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Abstract

Biomass-derived glucose is an important platform molecule to produce value-added oxygenated chemicals through
catalytic conversion. In this study, Cu-Ni-WOx catalysts supported on SiOz2, ZrOsz, and SiO2-ZrO2 were prepared by wet
impregnation and evaluated for the hydrogenolysis of glucose in water. The catalysts were characterized by X-ray
diffraction, SEM-EDX, and pyridine-adsorption FTIR to examine the relationship between catalyst structure, acidity,
and catalytic behavior. Catalytic tests were carried out in a batch reactor at 300 °C under 2 MPa Hz for 2 h. All catalysts
showed comparable glucose conversion in the range of 92.2-93.1%, whereas the support strongly influenced the
distribution of liquid products. The SiOz2-supported catalyst favored glycol/glycol-like compounds and cyclic ether/THF
products, indicating a stronger tendency toward oxygen-retaining pathways. In contrast, the SiO2-ZrOz-supported
catalyst showed higher distribution toward cyclic ketones and aliphatic alcohols, while the ZrOsz-supported catalyst
exhibited an intermediate pattern. These findings suggest that support-dependent acidity plays an important role in
directing hydrogenolysis pathways and controlling the relative formation of oxygen-retaining and rearranged products.
This work highlights the importance of support composition in tuning the product distribution of Cu-Ni-WOx catalysts
for glucose valorization into value-added oxygenates.
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1. Introduction

Biomass is one of the most abundant
renewable carbon resources and has attracted
considerable attention as a feedstock for the
sustainable production of fuels and value-added
chemicals. Among biomass-derived intermediates,
glucose is a particularly important platform
molecule because it can be obtained from the
hydrolysis of cellulose and subsequently
converted into a wide range of oxygenated
products through catalytic processes [1,2].

* Corresponding Authors.
Email: ulfa.ms@ub.ac.id (S. M. Ulfa)

Depending on the catalyst properties and reaction
conditions, glucose hydrogenolysis may proceed
through hydrogenation, hydrogenolysis,
dehydration, rearrangement, and retro-aldol
pathways, producing compounds such as glycols,
cyclic ketones, cyclic ethers, and aliphatic
alcohols. Recent studies have shown that product
selectivity in glucose hydrogenolysis can vary
significantly, with glycol yields typically reported
in the range of 40-70%, cyclic ketones around 20-
40%, and aliphatic alcohols approximately 15-
35%, depending on catalyst composition and
acidity [3].

A clear understanding of catalyst structure
and reaction pathways is essential for the rational
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design of efficient catalytic systems for biomass
valorization. In heterogeneous catalysis, catalytic
performance is strongly influenced by the nature
of the active metal species, the promoter, and the
support. Transition metals such as Ni and Cu are
widely used in biomass conversion because they
provide complementary catalytic functions, that is
enhance reaction efficiency and selectivity [4,5].
Nickel 1is effective for Hs activation and
hydrogenolysis-related reactions, whereas Cu is
often associated with hydrogenation and selective
transformation of oxygenated intermediates. The
active interface between metal species and oxide
supports is particularly important because it
provides adsorption sites and low-energy reaction
pathways for C—H bond activation and C—C bond
cleavage [6].

In addition to the active metals, support
composition plays a decisive role in controlling
metal dispersion, acidity, and metal-support
interaction. SiO2 is generally characterized by
high surface area and good thermal stability,
while ZrO2 provides Lewis and Brensted acidic
properties that are Dbeneficial for biomass
conversion reactions involving dehydration,
rearrangement, and C-O bond activation [7-10].
Mixed SiO2-ZrOsz supports are especially
attractive because they may combine the
structural advantages of silica with the acid-base
functionality of zirconia, thereby offering a
tunable environment for selective glucose
conversion.

The catalytic behavior of Cu- and Ni-based
systems in biomass transformation has been
reported extensively. Ni-based catalysts have
shown high activity in the conversion of
oxygenated biomass-derived into HMF reaching
88.5% yield. The performance enhanced by
modification into NiZn and produce DMF up to
93.6% [11,12]. Cu-based catalysts have also been
reported to be highly effective in hydrogenolysis
and hydrogenation reactions, particularly when
strong interactions between Cu species and oxide
supports are established, e.g., the Cu-O-Si
system can achieve DMF selectivity of up to 93.4%
[13]. The development of CuNi bimetallic
catalysts is therefore attractive because Cu may
facilitate  activation of C=0 containing
intermediates, while Ni contributes to Hoz
activation, producing a synergistic catalytic
system with modified electronic properties and
improved performance [14-16].

The incorporation of tungsten oxide species
has also been reported to influence catalytic
performance in biomass-related transformations.
Tungsten-based catalysts may facilitate C-C bond
cleavage and promote the formation of smaller
oxygenated intermediates, while WOx may also
modify the oxidation state and electronic
environment of Cu-containing catalysts [17,18].

Despite the relevance of Cu-, Ni-, and W-based
catalysts for biomass conversion, the support-
dependent behavior of Cu-Ni-WOx catalysts in
glucose hydrogenolysis remains insufficiently
understood, particularly with respect to how SiOg,
ZrQz, and Si02-ZrO:z supports influence catalyst
acidity and product distribution.

In this study, Cu-Ni-WOx catalysts supported
on SiOz, ZrOsz, and SiO2-ZrOz were prepared by
wet 1impregnation and evaluated in the
hydrogenolysis of glucose in water. The objective
of this work was to clarify how support
composition influences catalyst structure, acidity,
glucose conversion, and liquid product selectivity.
We hypothesized that differences in support
composition would modify the Lewis-Brensted
acidity balance and metal-support interaction,
thereby redirecting the reaction pathways of
glucose hydrogenolysis and altering the relative
formation of cyclic ketones, glycol/glycol-like
compounds, aliphatic alcohols, and cyclic ether
products.

2. Materials and Methods
2.1. Materials

Analytical-grade D-(+)-glucose (Merck KGaA)
was used as the primary starting material. The
Cu(NO3)2.3H20, Ni(NOs)2.6H20, ZrOCl2.8H20,
Si02 Merck KGaA), and NasW04.2H20 (SMART-
LAB) were employed as precursors for the
synthesis of Cu-Ni-WOx catalyst and SiOsz-ZrOaz-
based support. Ammonium hydroxide solution
(NH4OH), silver nitrate solution (AgNOs), and
nitric acid (HNOs), all obtained from Merck were
used during the catalyst preparation. Nitrogen
and hydrogen gases were purchased from PT. Tira
Austenite Tbk. Deionized water Hydrobath from
local distributors were used as the solvent in the
catalyst preparation and catalytic test for glucose
hydrogenolysis.

2.2. Catalyst Preparation

Three catalysts were prepared in this study,
namely MSZ (Cu-Ni-WO/S102-ZrOz), MS (Cu-Ni-
WO«/Si02), and MZ (Cu-Ni-WO«/ZrOz), using a
wet impregnation method with several
modifications based on previous studies [19-22].
For the preparation of the SiO:-ZrO: support,
ZrOClz -8H20 was precipitated with NH4sOH to pH
of 8, producing a white solid. The precipitate was
washed, dried, and subsequently combined with
Si0q, followed by stirring at 75 °C for 24 h. The
material was evaporated, dried, and calcined at
500 °C under Na. Tungsten precursor was then
introduced by impregnation using Na:W04.2H20
under acidic conditions by adjusting the pH to 1
with HNOs. Afterward, Cu and Ni precursors
were added under basic conditions at pH of 11.
The resulting material was stirred for 24 h,
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evaporated, dried, calcined, and reduced at 500 °C
under H2 to obtain the MSZ catalyst. The MS
catalyst was prepared using commercial SiOz as
the support. The synthesis followed a similar
procedure, including tungsten impregnation
under acidic conditions, addition of Cu and Ni
precursors under basic conditions, evaporation,
drying, calcination at 500 °C in Ne, and reduction
at 500 °C with H2. For the MZ catalyst, ZrO2 was
first prepared by precipitation using NH4OH to
pH of 8, followed by drying and calcination at 500
°C. The resulting ZrOz was then impregnated with
Cu, N1, and W precursors under basic conditions,
followed by stirring, evaporation, drying,
calcination, and hydrogen reduction to obtain the
final catalyst.

2.3. Catalyst Characterizations

The crystalline structure of the catalysts was
analyzed by X-ray diffraction (XRD) using a
PANalytical X'Pert3 Powder diffractometer
operated at 40 kV and 35 mA with Cu-Ka
radiation (A = 1.54060 A). Diffraction patterns
were recorded over a 20 range of 10° to 90°. The
obtained XRD patterns were subsequently
analyzed by Rietveld refinement using Profex
software (version 5.7.1) with the BGMN
refinement engine to identify the crystalline
phases and determine their quantitative phase
composition. Surface morphology and elemental
distribution were examined by SEM-EDX using
an FEI Quanta FEG 650 FE-SEM equipped with
an Oxford Instruments X-act detector and
AZtecOne software. Catalyst acidity was
evaluated by pyridine-adsorption FTIR [23-25].
Pyridine was used as a probe molecule to
distinguish Lewis and Brensted acid sites.
Absorption bands near 1446 cm! were assigned to
pyridine coordinated to Lewis acid sites, while

1asupuo) =¥

bands near 1544 cm'l were attributed to
pyridinium species associated with Brensted acid
sites. The band around 1484 cm! was associated
with pyridine interacting with both Lewis and
Bronsted acid sites.

2.4. Catalytic Hydrogenolysis of Glucose

Catalytic hydrogenolysis of glucose was
performed in a 100 mL stirred batch autoclave
reactor, as illustrated in Figure 1. First, 0.6 g of
catalyst was activated in situ at 300 °C for 1 h
under an Hs atmosphere. After cooling, 1 g of
glucose and 25 mL of deionized water were
introduced into the reactor. The reactor was
sealed and purged three times with N2, then
pressurized with Hz to 2 MPa. The reaction was
carried out at 300 °C for 2 h at a stirring speed of
400 rpm. After the reaction, the reactor was cooled
to room temperature, and the gaseous phase was
released. The liquid products were collected from
the condensate chamber and further distilled at
79-89 °C to separate the target fraction from
water before analysis.

2.5. Product Analysis

The liquid products were analyzed by GC-MS
using a Shimadzu QP2020NX equipped with an
SH-PolarWax polyethylene glycol column. The
oven temperature was initially set at 80 °C and
increased to 250 °C. Samples were injected in
splitless mode using helium as the carrier gas. For
analysis, 0.5 mL of liquid product was diluted with
0.5 mL of GC-grade n-BuOH as an internal
standard. Compounds were identified using the
NIST mass spectral library, and the relative
chromatographic area fractions used to evaluate
trens of each product distribution among the
prepared catalysts.

Water out
-—b

2]
]
S

Water in

10 12

11

Figure 1. Schematic diagram of batch-autoclave reactor: (1) hydrogen cylinder; (2) nitrogen cylinder; (3)
gas inlet valves; (4) impeller motor; (5) pressure gauge; (6) gas outlet valves; (7) autoclave reactor; (8)
heater; (9) impeller; (10) thermocouple; (11) condensate collector; and (12) reactor controller.
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Glucose conversion was determined from the
reducing sugar content using the DNS method
[26]. The sample was reacted with DNS reagent,
heated at 95 °C for 5 min, and the absorbance was
measured at 540 nm wusing a UV-Vis
spectrophotometer. A D-glucose calibration curve
was used for quantification. Glucose conversion,
relative products distribution, and carbon balance
were calculated as follows:

Conversion (%) — Mo of glucose—ng¢ of glucose

M

ng of glucose

X 100%

where no is the initial number of glucose and ns is
the amount of glucose remaining after the
reaction:

Relative products distribution (%) =
Area of desired product % 100% (2)

Area of total product

Carbon balance (%) =
(Cunreact of glucose + Cigolateq Of liquids)

x 100% (3
C, of glucose % (3)

where Co is the carbon of initial glucose; Cunreact 1s
the carbon of unreacted glucose; Cisolated 1s the sum
of carbon from isolated liquids products. The
relative products distribution and carbon balance
is calculated based on GC-MS analysis.

3. Results and Discussion
3.1. Catalyst Characterizations

Overall, the results of XRD analysis and
phase quantification indicate that the type of
support has a significant influence on the
composition and crystal structure of the catalyst,
as shown in Figure 2. The SiO2 support maintains
amorphous character and promotes the formation
of Ni12Si04, while the ZrO2 support produces high
crystallinity and facilitates the formation of Cu-Ni
alloys. In the SiO2-ZrO2 composite catalyst, the
presence of ¢-ZrO: and amorphous SiO:2 coexist
with the formation of Ni2SiOs, indicating strong
interactions between the support and active
metals. The coexistence of crystalline and
amorphous phases is expected to modify the
textural properties and metal-support
interactions. Previous studies have shown that
amorphous Si102-ZrO: supports possess both
Lewis and Brensted acid sites, with their
distribution strongly influenced by the merging of
Si02-ZrO2. In addition, higher surface area and
smaller Ni° particle size on silica-zirconia
supports have been associated with improved
metal dispersion. Therefore, the observed phase
composition is expected to contribute to enhanced
surface acidity, active metal dispersion, and
catalytic activity during glucose hydrogenolysis
[27,28].

The diffraction pattern of MSZ (Cu-Ni-
WO/Si02-ZrOg2) catalyst shows dominant peaks
corresponding to the tetragonal ZrO: phase at
approximately 20 = 30°, 35°, 50°, and 60°,
accompanied by a broad SiO2 band at
approximately 22° indicating the amorphous
character of the SiO2-ZrOz composite support. In
addition to the support phase, the presence of
Ni2Si0s+ and reduced tungsten species WO2.72
were also identified, while the WOz phase was not
detected. The Rietveld quantification results
showed the active phase composition of 12.85
wt.% Ni2SiO4, 3.85 wt.% WO2.72, and 0.92 wt.%
Cu®. The presence of WOz72 indicates that
tungsten is in a lower oxidation state. However,
the formation of Na2Si04, as well as the absence
of Cu-Ni alloy phase, is due to the high dispersion
of the metal and the small size of the crystallites
formed on the support surface [29].

In the MS (Cu-Ni-WO/Si102) catalyst, the
diffraction pattern is dominated by a broad band
typical of amorphous SiO:z around 20 = 22°,
indicating a low degree of crystallinity of the
silica support. This peak broadening indicates a
lack of crystal regularity and possibly very small
crystallite sizes or high dispersion of active
species on the SiO2 surface. Several weak peaks
associated with WO:2 and Ni2SiOs4 are still
observed, while the Cu-Ni alloy phase is not
detected because of the high metal dispersion on
the low crystallite support. Quantification results
showed that SiO2 was the dominant phase (81.17

H *WO, ¥ 8i0, ® Ni,8i0, #1-Zr0,
MSZ J \ . * .
L N N
w -
WA oy,
.
MZ . [3
—
g Ni,8i0, Reference code: 00-003-0780
e
“ L
3=
® |Cu-Ni alloy Retference code: 00-009-0205
=
@
et
=
= WO, ‘ LReference code: 00-032-1393
| | .
t-Zr0, ‘ Reference code: 00-017-0923
Il ‘I |
SiO2 ‘ Reforence code: 00-029-0085
T T T T T T
10 20 30 40 50 60 70 80

20 (degrees)
Figure 2. X-ray diffraction of the catalysts,
illustrating the effect of different support
compositions on the crystalline structure and
phase distribution.
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wt.%), followed by Ni2SiOs (11.66 wt.%), WOq
(2.93 wt.%), WOz272 (2.91 wt.%), and Cu® (1.33
wt.%), as shown in Table 1. The high dispersion of
Cu and WOx species on the amorphous support
potentially increases the number of exposed active
sites, while the formation of Ni2Si04 indicates that
some Ni interacts strongly with SiOs, thereby
having profound implications for the catalytic
properties of the material, particularly regarding
the reducibility of nickel species [30].

In contrast, the MZ (Cu-Ni-WO./ZrO2)

catalyst exhibited sharp diffraction peaks
dominated by ¢-ZrOz, indicating higher
crystallinity compared to MSZ and MS.

Furthermore, the presence of WO2, WO2.72, Cu,
and a Cu-Ni alloy was identified. Quantitative
analysis shows that ¢-ZrOz dominates the phase
composition (93.48 wt.%), followed by Cu (2.73
wt.%), Cu-Ni alloy (1.96 wt.%), WO2.72 (1.28 wt.%),
and WO: (0.55 wt.%) (Table 1). The formation of
Cu-Ni alloy indicates a good interaction between
the two metals during reduction, thus potentially
providing more active hydrogenation sites.
Nevertheless, the presence of WOx species is
thought to contribute as an oxyphilic site that
supports the activation of C—O bonds in the
hydrogenolysis reaction [31]. This contrasts with
silica-supported catalysts where the formation of
Ni2SiOs can limit the availability of metallic
nickel sites, thereby reducing hydrogenation
capacity. In the MZ catalyst, the absence of such
strong, inhibiting support interactions allows for
the formation of the active Cu-Ni alloy.

SEM observations revealed irregular particle
morphologies for all catalysts after impregnation
(Figure 3). Furthermore, the average particle size
distribution from SEM suggested that MSZ (Cu-
Ni-WO«/Si02-ZrO2) catalyst showed the smallest

particle size among the three catalysts, whereas
the MZ (Cu-Ni-WO«/ZrOz2) catalyst exhibited the
largest particles. The MSZ and MS catalyst
demonstrated relatively optimal metal dispersion
due to the synergistic effect between SiO2 and
ZrO2, in which the higher porosity of SiO2
provided a larger accessible surface area for
metal deposition [32-35], which is in line with the
XRD results with the formation of Ni2SiO4 and
the absence of Cu-Ni alloy.

EDX analysis confirmed the presence of the
expected elements and indicated differences in
metal distribution depending on the support
(Table 2). The lower apparent concentration of
metal species on SiOz-containing supports may
reflect broader dispersion over the support
surface, while the ZrOz-supported catalyst
showed higher localized metal content. This
result is in line with the XRD analysis that the
crystal phase of ¢-ZrO2 has lower elastic modulus
than m-ZrO:2 leading to a more rigid structural
framework that hinders uniform metal
distribution within the support [35].

Figure 4A shows the acidity characteristics
of the catalysts determined by pyridine-adsorbed
FTIR. As presented in Figure 4B, the absorption
bands at approximately 1544, 1484, and 1446
cm! correspond to Brensted acid sites, the
combined B+L acid sites, and Lewis acid sites,
respectively. All catalysts exhibited these
characteristic bands, indicating the coexistence of
both Lewis and Brensted acid sites on their
surfaces.

The quantitative analysis of the acid sites
shows that the MSZ (Cu-Ni-WO«/SiO2-ZrO2)
catalyst possesses the highest Lewis acidity
(0.135 mmol.g-1), followed by the B+L acid sites
(0.065 mmol.gl) and Brensted acidity (0.033

Table 1. Phase composition of catalysts obtained from Rietveld refinement of XRD data.

Phase Quantity (wt.%)

Phase MSZ MS MZ
Cu® 0.92 1.33 2.73
Cu-Ni alloy - - 1.96
Ni2Si104 12.85 11.66 -
WO:q - 2.93 0.55
WOz2.72 3.85 2.91 1.28
S102 26.49 81.17 -
t-ZrO2 55.89 - 93.48
Weighted total 100.00 100.00 100.00

Table 2. Elemental composition of the catalyst surface determined by EDX analysis.

Type of metals and the quantities (wt.%)

Catalyst Cu Ni W Si 7r
MSZ 7.7 5.75 3.84 12.56 19.78
MS 8.63 5.91 3.36 31.84 :
MZ 13.75 9.23 12.84 64.18
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mmol g1). In comparison, the MS (Cu-Ni-
WO«/Si02) catalyst exhibits significantly lower
amounts of all acid sites, while the MZ (Cu-Ni-
WO/ZrQO2) catalyst shows moderate Lewis acidity
but relatively higher B+L acidity than MS.
Consequently, the total acidity (Figure 4C) follows

the order MSZ > MZ > MS, confirming that the
incorporation of both SiO2 and ZrO2 in the mixed
support generates a larger number of accessible
acid sites than the individual supports.

The enhanced acidity of the MSZ catalyst can
be correlated with its phase composition. The MSZ
catalyst consists of both amorphous SiO: and

Average particle size 38 ym

Average particle size 44 ym

|
s
=
I

20 40 60 80 100 120 40 160

Particle size (um)

Average particle size 57 ym

Figure 3. Catalyst characterization including SEM micrographs, EDX elemental spectra, and particle

size distribution of the catalysts.
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tetragonal ZrQO:, together with dispersed WO«
species (WOz2.72) and NizSiOs. The coexistence of
Si02 and ZrO: is expected to generate interfacial
Si—O—Zr linkages, which increase the number of
coordinatively unsaturated Zr4* species acting as
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Figure 4. The Lewis acid sites and Brensted acid
sites of the catalysts: (A) FT-IR absorption
spectra showing the interaction of pyridine with
Lewis, Bronsted, and a combination of both acid
sites (B+L); (B) distribution of acid site types on
each catalyst; and (C) total catalyst acidity
calculated based on the number of acid sites.

Lewis acid sites, while tungsten oxide species
further contribute to the formation of Brensted
acidity through surface W—OH groups [36] [37].
This synergistic interaction explains the
substantially higher acidity observed for MSZ
compared with the single-support catalysts.

In contrast, the MS catalyst is dominated by
amorphous SiO:z provides a high surface area but
intrinsically weak acidity. Although WO: and
WO:2.72 phases are detected, the absence of ZrO:z
limits the formation of strong Lewis acid sites,
resulting in the lowest total acidity among the
catalysts. Concurrently, the MZ catalyst is
predominantly composed of tetragonal ZrO2,
which contributes abundant Lewis acid centers
through exposed Zr4+ ions. However, the absence
of Si02 reduces the interfacial synergy responsible
for generating additional acid sites, while the
lower content of tungsten oxide species (1.83 wt.%
total WOx) restricts the development of Brensted
acidity [37]. As a result, its total acidity remains
lower than that of MSZ despite its high ZrO:
content.

3.2. Effect of Catalyst Support on Glucose
Conversion

The catalytic hydrogenolysis of glucose over
Cu-Ni-WOx supported on different oxides (SiOs-
ZrQgz, Si02, and ZrO2) revealed that the nature of
the support plays a secondary role in total
conversion but a dominant role in product
selectivity. As depicted in Figure 5 that all
catalysts exhibited comparable glucose conversion
that is 92.2-93.1%, with no statistically significant
difference (p > 0.05). This result suggests that the
intrinsic activity of Cu-Ni active sites governs
glucose conversion, while the support primarily
influences downstream reaction pathways into
product selectivity.

From a quantitative perspective, this
behavior aligns with previous studies on Cu-based
catalysts for glucose hydrogenolysis achieve
conversion levels of 84-96% at 180-300 °C
depending on hydrogen pressure and catalyst
structure [38]. The other reported that Cu/y-Al2Os
catalysts showed 100% conversion at 200 °C under
similar hydrothermal conditions [39], which is
highly consistent with the present system.
Interestingly, although MSZ (Cu-Ni-WO«/SiO2-
ZrQ2) exhibited higher acidity and smaller
particle size, the highest conversion was observed
over MZ (Cu-Ni-WO«/ZrOz2). This indicates that
the conversion is not directly proportional to total
acidity or dispersion, but rather to the nature of
active metal-support interfacial sites, especially
those associated with WOx-ZrOz interaction. This
is supported by XRD observations showing
sharper WOx and solely support of ¢-ZrOz peaks
for MZ creating Breonsted acid site higher,
suggesting stronger crystallinity and potentially
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more defined active sites. Similar findings were
reported by Singha et al. and Yu et al., where
metal-support interaction strength influenced
hydrogenolysis activity more than surface area or
acidity alone [40,41].

3.2.1. Product distribution and control reaction

While the overall glucose conversion
remained comparable across all catalysts, the
product  distribution exhibited significant
variation, confirming that the nature of the
catalyst support directing the reaction pathways.
The liquid phase carbon balances were
determined as 75.01% for MS (Cu-Ni-WO,/SiO2),
82.59% for MZ (Cu-Ni-WOy/ZrOz2), and 80.17% for
MSZ (Cu-Ni-WO«/Si02-ZrOz2). The remaining
carbon deficit (~17.41-24.99%) is ascribed to trace
gaseous by-products as COg, light alkanes and
insoluble humins typical of hydrothermal
processing at 300 °C (Figure 5).

The SiOz-supported catalyst MS (Cu-Ni-
WO4/Si0z2) produced the highest fraction of glycol
and glycol-like compounds (40.87%), followed by
MSZ (Cu-Ni-WO«/Si0O2-ZrO2) (26.52%) and MZ
(Cu-Ni-WOy/ZrO2) (22.95%), indicating that
weakly acidic supports favor pathways associated
with C—C bond cleavage and retained the oxygen
bond. This observation is consistent with recent

Glucose conversion Q Cyeclic ketone

studies reporting glycol yields in the range of 50-
80% over catalysts dominated by retro-aldol
mechanisms and subsequent hydrogenation
steps [42]. Mechanistically, the relatively inert
and weakly acidic nature of SiO2 favors glucose
isomerization to fructose, followed by retro-aldol
cleavage into smaller intermediates such as
glycolaldehyde, @ which are  subsequently
hydrogenated to short-chain polyols, including
ethylene glycol and propylene glycol [43].

In parallel, the MS catalyst also exhibited
the highest formation toward cyclic ether/THF
derivatives (17.85%), significantly higher than
MSZ (7.93%), which can be attributed to oxygen-
retaining reaction pathways favored on weakly
acidic supports. Recent studies have confirmed
that silica-supported catalysts tend to preserve
oxygenated  functionalities and  promote
hydrogenation-cyclization sequences rather than
deep deoxygenation, leading to THF derivatives
with selectivity typically ranging from 10-25%
[44,45]. This behavior reflects the limited ability
of SiO2 to activate C-O Dbonds, thereby
suppressing rearrangement and hydrogenolysis
pathways.

In contrast, the mixed oxide catalyst MSZ
showed a markedly different selectivity profile,
with the highest formation of cyclic ketones
(31.53%) and a significant increase in aliphatic

[ Glycol/glycol-like [ | Aliphatic Alcohol
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Figure 5. Conversion, product distribution, and carbon balance of liquids obtained from glucose
hydrogenolysis over MSZ (Cu-Ni-WO/S102-Zr0O2), MS (Cu-Ni-WO/Si102), and MZ (Cu-Ni-WO«/ZrOz2)

catalysts at 300 °C for 2 h under 2 MPa Hs in water.
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alcohols (20.45%) compared to MS and MZ. The
cyclic ketone selectivity observed in this study
falls within the upper range reported for
bifunctional  catalytic systems (20-40%),
particularly those combining hydrogenation
metals with Lewis acidic supports [45,46]. The
formation of cyclic ketones is generally attributed
to the Piancatelli-type rearrangement
mechanism, which requires the synergistic effect
between metal sites (Cu, Ni, and WOx) as Lewis
acid for hydrogenation and Brensted acid sites
(WOx-ZrO2) for carbonyl activation and
rearrangement. The balanced acidity in the SiO2-
ZrO2 support facilitates the formation of reactive
intermediates and promotes their transformation
into five-membered cyclic ketones, thereby
enhancing selectivity [46].

Furthermore, the increased selectivity
toward aliphatic alcohols over MSZ (20.45%) and
MZ (18.01%) compared to MS highlights the role
of zirconia-derived Lewis acidity in promoting C—
O bond cleavage and hydrogenolysis reactions.
Recent studies have shown that bifunctional
catalysts consisting of transition metals and acidic
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o o
@ % 2) %

Aliphatic alcohols I
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Scheme 1. Liquid product obtained from
hydrogenolysis of glucose over MSZ (Cu-Ni-
WO«/Si102-ZrO2), MS (Cu-Ni-WO«/Si02), and MZ
(Cu-Ni-WOy/ZrO2)  catalysts, showing the
preferential formation of cyclic ketones and
aliphatic alcohols over silica/zirconia-containing
catalysts and glycol-like/cyclic ether products over
silica.
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2h, 300 °C, 2 MPa /\A( P RN
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®

supports can achieve alcohol yields in the range
of 15-35%, depending on the distribution and
strength of acid sites [47]. Stronger Lewis acidity
enhances the polarization of carbonyl groups and
facilitates bond cleavage, leading to the
formation of linear  alcohols  through
deoxygenation and fragmentation pathways [48].

Overall, these findings demonstrate that
silica-based supports favor oxygen-retaining
routes such as glycol and cyclic ether formation,
whereas zirconia-containing supports promote
deoxygenation, rearrangement, and
hydrogenolysis pathways, resulting in higher
selectivity toward cyclic ketones and aliphatic
alcohols. The superior performance of the SiOs-
ZrO2 mixed oxide catalyst highlights the
importance of achieving an optimal balance
between acidity and metal-support interaction to
effectively control product distribution in glucose
hydrogenolysis systems. The detailed the
compound for each class is depicted in Scheme 1.

3.2.2. Plausible formation of cyclic ketones

The formation of cyclic ketones, such as
cyclopentanone-type derivatives (Scheme 2), is
commonly associated with the transformation of
furanic intermediates through hydrogenation-
rearrangement pathways [49]. In related biomass
upgrading systems, such products are often
generated via acid-assisted rearrangement of
furfural- or HMF-derived intermediates, followed
by hydrogenation of the resulting cyclic
compounds [49]. The higher selectivity toward
cyclic ketones over MSZ (Cu-Ni-WO«/SiO2-ZrO3),
and to a lesser extent over MZ (Cu-Ni-WO/ZrO3),
therefore suggests that zirconia-containing
supports promoted reaction environments
favorable for rearrangement pathway. The lower
selectivity observed over MS (Cu-Ni-WO,/Si02)
indicates that silica alone was less effective in
promoting this pathway. These results support
the view that cyclic ketone formation in the
present system was enhanced by support acidity,
particularly when both hydrogenation-active
metal sites and suitable acid sites were present.

3.2.3. Plausible formation of aliphatic alcohols

A plausible route to aliphatic alcohol
formation involves competition between oxygen-
retaining  pathways and  deoxygenation-
rearrangement pathways (Scheme 3). In biomass
conversion systems, sugar-derived or furan-
derived intermediates may undergo
hydrogenation, hydrogenolysis, and
hydrodeoxygenation steps to yield shorter-chain
alcohols and related oxygenates [50,51]. In the
present study, the higher fraction of aliphatic
alcohols obtained over MSZ (Cu-Ni-WO,/SiO2-
ZrQO2) suggests that the balanced acidity of the
mixed-oxide support promoted hydrogenolysis
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and ring-opening reactions more effectively than
the silica-supported catalyst. In contrast, the
lower selectivity toward aliphatic alcohols over
MS (Cu-Ni-WOx/Si02) is consistent with a catalyst
environment that tends to preserve oxygenated
structures rather than promote further
transformation. Thus, the formation of aliphatic
alcohols appears to be favored by catalysts that
combine appropriate metal functionality with a
more suitable Lewis-Bronsted acidity balance.

3.2.4. Plausible formation of glycol/glycol-like
compounds

The formation of glycol/glycol-like compounds
is commonly associated with pathways involving
isomerization, retro-aldol cleavage, and
subsequent hydrogenation of smaller oxygenated
intermediates [52,53], as shown in Scheme 4.
Selective C—C and C-O bond cleavage strategies
are particularly important for generating short-
chain polyols and related compounds from
carbohydrate-derived substrates [52]. The much
higher fraction of glycol/glycol-like compounds
observed over MS (Cu-Ni-WOx/Si0z) suggests that
the silica-supported catalyst favored these

OH
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Glucose

Ho OH 3H,0

on <«——> [somerization

Hydroxymethylfurfural (HMF) 5-Methylfurfural

Fructose
Hy
HO OH T,
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oxygen-retaining cleavage pathways without
driving the intermediates further toward
rearranged  cyclic  products or  deeper
deoxygenation. By contrast, the lower glycol
selectivity over MZ (Cu-Ni-WOy/ZrO2) and MSZ
(Cu-Ni-WOy/Si102-Zr0O2) indicates that zirconia-
containing supports promoted competing
reaction routes, including rearrangement and
hydrogenolysis, thereby decreasing the relative
accumulation of glycol-like products.

3.2.5. Plausible formation of cyclic ether/THF and
cyclic ether/furan-like

The formation of cyclic ether/THF
compounds is consistent with reaction networks
involving hydrogenation and cyclization of
furanic intermediates (Scheme 5). In related
biomass upgrading systems, HMF and BHMF-
type intermediates may be further hydrogenated
to THF-based products wunder catalyst
environments that preserve oxygenated ring
structures [54,55]. Such transformations are also
closely related to the broader catalytic chemistry
of carbohydrate-derived furan compounds and
their hydrogenation products [56,57]. The
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Scheme 2. Reaction pathways for the catalytic conversion of glucose into cyclic ketone.
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relatively high selectivity toward cyclic ether/THF
products over MS (Cu-Ni-WOx/S102) suggests that
the silica-supported catalyst favored
hydrogenation and oxygen-retaining cyclization
pathways without strongly promoting
rearrangement or extensive C-O bond cleavage. In

——— Dehydration

<« [somerization

Hydrogenation

............... » C-C Cleavage

contrast, the lower fraction of cyclic ether/THF
products over MSZ (Cu-Ni-WO«/SiO2-ZrOz) and
MZ (Cu-Ni-WO«/ZrO2) indicates that zirconia-
containing supports shifted the reaction network
toward competing pathways, including ketone
and alcohol formation.
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The formation of cyclic ether/furan-like
products over MZ (Cu-Ni-WOx/ZrO2) and MSZ
(Cu-Ni-WO/S102-ZrO2) may likewise reflect a
more reactive catalytic environment in which
furan-derived intermediates undergo partial
hydrogenation and parallel side transformations
(Scheme 6). Although these products were present
only in minor amounts, their appearance supports
the view that support composition influenced the
branching of the glucose hydrogenolysis network.

4. Conclusions

The Cu-Ni-WOx catalysts supported on SiOg,
ZrQgz, and Si102-ZrO2 showed comparable glucose
conversion under the studied reaction conditions,
but  markedly different liquid product
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distributions. The SiO2-supported catalyst, which
was predominantly composed of amorphous SiO2,
favored the formation of oxygen-retaining
products, particularly glycol/glycol-like
compounds and cyclic ether/THF derivatives. In
contrast, the mixed SiO2-ZrO:z-supported
catalyst, consisting of both amorphous SiO: and
tetragonal ZrO: together with dispersed WO
species, exhibited higher selectivity toward cyclic
ketones and aliphatic alcohols. However, the

ZrO2-supported  catalyst, dominated by
tetragonal ZrO:, displayed an intermediate
selectivity pattern. These differences

demonstrate that the support-dependent phase
distribution influences the acidity profile and,
consequently, the reaction pathways during
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glucose hydrogenolysis over Cu-Ni-WOx catalysts.
In particular, the synergistic coexistence of SiO:
and ZrO: phases in the mixed-oxide support
generated a  more favorable catalytic
environment, characterized by enhanced acidity,
which promoted product formation through
rearrangement and hydrogenolysis rather than
oxygen-retaining pathways. This study provides
valuable insight into how tailoring the phase
composition and acidity of single-oxide and mixed-
oxide supports can be wused to control the
selectivity of Cu-Ni-WOx catalysts for biomass-
derived glucose conversion.
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