attention in
recent years as a valuable platform chemical that can be used as
an intermediate to provide a variety of products for the energy,
chemical and pharmaceutical industries,4,5 furthermore, in the
hydrogenation reaction, due to the presence of various unsat-
urated groups (C]C, C]O) in the FAL molecule, a wide range
of products can be produced, such as furfuryl alcohol (FOL),
tetrahydrofurfuryl alcohol, 2-methylfuran, 2-methyltetrahy-
drofuran, 1,2-pentanediol and 1,5-pentanediol.6–10

Catalytic hydrogenation has been used as the main appli-
cation for the conversion of FAL to various high-value chem-
icals. The majority of FAL worldwide (∼65%) are used in the
production of FOL.11 FOL is considered a high-value
logy, Tianjin University, Tianjin 300350,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
intermediate that can be used as a raw material to manufac-
ture products such as vitamin C and lysine,12,13 and has a wide
range of applications in the elds of polymers, pharmaceuticals
and cosmetics.12–14 Generally speaking, the C]C bond is active,
and the FOL can further hydrogenate the C]C bond to form
tetrahydrofurfuryl alcohol.15,16 In addition, hydrolysis of the
FOLmoiety can produce other by-products, resulting in a variety
of complex and competing reaction pathways.17 Since excessive
hydrogenation or hydrolysis produces other by-products, which
is the main problem with the hydrogenation of FAL to FOL, it is
necessary to ensure high hydrogenation activity while prefer-
entially hydrogenating C]O groups and avoiding excessive
hydrogenation.

At present, various transition metal catalysts are oen used
for the selective hydrogenation of FAL to FOL. In general,
precious metal catalysts tend to have higher catalytic activity
than non-precious metal catalysts, and they are oen used in
combination with non-precious metal elements to catalyze
hydrogenation reactions. For example, precious metal elements
Pt, Ru and Pd-based catalysts18–21 exhibit high activity in the
hydrogenation of FAL to FOL under relatively mild reaction
conditions (30–100 °C, 0.8–2 MPa H2). However, factors such as
the high cost of precious metal catalysts and the difficulty of
recycling also severely limit their large-scale practical applica-
tion. Compared to precious metal catalysts, Ni, Co and Cu-
based non-precious metal catalysts have also achieved high
RSC Adv., 2025, 15, 4443–4457 | 4443
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FAL conversion rates and high FOL yields in the hydrogenation
of FAL to FOL. For example, CuCo/MgO,11 Cu–ZnO–Al2O3,22

Cu2Ni1AlOy,23 CoAl,24 C@Ni3P25 have achieved more than 95%
yields of FOL. However, some non-precious metal catalysts also
have the disadvantages of complicated preparation process and
low reactivity. Among the non-precious metal catalysts, the
transition metal Cu initially adsorbs preferentially on the C]O
of FAL rather than the furan ring due to the overlap of the 3d
band of Cu atoms with the antibonding orbitals of the furan
ring, which is highly selective for FOL.26–30 However, the inter-
action between monometallic Cu-based catalysts and FAL is
generally weak, the accessibility of the active center is severely
restricted, and the reaction conditions for Cu-based catalysts
have been relatively harsh in the past.31,32 Therefore, enhancing
the interaction between Cu-based catalysts and FAL and
improving catalytic activity are the main issues that need to be
addressed in the hydrogenation of FAL to FOL.

Inspired by the widespread application and high activity of
skeletal Cu-based catalysts derived from etched alloys in
hydrogenation reactions,33–36 as well as the versatility of
RANEY® nickel37,38 and etched alloy39–41 catalysts in hydroge-
nation processes, we explored the potential of Devarda's alloy
(CuAlZn) as an ideal catalyst for the selective hydrogenation of
FAL to FOL. In our study, skeletal Cu-based catalysts were
prepared by etching Al and Zn from the Devarda's alloy using
alkaline solutions of varying concentrations. These catalysts
were subsequently applied to the hydrogenation of FAL,
demonstrating their effectiveness in achieving selective and
efficient production of FOL. The analysis shows that during the
etching process of the alloy, some Al(OH)3 would be formed and
remains in the Cu skeleton. Aer high-temperature calcination
and reduction, the unetched Al and the Al(OH)3 remaining in
the skeleton are oxidized and dehydrated to form amorphous
Al2O3, which provide acidic sites for the adsorption of FAL.
Meanwhile, the highly dispersed low-valent Cu species in the
catalyst provide sites for H2 adsorption and dissociation. The
synergistic effect of the low-valent Cu species and the acidic
sites enhance the activity of hydrogenation of FAL to FOL. The
optimal catalytic performance of the catalysts depends on the
ratio between the low-valent metal sites and the acidic sites.
Meanwhile, the catalyst prepared by alloy etching method can
make the Cu species more dispersed to enhance the accessi-
bility of the active sites, and ZnO can further disperse the Cu
species. The interactions among Al2O3, ZnO and Cu species in
the samples can help to bring out the synergistic effect between
the hydrogenation sites and the acidic sites and make the
catalysts more structurally stable, with stronger catalytic
activity, and the catalysts also have good reusability.

2. Experimental
2.1 Materials

FAL (>99.5%) and Devarda's alloy particles (M27196) were
purchased from Morell (Shanghai) Chemical Technology Co.,
Ltd FOL (>99.0%), g-Al2O3, Cu(NO3)2$3H2O (99.0%) and
Zn(NO3)2$6H2O (99.0%) were purchased from Aladdin Reagent
(Shanghai) Co., Ltd NaOH (AR) and ethanol (AR) were
4444 | RSC Adv., 2025, 15, 4443–4457
purchased from Tianjin Jiangtian Chemical Co., Ltd H2 gas
(purity 99.99%) and hydrogen–argon gas mixture (10 vol% H2/
Ar) were purchased from Tianjin Liufang Industrial Gas Co.,
Ltd.

2.2 Catalyst synthesis

The desired catalyst was synthesised using the etching method.
In a typical synthesis, 2.0 g of Devarda's alloy (CuAlZn) particles
were placed in 15.0 g of distilled water and stirred, named
Sample A. Then, 15.0 g of 10 wt% NaOH solution was prepared,
named Solution B. During stirring at a constant temperature of
25 °C, Solution B was added dropwise to Solution A to etch the
alloy, and stirring lasted 11 h while the temperature was
maintained at 25 °C. The precipitate was washed and centri-
fuged to the solution pH of about 7. The sample was dried in
a vacuum oven at 60 °C overnight to obtain a powder sample.
The dried sample was heated in a muffle furnace at 4 °C min−1

up to 400 °C, held for 3 h. Aer cooling, the sample was
transferred to a tube furnace and heated at 3.8 °C min−1 up to
200 °C (reduction temperature), held for 3 h (10 vol% H2/Ar), to
obtain the CAZ1.5/2.0-200 catalyst (CAZx/y-M: C stands for Cu, A
stands for Al, Z stands for Zn, x/y stands for the mass ratio of
NaOH to CuAlZn alloy, and M stands for the reduction
temperature). The same process was used to prepare CAZ1.0/2.0-200,
CAZ1.5/2.0-0, CAZ1.5/2.0-100, CAZ1.5/2.0-200, CAZ1.5/2.0-300,
CAZ2.0/2.0-200 and CAZ2.5/2.0-200 catalysts with different
reduction temperatures and etching concentrations, and were
compared in terms of their performance.

Cu/Al2O3 was synthesized by the traditional impregnation
method, in which Cu (35 wt% of g-Al2O3) was loaded on g-Al2O3.
A 35% Cu/Al2O3 catalyst was prepared by dissolving a certain
amount of Cu(NO3)2$3H2O in deionised water, then slowly
dropping the Cu solution into a solution sample containing the
g-Al2O3 support while stirring, leaving it to stand for 12 h,
drying in an oven at 120 °C for 12 h. The dried sample was
heated in a muffle furnace at 4 °C min−1 up to 400 °C, held for
3 h. Aer cooling, the sample was transferred to a tube furnace
and heated at 3.8 °C min−1 up to 200 °C, held for 3 h (10 vol%
H2/Ar) to obtain the 35%Cu/Al2O3 catalyst. The process for
preparing ZnO/Cu/Al2O3 was the same as that for preparing Cu/
Al2O3, except that a certain amount of Cu(NO3)2$3H2O and
Zn(NO3)2$6H2O (1.33 wt% Zn of g-Al2O3) were dissolved
together in deionised water to produce the nal catalyst 1.33%
ZnO/35%Cu/Al2O3. The performance of these catalysts was
compared.

2.3 Catalytic test conditions

The reaction was carried out in a 200 mL autoclave with
a mechanical stirring speed of 600 rpm. Firstly, the ethanol
solvent (60.0 g), FAL (1.20 g) and a certain amount of catalyst
powder were added to the autoclave. Before each run, the vessel
was sealed and the air in the vessel was replaced with 1.0 MPa
N2 four times. Then H2 was introduced at the corresponding
pressure, and the reactor was heated to a certain temperature
with vigorous stirring. The reaction time was started when the
temperature reached the predetermined value. Aer the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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reaction was completed, the reactor was allowed to cool down by
itself. In the catalyst cycle stability test, the reaction solution
was centrifuged aer each reaction to recover the catalyst. The
recovered catalyst was thoroughly washed with ethanol three
times in sequence, and then the catalyst was dried in a vacuum
oven at 60 °C for 12 h for the next reaction. Before the reaction,
it was heated in a muffle furnace at 4 °C min−1 up to 400 °C,
held for 3 h. Aer cooling, the catalyst was transferred to a tube
furnace and heated at 3.8 °C min−1 up to 200 °C, held for 3 h
(10 vol% H2/Ar). During the recovery process, about 10–15% of
the catalyst was lost by weight, and the loss was compensated
for by supplementing the recovery experiment with fresh cata-
lyst (before each reaction, the quantities of catalyst, reactants,
and solvent were standardised).

The product ltrate was analysed using a Beifen Ruili GC-
3420A equipped with a FID detector and a capillary column
(KB-Wax, 30 m × 0.32 mm × 0.5 mm, Kromat Corporation). The
estimated experimental error was less than ±5% in all activity
tests and the FAL conversion and selectivity and the product
yield were calculated using the following eqn (1), (2) and (3).

CFAL ¼ MFAL

IFAL

� 100% (1)

Si ¼ Mi

MFAL

� 100% (2)

Yi = CFAL × Si (3)

where CFAL represents the conversion of FAL aer the reaction,
MFAL represents the molar amount of FAL consumed in the
reaction, IFAL represents the initial molar amount of FAL, Si
represents the selectivity towards the product, i represents the
product,Mi represents the molar amount of the product, and Yi
represents the yield of the product. The carbon balance of all
reactions in this study is higher than 94%.
2.4 Catalyst characterisation

The specic surface area was measured by using SSA-7000 (BET)
low-temperature N2 adsorption/desorption device. All samples
were degassed at 150 °C for 4 h, and then adsorption and
desorption were measured at −196 °C. X-ray diffraction (XRD)
measurement was carried out on a Bruker D8 ADVANCE X-ray
using Cu-Ka for crystallinity in the 2q range of 10°–80° at
a scanning speed of 8° min−1 to measure the catalyst precursors
with different degrees of etching and the calcined reduced
catalysts, and the energy dispersive spectroscopy was analysed
by eld emission scanning electron microscope (Apreo S LoVac-
EDS). The sample was measured by eld emission transmission
electron microscopy (TEM) JEMF200. The surface functional
groups of the samples were determined by Fourier Transform
Infrared Spectroscopy (FT-IR) on a Nicolet-380 instrument with
a DTGS detector. X-ray photoelectron spectroscopy (XPS)
measurements were performed using K-Alpha+ from Thermo
Fisher Scientic. The analysis was calibrated using the C 1s
standard binding energy (284.8 eV). The catalyst with different
etching concentrations at the same reduction temperature was
© 2025 The Author(s). Published by the Royal Society of Chemistry
measured by inductively coupled plasma optical emission
spectrometry (ICP-OES, Agilent 725 ES & Agilent 5110).
Ammonia Temperature-Programmed Desorption (NH3-TPD)
test was measured on a TP-5080-B instrument. The sample was
pretreated at 150 °C in a helium atmosphere for 1 h. Aer
cooling to 50 °C, a 10% NH3/He mixture was injected to satu-
ration, and then the He gas ow was switched to purge for 1 h to
remove the weak physical adsorption NH3 on the surface.
Finally, the temperature was increased in a He atmosphere at
10 °C min−1 to 700 °C, and the removed gas was detected using
a TCD. The Hydrogen Temperature-Programmed Desorption
(H2-TPD) test was measured on a TP-5080-B instrument. The
sample was pretreated in a helium atmosphere at 150 °C for 1 h.
Aer cooling to 50 °C, it was saturated with a 10% H2/He
mixture, and then purged with He gas for 1 h to remove the
weak physical adsorption H2 on the surface. Finally, the
temperature was increased to 700 °C in a He atmosphere at 10 °
C min−1 to 700 °C, and the removed gas was detected using
a TCD. Pyridine-Infrared (Py-IR) test was measured on a Bruker
Tensor 27 at 150 °C, 200 °C and 350 °C. The sample was evac-
uated at 350 °C for 1 h to remove impurity gases, then cooled
naturally to 25 °C. Subsequently, the sample was vaporized with
pyridine for 30 min, evacuated to 150 °C/200 °C/350 °C for
30 min. The spectra were taken at 25 °C.
3. Results and discussion

A series of Cu-based skeleton catalysts CAZ0.5/2.0-200, CAZ1.0/2.0-200,
CAZ1.5/2.0-200, CAZ2.0/2.0-200, and CAZ2.5/2.0-200 with different
degrees of etching were successfully synthesized to explore the
effect of different component content ratios on the performance of
the catalyst. The inuence of the reduction temperature was
explored by using the CAZ1.5/2.0-100/200/300 catalyst (optimum
etch level catalysts), and the cyclic reusability of the catalyst was
explored by using CAZ1.5/2.0-200 as the experimental object.
3.1 Characterisation of CAZx/2.0-200

3.1.1 N2 adsorption–desorption results. The surface area
and pore size distribution of CAZx/2.0-200 catalysts with different
degrees of etching were analysed using N2 adsorption–desorp-
tion analysis. The result (Fig. 1A) shows that the isotherms of
the samples CAZx/2.0-200 with low etching degree all exhibit
typical type II isotherm shapes, and as the etching degree
increases, the samples CAZ2.0/2.0-200 and CAZ2.5/2.0-200 exhibit
type III isotherm shapes, indicating that the adsorption
strength of N2 at the saturation pressure point becomes weaker,
probably due to the decrease in the specic surface area of the
samples, and the all samples are accompanied by H3 hysteresis
loops, which suggests the existence of a disordered pore struc-
ture in the sample. According to the pore size distribution
diagram (Fig. 1B), the pore size of the sample is mainly meso-
porous. The corresponding values of the specic surface area
(SBET), mesopore volume (Vmeso) and pore size (dpore) of the
measured catalyst are shown in Table S1.† The specic surface
area and pore volume of CAZx/2.0-200 decrease to a large extent
with increasing etch, while the pore size increases signicantly.
RSC Adv., 2025, 15, 4443–4457 | 4445
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Fig. 1 (A) N2 adsorption–desorption isotherms; (B) pore size distribution obtained with the CAZx/2.0-200 catalysts. XRD patterns of the catalysts;
(C) etched precursor of (a) CAZ0.5/2.0, (b) CAZ1.0/2.0, (c) CAZ1.5/2.0, (d) CAZ2.5/2.0 and (e) CAZ2.5/2.0; (D) after calcination and reduction of (f) CAZ0.5/
2.0-200, (g) CAZ1.0/2.0-200, (h) CAZ1.5/2.0-200, (i) CAZ2.0/2.0-200 and (j) CAZ2.5/2.0-200.
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This phenomenon may be attributed to the structural collapse
or pore clogging of the samples with increasing etching degree.

3.1.2 XRD analysis. CAZx/2.0 (x = 0.5, 1.0, 1.5, 2.0, 2.5)
precursors were synthesized by alkali etching. The XRD patterns
(Fig. 1C) show characteristic diffraction peaks of Al(OH)3
(JCPDS No. 03-8108) at 2q of 18.7°, 20.3°, 27.8°, 41.3° and 53.0°,
corresponding to the (001), (100), (101), (111) and (112) crystal
planes.42 As the degree of etching increases, the diffraction
peaks corresponding to the Al(OH)3 crystal planes gradually
weaken and disappear. At 43.3°, 50.4° and 74.1°, the diffraction
peaks corresponding to the (111), (200) and (220) crystal planes
of the Cu (JCPDS No. 07-7909) crystal phase, and at 36.6°, 42.5°,
61.7° and 73.9° show characteristic diffraction peaks of Cu2O
(JCPDS No. 03-6433) belonging to the (111), (200), (220) and
(311) crystal planes.43 Compared with the XRD standard card,
some other characteristic peaks are judged to correspond to
some alloy crystal phases Al4.2Cu3.2Zn0.7 (JCPDS No. 47-1393);
Cu1.14Zn0.20Al0.66 (JCPDS No. 10-7459); Cu0.95Zn0.05 (JCPDS No.
03-7053) and Cu32.97Al17.30 (JCPDS No. 07-1654). However, aer
calcination at 400 °C and reduction at 200 °C, the Al(OH)3 phase
disappears and presumably should exist in an amorphous form
aer dehydration.23 Cu becomes the main crystalline phase of
CAZx/2.0-200 (Fig. 1D), with enhanced characteristic diffraction
peaks. Characteristic diffraction peaks corresponding to CuO
(JCPDS No. 09-2365)44 are also observed at 35.5° and 38.8°,
4446 | RSC Adv., 2025, 15, 4443–4457
corresponding to (002) and (111) crystal plane. The possible
reason is that partial stable CuO is formed aer calcination,
which is difficult to be reduced in the subsequent reduction
treatment, and no Al oxide crystal phase is observed. The ICP
results show (Table 1) that as the etching degree increases, the
content of both Al and Zn decreases to a certain extent during
the etching process, thus exposing more Cu sites, which
correlates with the results shown in the XRD analysis, as the
etching degree enhances, the relative peak intensities of the
crystalline phases of the Cu species increase signicantly and
gradually become the dominant crystalline phase.

3.1.3 SEM and TEM images. The SEM images (Fig. 2A and
S1†) show that the CAZx/2.0-200 sample is rough and consists of
many irregular micron-sized particles with a pore structure on
the surface. The increase in the degree of etching results in an
increase in the catalyst pore size and more pronounced particle
exposure. EDS analysis of the CAZ1.0/2.0-200, CAZ1.5/2.0-200 and
CAZ2.0/2.0-200 samples (Fig. 2D–H and S2†) shows that the Cu
species and Zn species are highly uniformly dispersed on the
surface of the catalysts, which, in combination with the
percentage compositions of all the elements in the EDS
elemental proles (Table S2†), further conrmed the highmetal
dispersion of Cu and Zn in the defective-site catalysts prepared
by the etching method. However, the distribution of Al and O is
relatively uneven, this may be due to uneven etching of the Al or
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physical properties and catalytic activity of the CAZx/2.0-M catalysts

Entry Catalysts SBET (m2 g−1) Actual atom ratio (Cu/Al/Zn)d FAL conversione (%) FOL selectivitye (%) FOL yield (%)

1 CAZ0.5/2.0-200
a 168.21 54.85/34.82/4.48 64.22 99.71 64.03

2 CAZ1.0/2.0-200
a 121.13 59.70/24.65/3.96 68.75 99.28 68.26

3 CAZ1.5/2.0-200
a 39.69 74.35/16.63/3.96 98.57 99.69 98.26

4 CAZ2.0/2.0-200
a 16.47 81.61/12.98/3.12 58.22 99.55 57.96

5 CAZ2.5/2.0-200
a 9.17 84.08/12.25/1.97 45.35 99.27 45.92

6 CAZ1.5/2.0-200
b 39.69 74.35/16.63/3.96 0.45 0 0

7 CAZ1.5/2.0-200 (R)c — 72.95/15.13/4.02 72.25 96.15 69.47

a FAL (1.20 g), catalyst (0.24 g), ethanol (60.0 g), H2 (1.5 MPa), 80 °C, 5 h. b FAL (1.20 g), catalyst (0.24 g), ethanol (60.0 g), N2 (1.5 MPa), 80 °C, 5 h.
c FAL (1.20 g), catalyst (0.24 g), ethanol (60.0 g), H2 (1.5 MPa), 85 °C, 2 h. d Actual bulk atom ratio of Cu/Al/Zn was measured by ICP-OES.
e Experimental error <±5%.
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to the formation of some Al(OH)3 when etching Al in a low
concentration NaOH solution, and Al(OH)3 may cover the
surface of the sample, and the result in turn affects the distri-
bution of Al and O on the surface of the sample,45 correspond-
ing to the trend shown by XRD that the Al(OH)3 crystal phase in
the CAZx/2.0 precursor weakens and disappears with etching.

TEM was used to further determine the structure of the Cu-
based skeleton catalyst (Fig. 2B). The HRTEM image (Fig. 2C) of
CAZ1.5/2.0-200 shows a lattice stripe spacing of 0.208 nm, which
belongs to Cu (111).46 Meanwhile, the catalyst also consists of
several components with different lattice spacings, and
compared with the XRD standard card, it can be determined
that 0.213 nm, 0.302 nm and 0.246 nm correspond to the (200),
(110), and (111) crystal planes of Cu2O, respectively, and that
0.175 nm and 0.212 nm correspond to the (110) and (111) crystal
planes of CuO, respectively, indicating that the presence of Cu
species with different valence states on the surface of the cata-
lyst. Combined with the SEM analysis, this further conrms the
highly dispersed nature of the Cu species. Meanwhile, 0.247 nm
Fig. 2 (A) SEM image; (B) TEM image; (C) HRTEM image; (D–H) EDS ele

© 2025 The Author(s). Published by the Royal Society of Chemistry
corresponds to the (101) crystal plane of ZnO, conrming the
presence of ZnO particles.

3.1.4 XPS analysis. The XPS and XAES analysis on synthe-
sized catalysts were carried out to determine the surface
composition and oxidation state of element. As shown in
Fig. 3A, the binding energy peaks of Cu2+ at 933.7 eV and
953.5 eV correspond to Cu 2p3/2 and Cu 2p1/2, respectively. The
satellite peaks at 941.4 eV, 943.8 eV and 962.1 eV conrm the
presence of Cu2+.47 The two peaks at around 932.4 eV and
952.1 eV are attributed to the Cu 2p3/2 and Cu 2p1/2 peaks of Cu

0

or Cu+, respectively.
It is difficult to distinguish between Cu0 and Cu+ based only

on the binding energy of Cu 2p,48 because the kinetic energy
difference between XPS distinguishing Cu0 and Cu+ is small,
which may lead to overlapping results and large analytical
errors. Therefore, we used XAES spectroscopy to distinguish
between Cu0 and Cu+ species (Fig. 3B), and the corresponding
kinetic energies of Cu0, Cu2+ and Cu+ are observed to be
568.6 eV, 573.1 eV, and 576.4 eV, respectively. These results
suggest that Cu exists in all three valence states at the catalyst
mental mappings of the CAZ1.5/2.0-200 catalyst.
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Fig. 3 XPS of these prepared catalysts in (A) Cu 2p spectra, (B) corresponding XAES spectra of Cu LMM, (C) Al 2p spectra, and (D) corresponding
XAES spectra of Zn LMM for CAZ1.0/2.0-200, CAZ1.5/2.0-200 and CAZ2.0/2.0-200.
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surface.49 In the Al 2p XPS spectrum of each CAZx/2.0-200
(Fig. 3C), a signal peak at 74.8 eV belongs to Al3+ in the CAZx/2.0-200
sample,50 conrming that Al exists in the form of an oxide. The
valence electron state of Zn can be accurately determined by using
the XAES spectroscopy. As shown in Fig. 3D, the Zn 2p XAES
spectra of each CAZx/2.0-200 sample shows a signal peak belonging
to the ZnO species at 989.1 eV, which indicates that Zn exists
mainly in the form of oxides on the catalyst surface.

As illustrated in Table S3 and Fig. S3,† the Cu atomic
contents in XPS analysis of the CAZ1.0/2.0-200, CAZ1.5/2.0-200, and
CAZ2.0/2.0-200 catalysts are 3.92%, 12.19%, and 14.58%,
respectively, which are much lower than the corresponding ICP
contents (Table 1): 59.70%, 74.35% and 81.61%, respectively,
and the Al content is signicantly higher, indicating that most
of the Cu is stored in the bulk rather than on the surface, the Al
content on the surface of the sample is higher than in the bulk,
which may be attributed to the fact that the Al in the samples is
partially forms into Al(OH)3 and covers on the surface of the
samples by the etching process, which is consistent with the
results of the XRD and SEM analysis.

3.1.5 NH3-TPD and Py-IR analysis. NH3-TPD and Py-IR
characterisation show the types and amounts of acidic sites in
the catalysts CAZ1.0/2.0-200, CAZ1.5/2.0-200 and CAZ2.0/2.0-200. As
shown in Fig. 4A, the desorption peaks in the interval 0–250 °C,
250–450 °C and above 450 °C correspond to the weak acidic
sites, medium acidic sites and strong acidic sites of the catalyst,
respectively.51 Sample CAZ1.0/2.0-200 has the highest acid
4448 | RSC Adv., 2025, 15, 4443–4457
content at 1.3902 mmol g−1, with medium and strong acids
being the main types. CAZ1.5/2.0-200 is mainly medium acidic,
with some weak acidic sites and strong acidic sites. The detailed
acid amount of the three samples is shown in Table S4,† indi-
cating that the acid amount decreases due to the increase in
etching. The weak acidity comes from the desorption of NH3

weakly adsorbed on the weak Lewis acid sites of the metal
center, and the medium acidity comes from the interaction of
NH3 with the Al3+ sites in Al2O3$xH2O,17 while strong acidity
comes from the interaction of NH3 with electron-decient metal
oxides (CuOx).52

The presence of Lewis acid sites on CAZ1.5/2.0-200 were
conrmed by Py-IR at different adsorption temperatures. As
shown in Fig. 4B, the total acid content in the catalyst is
measured at 150 °C. When the temperature reaches 200 °C,
some weak acids decompose, resulting in a subsequent
decrease in the acid content. Most of the medium and weak
acids decompose at 350 °C. The bands at 1450 cm−1 and
1610 cm−1 correspond to the adsorption of pyridine at the Lewis
acid sites. The Al2O3 can be used as a Lewis acidic center to
adsorb the C]O in the FAL,53 and the CuO can also provide
Lewis acidic enhancement to interact with the FAL.54 The weak
peak at 1486 cm−1 is a combination of Lewis acid sites and
Brønsted acid sites. The small amount of Brønsted acid sites
may come from Al2O3$xH2O55 with different degrees of dehy-
dration and CuOx.54 These acidic sites promote the adsorption
of FAL on the catalyst. The adsorption of pyridine mainly occurs
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) NH3-TPD of the catalyst CAZ1.0/2.0-200, CAZ1.5/2.0-200 and CAZ2.0/2.0-200, (B) Py-IR of the catalyst CAZ1.5/2.0-200 at different test
temperatures.
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at Lewis acid sites. The total amount of acid in the catalyst
CAZ1.5/2.0-200 is shown in Table S5,† which indicates that the
catalyst is rich in medium-strength acid sites, and that these
acids are mainly present in the form of Lewis acids.

3.1.6 FT-IR spectroscopy. FT-IR analysis provides valuable
information about the precursor CAZx/2.0 and CAZx/2.0-200. As
shown in Fig. 5A, the important bands in the infrared spectrum
include those around 3658 cm−1 and 3551 cm−1, which are
close to those of belemnite.56 Signicant bands in the IR spec-
trum of bayerite include those at around 3658 cm−1, 3551 cm−1

and 3472 cm−1, which correspond to –OH stretching modes,
and there are no signicant changes. The infrared bands at
771 cm−1 and 532 cm−1 are also similar to those of bayerite. The
peak at 1637 cm−1 originates from free molecular water that is
not bonded to Al3+.57

The position of the characteristic absorption peak (Fig. 5B)
of the sample shis aer calcination and reduction, moving
from the typical bayerite 1023 cm−1 band to the boehmite
1076 cm−1 band, which may be contributed to that aer calci-
nation reduction, bayerite is dehydrated and converted to
boehmite. Meanwhile, there is a broader typical absorption
peak at 3450 cm−1, which may be due to pseudoboehmite.58

However, it can still be seen that the in situ generated
Fig. 5 FT-IR spectra of (A) CAZx/2.0 precursor and (B) CAZx/2.0-200 cata

© 2025 The Author(s). Published by the Royal Society of Chemistry
Al2O3$xH2O has a distinct characteristic peak at 738 cm−1 and
the band at 738 cm−1 may be attributed to Al–OH stretching and
bending vibrations of boehmite.59 The broad characteristic peak
at around 589 cm−1 may also be due to the conversion of
bayerite to boehmite.59

FT-IR characterisation analysis shows that Al2O3$xH2O
continues to dehydrate in the samples aer calcination reduction
treatment, verifying the presence of Al2O3 in the CAZx/2.0-200
samples, which, combined with XRD analysis, is predominantly
present in an amorphous form and supports the origin of the
acidic sites in the NH3-TPD and Py-IR.
3.2 Properties of CAZ1.5/2.0-M under different reduction
conditions

This study used FAL selective hydrogenation technology to
evaluate the catalytic activity of CAZx/2.0-M catalysts. The activity
evaluation was carried out under reaction conditions of 1.5 MPa
H2 pressure, 80 °C, and a reaction time of 5 h. We tested the
catalytic performance of CAZ1.5/2.0-0, CAZ1.5/2.0-100, CAZ1.5/2.0-200,
and CAZ1.5/2.0-300 catalyst powders for FAL selective hydrogena-
tion. As shown in Table 2, the reduced catalyst exhibits
signicantly higher activity than the unreduced catalyst, which is
lysis.
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most likely attributed to the presence of low-valent Cu species
(Cu0 and Cu+), particularly metallic Cu0,60,61 serving as essential
active sites for hydrogen adsorption and dissociation. Reduction
treatment converts oxidised Cu species (CuO) into low-valent
species, which play a crucial role in facilitating hydrogenation
reactions by providing active sites for H2 dissociation and the
subsequent interaction with the substrate.62,63 For catalysts
prepared under reducing conditions, this process results in
a higher proportion of low-valent Cu species compared to cata-
lysts that are only calcined. As a result, the reduced catalyst
exhibits superior catalytic activity due to its enhanced ability to
activate hydrogen and promote the reaction.

The inuence of different reduction temperatures on the
catalytic activity of this reaction is obvious. As the reduction
temperature increases, the activity of the catalyst tends to
increase and then decrease. In contrast, the catalytic activity of
the CAZ1.5/2.0-200 sample is signicantly improved, with a FAL
conversion rate of 98.57% and FOL selectivity of 99.69%.
Therefore, so the 200 °C is the optimal reduction temperature,
and a series of catalytic characterisations were carried out to
explain the changes in activity.

3.2.1 XRD analysis of CAZ1.5/2.0-M. XRD characterisation
was conducted to investigate the effect of reduction tempera-
ture on the crystalline structure of Cu species in CAZ1.5/2.0-M
samples prepared under different reduction conditions
(Fig. S4†).

The results show that the reduction temperature does not
change the crystalline phases of the Cu species, demonstrating
the structural stability of the catalyst across different prepara-
tion conditions. However, we observed that reduction temper-
ature inuences the relative abundance of Cu species with
different valence states, which could impact the availability and
distribution of active sites crucial for catalytic performance.
These ndings underscore the signicance of carefully
controlling reduction parameters to optimise the catalyst's
composition and activity.

3.2.2 XPS analysis of CAZ1.5/2.0-M. Comparing the elec-
tronic state analysis of the XPS and XAES surface electrons of
the CAZ1.5/2.0-100, CAZ1.5/2.0-200, and CAZ1.5/2.0-300 samples all
show similar Cu 2p XPS (Fig. 6A) and Cu 2p XAES (Fig. 6B)
spectra. A detailed analysis of the XPS spectra of Cu 2p (Fig. 6A)
reveals that, as the reduction temperature increases, the elec-
tron density around metallic Cu increases, resulting in a shi of
the binding energy to lower values. Theoretically, the complete
reduction of Cu species will result in a decrease in the
concentration of Cu2+ species on the sample surface. Therefore,
as shown in Table 2, the proportion of Cu2+ in the Cu species in
Table 2 Physical properties and catalytic activity of the CAZ1.5/2.0-M cat

Catalysts Actual atom ratio (Cu0/Cu2+/Cu+)b (Cu0 + Cu+)/(Cu0

CAZ1.5/2.0-100
a 73.48/17.94/8.58 82.06

CAZ1.5/2.0-200
a 76.93/12.27/10.80 87.73

CAZ1.5/2.0-300
a 84.99/10.96/4.05 89.04

CAZ1.5/2.0-0
a — —

a Reaction conditions: FAL (1.20 g), catalyst (0.24 g), ethanol (60.0 g), 5 h, H
Cu+)/(Cu0 + Cu+ + Cu2+) were measured by Cu XAES. c Experimental error

4450 | RSC Adv., 2025, 15, 4443–4457
CAZ1.5/2.0-M decreases and the proportion of low-valent Cu
species increases with increasing reduction.

3.2.3 NH3-TPD and H2-TPD analysis of CAZ1.5/2.0-M. The
NH3-TPD characterisation in Fig. 7A shows the types and
amounts of acidic sites in the catalysts CAZ1.5/2.0-100, CAZ1.5/2.0-
200 and CAZ1.5/2.0-300. The samples are mainly composed of
medium acidic sites. Moreover, with the increase of the reduc-
tion temperature, the acidity of the samples weakens. For
specic acidity, as shown in Table S4.† The reason is that with
the increase of the reduction temperature, more CuO is reduced
to low-valent Cu species, and the highly dispersed CuO also
provides acidic sites,64 which also enhances the interaction
between the catalyst and the substrate FAL.54

Analysis of H2-TPD (Fig. 7B) shows that the main component
is chemisorbed (50–200 °C) and dissociated (200–400 °C)
hydrogen on the low-temperature peak (<400 °C).65 The amount
of H2 adsorption capacity is shown in Table S6.† The CAZ1.5/2.0-
300 sample has the strongest adsorption and dissociation
capacity for H2, while the poor H2 adsorption capacity of the
CAZ1.5/2.0-100 is not conducive to the hydrogenation reaction.
The adsorption and dissociation capacities of the samples for
H2 increase with the increase of reduction temperature, which
may be due to the fact that more CuO is reduced to low-valent
Cu with the increase of reduction temperature, and the low-
valent Cu species can be used as the sites for adsorption and
dissociation of H2 and thus promote the hydrogenation
reaction.66,67

The relationship between catalyst activity and the distribu-
tion of active components was studied by establishing a struc-
ture–activity relationship based on the results of the activity
data, NH3-TPD, H2-TPD and XPS analysis. The results show that
different reduction temperatures control the distribution of Cu
species in different valence states, which leads to different
catalytic activities in the hydrogenation reaction. The reason for
the higher conversion of CAZ1.5/2.0-300 than CAZ1.0/2.0-100 while
ensuring high selectivity (greater than 98.5%) is that CAZ1.5/2.0-
300 has the strongest ability to adsorb and dissociate H2, but
the reason why the conversion rate of CAZ1.5/2.0-200 is signi-
cantly the highest is that the optimal ratio of acidic sites and
hydrogenation sites has been adjusted, with an appropriate
amount of acidic sites and hydrogenation sites. The acidic sites
come from the moderate amount of Lewis acid provided by
Al2O3 and CuO, while the hydrogenation sites come from the
adsorption and dissociation of H2 by low-valent Cu. Together,
they synergistically enhance the catalytic activity of FAL for
hydrogenation to FOL.
alysts

+ Cu+ + Cu2+)b (%) Conversionc (%) Selectivityc (%) Yield (%)

28.90 98.95 28.60
98.57 99.69 98.26
76.05 98.88 75.20
19.66 98.75 19.41

2 (1.5 MPa), 80 °C. b Actual bulk atom ratio of Cu0/Cu2+/Cu+ and (Cu0 +
<± 5%.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XPS of the prepared catalysts in (A) Cu 2p spectra, (B) corresponding XAES spectra of Cu LMM.
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3.3 Catalytic hydrogenation performance

3.3.1 Effect of catalyst preparation method on catalytic
activity. Comparing the catalytic effects of catalysts prepared by
the impregnation method (Table 3), under the same reaction
conditions, the catalytic activity achieved by the sample with an
optimum Cu loading of 35%Cu/Al2O3 (18.37% FAL conversion,
93.25% FOL selectivity) is much lower than that of the catalyst
etched from the alloy in this study (98.57% FAL conversion,
99.69% FOL selectivity), which may be attributed to the fact that
etching the alloys ensures a more homogeneous distribution of
Cu species, making dispersed reactive Cu species more acces-
sible, as well as generating interfacial interactions between Cu
species and Al2O3,68 which are more prone to synergistic inter-
actions between acidic sites and hydrogenated sites, and further
loading of ZnO, catalytic activity and selectivity are further
improved (24.18% FAL conversion, 95.47% FOL selectivity). The
inferred reason is that the presence of ZnO further enhances the
dispersion of Cu species,69–72 and the Zn and Cu species of the
CAZx/2.0-200 catalysts show uniform dispersion in the EDS
elemental mappings (Fig. 2D–H and S2†), which enhances the
accessibility of the active sites and continues to enhance the
catalyst activity. Also, some studies have shown that the
Fig. 7 (A) NH3-TPD of the catalyst CAZ1.0/2.0-200, CAZ1.5/2.0-200 and CA
and CAZ2.0/2.0-200.

© 2025 The Author(s). Published by the Royal Society of Chemistry
presence of ZnO alters the electronic environment around the
particles of Cu species, making the catalyst easier to reduce,22

XPS and XAES spectroscopic analysis of Cu species in the
impregnated samples of 35% Cu/Al2O3 and 1.33% ZnO/35% Cu/
Al2O3 (Fig. S5 and Table S7†) show that the presence of further
Znmodulated the valence distribution of the Cumaking it more
readily reducible to lower-valent Cu species. This in turn further
improves the catalytic performance. However, compared to the
etching catalyst, the catalytic activity of 1.33% ZnO/35% Cu/
Al2O3 catalytic activity is still limited, the reason is that there
may be interfacial interactions between Cu species and Al2O3,
between ZnO and Al2O3,73 and between ZnO and Cu74 species in
the etched samples, so the catalysts prepared by etching CuAlZn
alloys are more likely to synergistically interact with the
hydrogenation sites and acidic sites and making the catalyst
structure more stable, at the same time, ensure a high degree of
dispersion of Cu species, which can increase the accessibility of
the active center, less prone to sintering and more catalytic
activity. Generation of by-products due to acidic site-catalysed
polymerisation reaction, generating humin, a polymerisation
reactant produced in the FAL.75
Z2.0/2.0-200, (B) H2-TPD of the catalyst CAZ1.0/2.0-200, CAZ1.5/2.0-200

RSC Adv., 2025, 15, 4443–4457 | 4451
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Table 3 Comparison of catalytic activity of catalysts obtained by different preparation methods

Catalysts Conversionb (%) Selectivityb (%) Yield (%)

CAZ1.5/2.0-200
a 98.57 99.69 98.26

25% Cu/Al2O3
a 6.07 88.14 5.35

35% Cu/Al2O3
a 18.37 93.25 17.13

45% Cu/Al2O3
a 14.96 97.74 14.62

1.33% ZnO/35% Cu/Al2O3
a 24.18 95.47 23.08

a Reaction conditions: FAL (1.20 g), catalyst (0.24 g), ethanol (60.0 g), 5 h, H2 (1.5 MPa), 80 °C. b Experimental error <± 5%.
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3.3.2 Catalytic activity of CAZx/2.0-200. The effect of
different degrees of etching on the catalytic activity of the
CAZx/2.0-200 catalyst was investigated by using the model reac-
tion of FAL hydrogenation to FOL, and the activity evaluation
was carried out under the reaction conditions of 1.5 MPa H2,
80 °C, 5 h. As shown in Table 1, with the increase of etching
degree, the catalysts all show high selectivity (>99.0%) and the
catalytic activity tends to increase and then decrease under the
same conditions of other preparation methods. Among them,
CAZ1.5/2.0-200 shows the best catalytic activity with 98.57% FAL
conversion. Further bases on the results of ICP analysis, the
etching during the catalyst preparation leads to different
degrees of leaching of both Al and Zn, which indicates that the
relative content of Cu/Al/Zn reaches a certain equilibrium to be
conducive to the optimal performance of the catalyst activity.
Fig. 8 The effect of reaction conditions on activity and reusability of the
g), ethanol (60.0 g), (A) 1.5 MPa H2, 5 h; (B) 85 °C, 1.5 MPa H2; (C) 85 °C

4452 | RSC Adv., 2025, 15, 4443–4457
3.3.3 Effect of reaction conditions on the catalytic perfor-
mance of CAZ1.5/2.0-200. In addition, the effect of different
reaction conditions (H2 pressure, reaction time and tempera-
ture) on the catalytic performance of the CAZ1.5/2.0-200 catalyst
with the best catalytic performance was investigated. As can be
shown in Fig. 8A–C, from 70 °C to 85 °C, the conversion of FAL
gradually increases with the increase of temperature, while the
selectivity of FOL remains at a high level but shows a slight
decrease, the reason for the production of by-products may be
the formation of humin with the increase of reaction condi-
tions. The trends of the effects of reaction time (1–5 h) and H2

pressure (0.5–1.5 MPa) on catalytic activity at the xed optimum
reaction temperature of 85 °C are similar, indicating that longer
reaction time and higher H2 pressures have a benecial effect
on FAL conversion. In addition, comparative experiments
CAZ1.5/2.0-200 catalyst (reaction conditions: FAL (1.20 g), catalyst (0.24
, 4 h; (D) 85 °C, 1.5 MPa H2, 2 h).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of FAL conversion to FOL catalyzed by various heterogeneous catalysts

Catalysts Reaction conditions
FAL conversion
(%)

FOL selectivity
(%)

mFAL (g)/
mCat (g)

Productivity (mol
FOL g (cat)−1 h−1)

C@Ni3P
25 140 °C, 1.4 MPa H2, 4 h 97 96.3 5.0 0.01215

Cu2Ni1AlOy
23 120 °C, 1.6 MPa H2, 1.5 h 98 99 5.0 0.03366

Cu/MgO76 110 °C, 2 MPa H2, 80 min 99.9 99.9 1.152 0.00897
NiCoCuZnFe/C-800 (ref. 77) 90 °C, 3 MPa H2, 9 h 87.3 100 6 0.00606
Fh-Al0.67 (ref. 78) 150 °C, 1 MPa N2, 5 h 100 100 1.92 0.00340
Ru/ZP-A79 90 °C, 1.25 MPa H2, 7 h 62 97 2.07 0.00185
Ni–Mg–Al80 140 °C, 3 h 98.5 98.98 2.304 0.00780
Fe3O4@C81 200 °C, 2 MPa N2, 4 h 93.6 98.9 3.84 0.00925
15Cu–15Ni/MCM-41 (ref. 82) 160 °C, 4 h 94.5 99 1.92 0.00467
2% Ni–5% Cu/SiO2 (ref. 83) 100 °C, 2 MPa H2, 2 h 94 64 0.290 0.00091
CAZ1.5/2-200 (this work) 85 °C, 1.5 MPa H2, 3 h >99.0 >99.0 5 0.01700
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(Table 1) on CAZ1.5/2-200 catalyst with N2 instead of H2 under
the same reaction conditions (1.5 MPa, 85 °C, 5 h) did not yield
any activity for generating FOL. This conrms that molecular H2

is the only hydrogen donor for the preparation of FOL by the
FAL hydrogenation reaction. In summary, the CAZ1.5/2-200
Fig. 9 (A) XRD patterns of catalysts: the fresh catalyst CAZ1.5/2.0-200 (a)
recovered catalyst CAZ1.5/2.0-200 (R); (C–G) EDS elemental mappings o

© 2025 The Author(s). Published by the Royal Society of Chemistry
catalyst exhibits good catalytic activity under the conditions of
1.5 MPa H2, 85 °C, and a reaction time of 3 h, with a FAL
conversion rate of 99.10% and a FOL selectivity of 99.84%.

3.3.4 Reusability of CAZ1.5/2-200. The reusability of the
CAZ1.5/2-200 optimal catalyst was investigated under the
and the recovered catalyst CAZ1.5/2.0-200 (R) (b); (B) SEM image of the
f the recovered catalyst CAZ1.5/2.0-200 (R).
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reaction conditions of H2 pressure of 1.5 MPa, reaction
temperature of 85 °C, and reaction time of 2 h. As shown in
Fig. 8D, the FOL yield of the CAZ1.5/2-200 catalyst in the fourth
cycle is still above 75%, indicating that the CAZ1.5/2-200 catalyst
has good reusability. Table 4 summarizes the catalytic perfor-
mances of other hydrogenation catalysts for FAL to FOL re-
ported in the literature. In comparison, our CAZ1.5/2-200 can
achieve better reactivity under milder reaction conditions, with
a FAL conversion of >99.0% and a FOL selectivity of >99.0%.
Therefore, our work has certain advantages for the catalytic
selective hydrogenation of FAL to FOL under mild reaction
conditions.
3.4 Characterisation of the recovered catalyst

In order to analyse the mechanism of catalyst deactivation, the
recovered catalyst (aer ve reaction processes and calcination
then reduction, named CAZ1.5/2.0-200 (R)) was further studied.
XRD analysis of the recovered catalyst (Fig. 9A) shows that the
intensities of the corresponding crystalline phase peaks of CuO,
Cu2O and alloys decrease, and the relative intensity of the Cu
crystalline phase increases, indicating that the recovered cata-
lyst is more readily reducible to low-valent metals. Compared
with fresh catalyst, ICP analysis of the recovered catalyst (Table 1)
shows that Cu (CAZ1.5/2.0-200 (R): 72.95%; CAZ1.5/2.0-200: 74.35%)
and Al (CAZ1.5/2.0-200 (R): 15.13%; CAZ1.5/2.0-200:16.63%) have
slightly leach. Comparing the morphology (Fig. 9B) and mapping
characterisation results (Fig. 9C–G) of fresh and recovered cata-
lyst, it is relatively consistent. Therefore, the recovered catalyst
can be reused well, but the slight decrease in activity can be
attributed to the reduction of low-valent Cu species and the slight
leaching of Cu and Al.
4. Conclusions

In summary, this study utilised the etching method to synthe-
sise a composite metal oxide catalyst for the selective hydroge-
nation of FAL to FOL. Among the catalysts tested, CAZ1.5/2-200
demonstrated the highest catalytic performance, achieving over
99.0% FAL conversion and 99.0% FOL selectivity under mild
conditions of 1.5 MPa H2 at 85 °C for 3 h. This exceptional
activity is primarily attributed to the synergistic effect between
low-valent Cu species, which act as active sites for H2 adsorption
and dissociation, and Lewis acid sites provided by Al2O3 and
CuO, which enhance FAL adsorption. The interaction between
ZnO and Cumodies the electronic environment around the Cu
species, facilitating their reduction to low-valent states and
improving Cu dispersion. Compared to traditional impregna-
tion methods, the alloy etching approach strengthens interfa-
cial interactions between species, promoting a stronger
synergistic effect between acidic and hydrogenation sites. This
leads to a more stable catalyst structure with enhanced activity
and reusability. Furthermore, the simple and cost-effective
preparation process offers a promising strategy for the
rational design of efficient hydrogenation catalysts for FAL to
FOL conversion under mild reaction conditions.
4454 | RSC Adv., 2025, 15, 4443–4457
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