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Abstract

The development of non-noble metal catalysts provides a cost-effective and sustainable route for
glucose oxidation to gluconic acid. In this study, a series of catalysts based on inexpensive transition
metals (Cr, Cu, Ni, Fe) and/or Au were synthesized using siliceous supports (SiO, and MCM-41) and
systematically evaluated. The aim was to partially or fully replace noble metals with lower-cost
alternatives, while maintaining high catalytic performance. Comprehensive characterization—
including ICP-AES for composition, N, adsorption—desorption for porosity, XRD for structure, H,-
TPR for reducibility, and NH3-TPD for acidity—was conducted to establish structure-property
relationships. Among the tested catalysts, Ni- and Fe-based systems exhibited superior stability, with
NiO/SiO; achieving gluconic acid yields comparable to Au. The bimetallic Au-Ni/SiO; catalyst
displayed enhanced metal-support interactions and minimal leaching (<2 %), while Au-Fe/SiO,
improved selectivity, yielding up to 23 % gluconic acid, surpassing 5Fe/SiO; (18 %) and 0.3Au/SiO;
(15 %), albeit with lower stability. These results highlight the potential of low-cost transition-metal
and bimetallic catalysts as efficient and economically viable systems for selective glucose oxidation,
providing insights for rational catalyst design in sustainable carbohydrate valorization.

Keywords: Ni and Fe heterogenous catalysts; glucose oxidation; gluconic acid; catalyst stability

1. Introduction

The oxidation of glucose into value-added carboxylic acids, such as gluconic and glucaric acids,
represents a key route toward renewable biomass valorization and sustainable chemical production
[1]. These compounds—widely used in food formulation, pharmaceuticals, metal chelation, and as
intermediates in fine chemical syntheses—have stimulated continuous research interest in
development of efficient heterogeneous catalysts [2,3]. Currently, gluconic acid is predominantly
produced via biotechnological cascade oxidation of glucose [4], which, although highly selective,
limits large-scale production and increases costs. Consequently, considerable efforts have been
directed toward developing chemo-catalytic systems as scalable and economically viable
alternatives. Heterogeneous catalysts are particular attractive, as conventional electrochemical or
stoichiometric oxidation methods often rely on undesirable reagents such as NaBr, NaOCl, mineral
acids, HNOs, or KMnO [5]. These homogeneous approaches are inherently limited by the use of
corrosive and hazardous chemicals, difficulties in catalyst recovery and recycling, and the generation
of toxic by-products [6]. Therefore designing catalysts that achieve high glucose conversion, excellent
selectivity, and robust catalyst stability under aqueous conditions remains a significant challenge [3]..

Supported noble metal catalysts—particularly gold (Au) nanoparticles—have shown
remarkable activity and selectivity for liquid-phase glucose oxidation under relatively mild
conditions. For example, Au-based catalysts supported on oxides such as TiO2 [7,8], CeOz2 [9] or Al2Os
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[10], have demonstrated high glucose conversion and selectivity toward gluconic acid when properly
engineered. However, the high cost and limited availability of noble metals, together with scalability
concerns, have motivated the search for more economical alternatives.

Recent research has focused on low-cost, environmentally benign, and recyclable heterogeneous
catalysts for glucose oxidation. Achieving catalyst stability under oxidative aqueous conditions
without compromising activity or selectivity remains a key challenge. Most reported systems still
rely on expensive noble metals (Pt, Pd, and Au) on neutral (5iO,) or acid-base (MgO, ALOs, TiO,,
activated carbon, etc.) supports [3,6,11,12]. Thus, designing catalysts that maintain stable
physicochemical properties while minimizing the use of noble metals remains of vital importance.

In this context, low-cost transition metals represent promising alternatives due to their natural
abundance, redox versatility, and lower environmental footprint. Although less explored, non-noble
metal systems have recently attracted attention for glucose oxidation. For instance, CuO [13] and
CuO-CeO; [14] can oxidize glucose even in the absence of base, highlighting their intrinsic redox
capability. Moreover, bimetallic Au—~Cu and Au—Co catalysts supported on TiO, have shown that
incorporating transition metals can significantly affect activity and selectivity. Amaniampong et al.
[15] reported that Au—Cu/TiO, achieved gluconic acid yields up to 80 %, outperforming their
monometallic counterparts, although catalyst stability decreased upon reuse due to by-product
accumulation and surface fouling [15]. Despite these promising advances, systemic studies on low-
cost, truly heterogeneous transition-metal catalysts under mild and environmentally benign
conditions remain limited, highlighting the need to clarify structure—stability—selectivity
relationships.

The choice of support plays a crucial role in heterogeneous catalyst performance. Siliceous
materials including amorphous SiO, and mesoporous silicas such as MCM-41, offer high surface area,
tunable porosity and an ideal platform for dispersing active species while modulating metal-support
electronic interactions. The support - metal oxide synergy can influence reaction pathways, product
distribution, and catalyst stability [16,17]. High-surface-area mesoporous silicates—including
MCM-41, HMS, SBA-15, and MCF —enable improved dispersion of metals, even at higher loadings,
compared to non-porous or low-surface-area supports [16,18]. Accordingly, commercial SiO, and a
synthesized MCM-41-type mesoporous silica, were selected as supports for low-cost transition-metal
oxides (Cr,Os, CuO, Fe,Os and NiO), to optimize dispersion, enhance stability, and promote selective
glucose oxidation.

In this study, we systematically investigate three classes of catalysts: (i) transition metal oxides
(CuO, Cr;0;, Fe;Os, NiO,) supported on SiO, and MCM-41; (ii) Au-containing catalysts supported on
510, and MCM-41, and (iii) bimetallic Au-transition metal catalysts supported on the same siliceous
supports. All catalysts were evaluated under standard reaction conditions (80 °C, 60 min, pH 8,
H,O,/glucose ratio 40), for activity, selectivity towards gluconic acid and stability (via leaching
analysis). This study provides the first direct comparison of all synthesized low-cost oxidation
catalysts, aiming to minimize the use of expensive noble metals while elucidating correlations
between catalyst composition, metal-support interaction, stability and product distribution. Overall,
the work establishes design guidelines for efficient, stable and economically viable heterogeneous
catalysts for selective glucose oxidation to gluconic acid.

2. Results and Discussion

2.1. Textural and Structural Characterization

The chemical composition of the oxidation catalysts is summarized in Table 1. For all supported
transition metals, the nominal metal loadings were found to be consistent with the experimentally
determined values, indicating that wet impregnation successfully achieved the desired metal
contents. Gold deposition on SiO; via the PV A-protected method, accompanied by parallel reduction
with NaBHy,, also yielded loadings close to the nominal values. Similar trends were observed for the
corresponding bimetallic catalysts, demonstrating that Au deposition on SiO, was as effective as in
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the monometallic systems. In contrast, Au deposition on MCM-41 proved less efficient, achieving
only 62% of the nominal 1 wt. % Au and dropping to 20 % for 0.3Au/MCM-41. This pronounced metal
loss during the PVA-protected method is attributed to the filtration step, where very small metal
particles may have passed through the filter.

Previous studies support these observations. Kumar et al. [19] reported Au losses during
deposition on MCM-41 via several methods including homogeneous deposition—precipitation,
polyol, impregnation, and microemulsion, with production yields of 82, 70, 71, and 73%, respectively.
In another work [20], Au deposition on Ti-containing MCM-41 by homogeneous deposition—
precipitation using NaOH as precipitating agent showed that higher Ti content in the silica
framework increased the experimental Au loading, likely due to an increased zero-point charge
facilitating Au nanoparticle deposition. Yields ranged from 28% on pure MCM-41 up to 90 % for
MCM-41 containing 10.7 wt.% Ti.

The porosity characteristics of all transition metal oxide and Au catalysts supported on SiO, and
MCM-41 are presented in Table 1. N; adsorption/desorption isotherms and pore size distributions of
selected catalysts are shown in Figure 1a and 1b. Overall, deposition of metallic species did not
significantly alter the original porous structure of the supports. Isotherms of supported transition
metal oxide catalysts were similar to those of the respective supports, suggesting a minor impact of
wet impregnation on the siliceous surfaces. The surface areas of the supported catalysts, normalized
to the silica content (Table 1, in brackets), were compared with those of the pure 5iO, and MCM-41
supports. Only minor reductions (0 — 29 %) were observed, indicating that the deposition of metallic
or bimetallic species did not appreciably affect the textural properties. Similarly, total pore volumes
remained largely unchanged, confirming the preservation of the mesoporous structure. Transition
metal oxides supported on MCM-41 retained the high surface areas, large mesopore volumes, and
average mesopore sizes (~ 2.5 nm) characteristic of the support, while SiO,-supported catalysts
exhibited the typical porosity of the siliceous substrate with an average pore size of 10 nm (Figure 1a
and b) [16,21].

Table 1. Textural, chemical and structural characteristics of oxidation catalysts.

ICP-AES XRD BET
Meso-
Crystal size (nm) Total
Metal Total macro- Textural
Catalysts (Reflection Pore
composition surface area pore Volume
angle, degrees) volume
(Wt.%) @ (m?/g) © volume (ml/g) ©
® (ml/g) @
(ml/g)
SiO2 - - 329 0.75 0.74 0.01
0.3Au/SiO: 0.31 6.4 (44.4°) 299 (328) 0.72 0.70 0.02
0.5Au/SiO: 0.53 9.6 (44.3°) 318 (327) 0.77 0.74 0.03
0.7Au/SiO: 0.64 10.5 (44.3°) 304 (327) 0.76 0.73 0.03
1Au/SiO2 1.24 15.3 (44.2°) 311 (325) 0.75 0.72 0.02
5Cr/SiO2 4.78 25.9 (36.2°) 290 (306) 0.64 0.62 0.01
5Cu/SiO2 4.90 37.4 (35.6°) 298 (309) 0.92 0.68 0.24
5Fe/SiO: 4.78 8.6 (33.0°) 308 (308) 0.69 0.68 0.01
5Ni/SiO: 5.00 12.5 (43.3°) 287 (308) 0.78 0.68 0.10
Au-5Fe/SiO: 0.38-5.02 15.9 (44.3°)® 263 (304) 0.66 0.60 0.06
Au-5Ni/SiO: 0.32-5.68 n.d. 279 (304) 0.68 0.66 0.02
1Cu-4Fe/SiO2 1.09 - 4.84 traces 304 (302) 0.71 0.65 0.06
1Cu-4Ni/SiO2 1.25-4.48 10.1 (43.3°)® 298 (305) 2.17 0.67 1.50
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1Fe-4Ni/SiO2 1.14-4.96 10.2 (43.3°)® 303 (303) 0.71 0.66 0.05

MeMes - - o6s 02 077 008
0.3Au/MCM-41 0.06 n.d. 705 (963) 0.72 0.69 0.05
1Au/MCM-41 0.62 13.3 (44.2°) 651 (958) 0.75 0.72 0.03
5Cr/MCM-41 4.68 21.2 (36.2°) 738 (898) 0.73 0.63 0.10
5Cu/MCM-41 3.60 traces 652 (921) 0.56 0.49 0.08
5Fe/MCM-41 4.83 traces 743 (897) 0.65 0.57 0.09
5Ni/MCM-41 5.30 6.5 (43.2°) 639 (899) 0.59 0.51 0.08
1Cu-4Fe/MCM-41 093 -4.15 traces 821 (896) 0.58 0.56 0.03
1Cu-4Ni/MCM-41 1.07 - 4.03 8.3 (43.5°)® 866 (902) 0.61 0.58 0.03
1Fe-4Ni/MCM-41 1.02-3.97 9.7 (43.2°)® 867 (901) 0.62 0.59 0.03

@ In the case of bi-metallic catalysts the metal composition series is the same of the metal series of the catalyst
name, ® calculated with the Scherrer equation based on the referenced reflection, © from multi-point BET
method. The normalized value based on the pure silica content of the catalyst is in the brackets @ calculated at

P/Po=0.99, © Textural volume = Total pore volume - volume calculated at P/Po=0.90, ® for Au crystal and ® for

NiO crystal.
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Figure 1. (a) N2 adsorption/desorption isotherms and (b) BJH pore size distribution from adsorption data for
selected oxidation catalysts supported on SiO2 and MCM-41.

These trends are consistent with prior observations in the literature. Szegedi et al. [22] reported
that wet impregnation of Ni acetate on mesoporous MCM-41 reduced the support surface area by up
to 27 % for Ni loadings of 2.4 — 5.5 wt. %. Similar surface area reductions were observed for Cr, Cu
and Fe catalysts prepared by various deposition methods [23-25]. In our case, the most pronounced
decreases (28 — 29 %) occurred for Cu and Ni catalysts supported on MCM-41, whereas bimetallic
catalysts showed a smaller impact. XRD patterns (low 20, not shown for brevity) confirmed the well-
ordered mesoporous structure of all MCM-41 supported catalysts. In contrast, surface area reductions
were smaller for SiO; - supported catalysts (0 — 7 %), consistent with previous reports [25]. For Au-
supported catalysts, the PVA-protected deposition with NaBH,, despite the low Au content, led to a
more pronounced decrease in surface area relative to the respective supports. Sequentially prepared
bimetallic catalysts, in which Ni or Fe was first deposited followed by Au, exhibited the largest
reductions in surface area.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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XRD patterns of monometallic oxidation catalysts supported on MCM-41 and SiO, are presented
in Figure 2a and b, respectively, while patterns of bimetallic and Au-containing catalysts supported
on SiO, and MCM-41 are shown in Figure 2c and d. Average crystal sizes of detectable phases were
calculated using the Scherrer equation and are summarized in Table 1. All supported catalysts
exhibited a broad peak at 15 — 35 ° (maximum at 20 =22 °), corresponding to amorphous silica [16,26].

Chromium oxide supported catalysts showed diffraction peaks at 20 =24.5 °, 33.6 ©, 36.2 °, 41.5
°,50.3°,55°,63.5 °and 65.2 °, characteristic of the rhombohedral Cr,O; phase [27]. The average crystal
size of Cr,O; was estimated to be ~21 nm on MCM-41 and ~26 nm on SiO, (Table 1), comparable to
or smaller than values reported for similar systems [25,28]. NiO-supported catalysts presented five
distinct diffraction peaks at 20 =37 °,43 °, 63 °, 75 °, and 79 °, corresponding to cubic NiO [29]. The
average crystal size of NiO particles was smaller on MCM-41 than on SiO,, indicating the beneficial
effect of the mesoporous structure on nickel dispersion [30]. Diffraction peaks observed for 5Cu/SiO,
at 20 = 32.6 ° (111), 35.6 ° (002), 38.8 ° (111), 48.8 ° (202), 53.5 ° (020), 58.3 ° (202), 61.6 ° (113), 66.5 °
(022), and 68.1 ° (220) corresponded to the monoclinic CuO phase [31]. For 5Cu/MCM-41, only the
two most intense peaks at 35.6 © and 38.8 ° were detected, implying a higher dispersion of CuO species
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Figure 2. XRD patterns of (a, b) monometallic, (c) bi-metallic transition metal oxides and (d) gold containing
catalysts supported on SiO2 and MCM-41.

Among the examined oxides, iron oxide exhibited the smallest crystal size and thus the highest
dispersion. Weak and broad peaks at 26 = 32.1 °, 35.5 °, and 54.1 °, corresponding to rhombohedral
a-Fe;O3 [33], were observed only for Fe;Os on SiO,, while no diffraction peaks were detected for Fe,O;
on MCM-41, suggesting the formation of very small particles (< 4 nm) or the absence of bulk Fe;O3
crystallites [16]. Deposition of bimetallic transition metal oxide catalysts on both supports favored
metal dispersion, as the coexistence of two metals led to smaller crystal sizes compared to the
respective monometallic catalysts (Figure 2c, Table 1).

XRD patterns of Au-containing catalysts exhibited four distinct peaks at 20 =38.3 ©, 44.3 °, 64.5
°, and 77.7 °, corresponding to metallic Au (111), Au (200), Au (220), and Au (311) reflections,
respectively [34,35]. Increasing Au loading led to larger Au crystal sizes (6.4 — 15.3 nm, Table 1). For
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bimetallic Au-NiO or Au-Fe,Oj; catalysts, ad-ditional peaks corresponding to NiO or Fe,O; phases
were also present, though the overlap between diffraction signals prevented reliable estimation of
individual crys-tallite sizes (Figure 2d). Overall, both textural and structural analyses indicate that
metal deposition, particularly in bimetallic and Au-containing systems, influences crystal size and
surface area, with the mesoporous MCM-41 generally promoting high metal dispersion and
structural integrity of the siliceous framework.

2.2. Reducibility of Supported Catalysts

Reducibility of the supported catalysts was evaluated by H,-TPR experiments (Figure 3). As
shown, the extent of reduction strongly depends on both the nature of the active metal and the
support, reflecting different metal-support interaction phenomena. The degree of reducibility was
estimated from the theoretical H, consumption required for complete reduction of CuO, Fe;O;, and
NiO, and the experimentally measured H, uptake (Table 2). Siliceous supports were assumed non-
reducible, and thus all H, consumption was attributed to metal oxide reduction.

Q
4
E
=
S |
B |
E . .
§ — 5Ni/SiO,
8|~ SNi/MCM-41 5Fe/SiO,
. 5Fe/MCM-41 sCu/Sio,
— SCu/MCM-41 1Cu-4Ni/S10, .
1Cu-4Ni/MCM-41 —— 03Au/Si0,
——— 1Cu-4Fe/MCM-41 1Cu-4Fe/Si0, Au-5Ni/SiO,
1Fe-4Ni/MCM-41 (3) 1Fe-4Ni/SIO, )|l Au-5Fessio, ©
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Figure 3. TPR-H: diagrams of selected (a) transition metal oxide catalysts supported on MCM-41, (b) transition
metal oxide catalysts supported on SiOz and (¢) gold comprising catalysts supported on SiOs.

For Cu-based catalysts, three reduction peaks were observed for 5Cu/MCM-41 (Figure 3a). The
low-temperature peak at ~ 250 °C corresponds to the reduction of highly dispersed Cu?* species, such
as isolated ions or small two- and three-dimensional clusters. The peak at ~ 350 °C is attributed to
bulk-like CuO phases, while a broader feature at ~ 550 °C suggests the presence of strongly bound or
framework-incorporated Cu?* species due to their very small size [26-32]. In the case of SiO»-
supported CuO catalysts, the main reduction occurs at 344 °C with a broad shoulder at higher
temperatures (Figure 3b). The comparison between 5Cu/MCM-41 and 5Cu/SiO, reveals easier
reduction and higher copper dispersion on the mesoporous MCM-41, consistent with XRD results
showing smaller crystallites on this support.

The 5Fe/MCM-41 catalyst exhibited three well-defined reduction steps (Figure 3a): (i) Fe;Os — Fe;O4
at ~ 448 °C, (ii) FesO4 — FeO at ~ 564 °C, and (iii) FeO — Fe at ~ 774 °C, confirming complete reduction of
iron oxide to metallic Fe [37]. The corresponding Fe/SiO; catalyst showed similar peaks slightly shifted to
higher temperatures (Figure 3b). A small additional feature at ~ 216 °C, detected only for Fe/MCM-41,
indicates the presence of highly dispersed Fe species on the mesoporous surface [38].

Ni-based catalysts exhibited distinct reduction behavior. The 5Ni/MCM-41 catalyst presented a
broad peak centered at ~ 630 °C, initiating at ~ 300 °C with a shoulder near 450 °C attributed to bulk

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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NiO nanoparticles [39]. The higher-temperature portion of the peak corresponds to NiO species
strongly interacting with the silica framework or Ni?* ions partially incorporated into it [40]. The
higher experimental H, consumption relative to the theoretical value supports this interpretation
(Table 2). Conversely, Ni/SiO, showed a double reduction feature with maxima at 337 °C and 368 °C
(Figure 3b), indicating the presence of NiOx species with intermediate valence states. Although
reduction occurs at lower temperatures on SiO,, the overall reducibility is lower, suggesting
incomplete NiO reduction.

Table 2. Redox properties of selected oxidation catalysts.

Acid sites Reduci-
H:9 cons.
Catalysts Total Weak® Medium® Strong® bility©
(umol/g) (%)
0.3Au/SiO: - - - - 277 -
5Cu/SiO2 53.8 33.1 (196) 8.9 (376) 11.8% 527 68.4
5Ni/SiO2 19.0 10.1 (223) 5.5 (334) 3.4 (682) 459 55.6
5Fe/SiO2 46.0 24.8 (200) 18.2 (357) 3.0 (698) 1050 81.8
Au-5Fe/SiO2 56.8 44.1 (184) 8.4 (347) 4.3@® 2700 200.3
Au-5Ni/SiO2 49.4 34.2 (180) 0 15.2M0 4281 442.3
1Cu-4Fe/SiO: 69.9 40.5 (215) 25.1 (339) 4.3 (677) 2366 160.7
1Cu-4Ni/SiO: 37.3 21.4 (212) 10.7 (354) 5.2 (691) 1169 121.9
1Fe-4Ni/SiO2 35.6 18.7 (209) 11.6 (393) 5.3 (653) 1771 153.9
sCwMcM-41 618 s80@17) o 38(756) 644 855
5Fe/MCM-41 36.8 15.7 (248) 15.3 (356) 5.8 (723) 1239 95.5
5Ni/MCM-41 22.6 8.3 (268) 10.0 (382) 4.3 (708) 1781 197.2
1Cu-4Fe/MCM-41 64.9 35.4 (237) 25.0 (347) 4.5(7.2) 2382 188.8
1Cu-4Ni/MCM-41 45.8 27.8 (239) 14.4 (338) 3.6 (680) 2033 237.3
1Fe-4Ni/MCM-41 518 243 (221) 202 (339) 7.3 (698) 2436 255.9

@ From 100-300°C (temperature peak value in Celsius in the brackets), ® from 300-500°C (temperature peak
value in Celsius in the brackets), © from 500-900°C (temperature peak value in Celsius in the brackets), () from
TPR-H: experiments, ) based on estimation of theoretical H2 consumption required for the complete reduction
of each catalyst compared to Hz consumption estimated from TPR experiments, @ peaks at 631 °C, 729 °C and
789 °C, ® peaks at 613 °C and 724 °C and ® peaks at 623 °C, 694 °C and 783 °C.

Co-impregnation of two transition metals (Cu-Ni, Cu-Fe, and Fe-Ni) significantly enhanced
reducibility and shifted reduction peaks to lower temperatures (Table 2), consistent with smaller
crystal sizes determined by XRD (Table 1). The formation of mixed oxide species and stronger metal—-
metal interactions likely facilitated hydrogen activation and oxygen removal.

The H,-TPR profile of 0.3Au/SiO, showed no peaks below 100 °C, indicating that Au was
predominantly metallic [36]. A weak, broad signal at ~ 230 °C (H, uptake =277 pmol g, Table 2) was
assigned to ionic Au species interacting with the SiO, surface [41]. A second broad feature centered
at ~ 670 °C is related to bulk oxygen reduction and formation of lower silicon oxides, consistent with
previous studies demonstrating Au-induced support reduction in Au/CeO, and Au/TiO, systems
[42,43]. Incorporation of Au into 5Ni/SiO, and 5Fe/SiO, notably improved reducibility (Figure 3c),
suggesting that even trace of Au (0.3 wt. %) facilitates hydrogen dissociation and promotes the
reduction of NiO and Fe,O; well beyond their theoretical H, consumption. The shift of reduction
peaks to lower temperatures further supports that metallic Au® sites, confirmed by XRD, act as active
centers for H; activation and nucleation, enabling easier reduction of transition-metal oxides [44].
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2.3. Acidity of Supported Catalysts

The number and strength of acid sites of the selected catalysts were evaluated by temperature-
programmed desorption of ammonia (NH; - TPD). Ammonia was used as the probe molecule
because of its small size and strong basicity, which allow it to interact with both Brensted and Lewis
acid sites over a wide range of strengths. The amount of ammonia desorbed at characteristic
temperatures was taken as a measure of the total number of acid sites, while the temperature range
of desorption indicated their strength. According to the literature [45,46], desorption of ammonia in
the 100-300 °C range corresponds to weak acid sites, 300-500 °C to medium acid sites, and
temperatures above 500 °C to strong acid sites.

The NH; - TPD profiles of selected transition metal oxide catalysts supported on MCM-41 and
Si0,, and Au-containing SiO.-supported catalysts, are presented in Figure 4. The corresponding
quantitative data for total acidity and the distribution of weak, medium, and strong acid sites, derived
from Gaussian deconvolution, are summarized in Table 2. In all cases, the supported catalysts
exhibited similar desorption patterns, characterized by a broad peak extending from 100 to 400 °C—
associated with weak and medium acid sites—and a smaller, less intense desorption feature at higher
temperatures (700-750 °C), indicative of strong acid sites.

(a) —— 5Ni/MCM41 (b) ——5Ni/sio, (9 5NI/SiO,
5Fe/MCM-41 ——— 5Fe/SiO, 5Fe/SiO,
—— 5Cu/MCM-41 ‘ — 5Cu/SiO, Au-5Fe/SiO,
1Cu-4Fe/MCM-41 -
——— 1Cu-4Ni/MCM-41 ‘ CudrelSiO, B

1Fe-4Ni/MCM-41 x 1 —— 1Cu4Ni/SiO,

\ 1Fe-4Ni/SiO,

Desorbed ammonia (n/e=15, a.u.)

100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C) Temperature (°C)
Figure 4. TPD-NH: diagrams of selected (a) transition metal oxide catalysts supported on MCM-41, (b) transition
metal oxide catalysts supported on SiOz and (¢) gold comprising catalysts supported on SiOs.

Both pristine supports (MCM-41 and SiO,) exhibited negligible acidity, with NH3 uptakes not
exceeding ~10 umol NHs g™ (not shown). These few acid sites likely originate from isolated surface
hydroxyl groups or silanol nests on the support surface [47]. Metal oxide deposition markedly
increased surface acidity, yielding values between 19 and 70 umol NH; g, depending primarily on
the nature of the deposited metal (Table 2). Among the monometallic catalysts, CuO deposition
generated the highest number of acid sites, while NiO gave rise to a smaller number of sites, mostly
of weak and medium strength. CuO/SiO, also showed the highest concentration of strong acid sites,
as reflected by a broad desorption feature above 550 °C with two distinct maxima at 635 and 789 °C.

Partial substitution of Ni by Cu (1 wt.% Cu — 4 wt.% Ni instead of 5 wt.% Ni) or by Fe (1 wt.%
Fe — 4 wt.% Ni) resulted in the formation of additional acid sites compared with the corresponding
monometallic catalysts. A similar effect was observed when Fe was partially replaced by Cu, in which
case the total acidity reached its maximum value. Moreover, in all bimetallic catalysts, the main
desorption peaks shifted slightly to lower temperatures, suggesting an overall increase in the
proportion of weaker acid sites. This can be rationalized by the smaller crystallite sizes of bimetallic
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species (as confirmed by XRD), which generate a higher number of metals — oxygen interface sites
with relatively weaker acidity. The enhancement in acidity was most pronounced for the Fe-
containing bimetallic catalysts.

2.4. Evaluation of Catalytic Performance Under Standard Reaction Conditions

The catalytic activity of the synthesized catalysts toward the wet oxidation of glucose was evaluated
under standard reaction conditions (80 °C, 60 min; Table 3). Before the reaction, pH was adjusted to 8 with
NaOH to enhance the reaction rate and prevent catalyst deactivation [48,49] . Hydrogen peroxide (H2O,)
was used as the oxidant at a molar ratio to glucose equal to 40, offering the advantage of high solubility
and minimized mass-transfer limitations [49]. The glucose-to-metal molar ratio was maintained at 64 for
transition-metal catalysts and at 1000 for gold-containing systems, reflecting the higher intrinsic reactivity
of Au. A blank experiment conducted under the same conditions, resulted in 35 % glucose conversion
with 13 % gluconic acid yield, along with minor formation of lactic (2.5 % yield) and formic (3 % yield)
acids. Trace amounts of organic acids glucuronic, 5-keto-D-gluconic, oxalic, and tartronic, were also
detected, indicating that hydrogen peroxide alone can promote partial oxidative degradation of glucose
in aqueous medium. Nevertheless, the overall oxidation extent remains limited in the absence of catalyst,
in agreement with previous reports [49].

Under the applied reaction conditions, all tested materials catalyzed glucose oxidation to
carboxylic acids to different extents (Table 3). Glucose conversion was above 40 % in all cases, with
gluconic acid being the primary product. Additional oxidation and degradation products, including
glucaric, formic, lactic, oxalic, 5-keto-D-gluconic, and tartronic acids, were also detected, consistent
with the established oxidation pathways [12,50,51] (Table 3). Gluconic acid is formed via oxidation
of the aldehyde group (-CHO) on C1 of glucose to a carboxylic acid (-COOH). Further oxidation of
the primary alcohol (-OH) at C6 of gluconic acid may lead to the formation of glucuronic acid, which
may subsequently oxidize to glucaric acid. Additionally, glucuronic acid can undergo isomerization
to form 5-keto gluconic acid (Scheme 1). Side reactions, such as glucose isomerization to fructose
under alkaline conditions (not detected in this study) and C-C cleavage of gluconic acid intermediate
aldehydes (undetected by our analytical methods) followed by further oxidation to lactic, oxalic,
tartronic and formic acids, may also occur (Scheme 1) [12,50,51].

Table 3. Catalyst screening for the conversion of glucose in aqueous medium (Reaction conditions: 80 °C, 60min,
pH 8, Glucose 2 wt.%, H202/Glucose molar ratio 40, Glucose/Metal moral ratio: 64 (1000 for Au)).

Selectivity (%)
5-keto-
Glucose conversion
Catalyst %) Gluconi  Glucari Formi  Lacti  Oxali D- Tartroni
o cacid cacid cacid cacid cacid Gluconi cacid

c acid
1Au/SiO2 46.1 36.4 6.0 8.1 0.5 6.8 9.0 53
5Cr/SiO2 65.5 259 15 14.0 9.0 0.8 - -
5Cu/SiO2 100.0 - - 13.3 2.7 13 - -
5Fe/SiO2 79.5 22.5 1.7 15.1 10.3 15 - -
5Ni/SiO: 411 322 0.5 7.7 7.1 - - -
1Cu-4Fe/SiO: 99.9 - - 7.5 2.5 9.3 - -
1Cu-4Ni/SiO2 99.7 - - 16.2 39 14 - -
1Fe-4Ni/SiO2 98.9 6.5 1.8 19.5 5.5 2.4 - -
1Au/MCM41 40.3 41.0 5.4 8.2 1.2 59 7.1 49
5Cr/MCM-41 57.5 28.8 1.8 15.3 7.8 0.9 - -
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5Cu/MCM-41 100.0 - - 19.5 5.2 0.5 - -
5Fe/MCM-41 75.5 22.2 1.4 14.1 9.2 1.6 - -
5Ni/MCM-41 44.1 32.6 1.1 10.8 79 0.8 - -
1Cu-4Fe/MCM-41 99.8 - - 13.1 3.7 6.8 - -
1Cu-4Ni/MCM-41 99.8 - - 9.2 1.1 1.7 - -
1Fe-4Ni/MCM-41 92.7 12.0 2.9 20.3 4.2 3.4 - -

oH  on (I) e C-C cleavage o
” : OH /WK/OH L )H/LOH
HO HO
; (o]
OH OH OH
OH OH

5-keto-Gluconic acid Tartronic acid

Open-chain
Glucose

Isomerization

o) OH  OoH o OH  OH
(e} OH OH [o] [0]
OH| —— =0 —_ "o OH
HO HO o)
OH OH OH OH

OH OH

Gluconic acid Glucuronic acid Glucaric acid

(0]

C-Ccleavage
C-Ccleavage

i |
\)|\/ J\fo
HO OH HO

0 Dihydroxyacetone OH

I “' Oxalic acid
H/\\

o —_
Formaldehyde HO OH [O] OH |
4)_/ — - HO/\[( HO OH
o= 0 OH

(0]

Glyceraldehyde Glycolic acid Glyceric acid

OH |
[0] [0] -

0 HO 0
1, ™4 o e
H-" “SOH HC  OH )S/OH M
HO Yy HO oH
0 OH

Formic acid Lactic acid

Oxalic acid Tartronic acid

Scheme 1. Possible reaction pathway of glucose oxidation (based on the obtained reaction products and the

proposed mechanisms in references [12,50,51].
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2.4.1. Monometallic Catalysts Supported on SiO, and MCM-41

Monometallic catalysts containing transition metal oxides (Cr, Cu, Fe, and Ni) supported on S5iO:
and MCM-41 demonstrated notable activity in glucose oxidation, achieving 40 — 100 % conversion in
all cases (Table 3). The type of support did not significantly affect the metal’s oxidative performance,
as both glucose conversion and gluconic acid selectivity followed similar trends across metals on
either support.

CuO-supported catalysts, on both SiO: and MCM-41, achieved near-complete glucose
conversion, attributed to a combination of higher acidity (Section 2.3) and increased Cu leaching
(Section 2.5, Table 4), indicating contributions from homogeneous and heterogeneous catalysis. The
main products were lactic, oxalic, and formic acids, with respective selectivities of 2.7, 1.3, and 13.3
% for 5Cu/SiO2 and 5.2, 0.5, and 19.5 % for 5Cu/MCM-41. Minor CO:2 and CO formation were also
detected (data not shown). These results suggest that oxidation extended beyond the C1 aldehyde
group, proceeding via deep oxidation pathways facilitated by electrophilic lattice oxygen species (Oz,
022, O) on the copper oxide surface, while nucleophilic oxygen (O2) contributed to both selective
and non-selective reactions [52]. Strong adsorption of reaction products on the lattice oxygen further
promotes secondary oxidation, reducing gluconic acid selectivity.

For the other transition metals, glucose conversion followed the order Fe > Cr > Ni on both
supports, reflecting differences in acid site density, whereas gluconic acid selectivity followed the
inverse trend Ni > Cr > Fe, with a maximum gluconic acid yield of 18 % for 5Fe/SiOz. NiO catalysts
exhibited increased gluconic acid selectivity due to the presence of weaker nucleophilic oxygen
species, facilitating desorption and selective oxidation[53].

Au was employed as a reference noble metal on SiO> and MCM-41. Au/SiO: achieved 46.1 %
glucose conversion with 36.4 % gluconic acid selectivity, while Au/MCM-41 reached 41.0 %
conversion with 40.3 % selectivity at (Table 4). The higher selectivity on MCM-41 is attributed to
smaller Au particle sizes, favoring gluconic acid formation [54]. Both Au catalysts produced glucaric
acid (5.4 - 6.0 % selectivity) and minor formic acid (< 8 %), and additionally exhibited isomerization
to 5-keto-D-gluconic and tartronic acids, transformations that were not observed for the transition-
metal catalysts. Gold, as a noble metal, is well recognized for its high selectivity in glucose oxidation
to gluconic acid [12,51]. However, due to its high cost, strategies to minimize Au loading, such as
partial substitution with transition metals, are desirable to maintain both catalytic efficiency and
economic feasibility.

2.4.2. Bimetallic Transition Metal Oxide Catalysts Supported on SiO, and MCM-41

Given the high oxidation activity of CuO species, bimetallic transition-metal oxide catalysts were
investigated to enhance gluconic acid yield and selectivity. Catalysts containing Cu, Fe, and Ni
(overall metal loading ~5 wt.%) were prepared, with Fe and Ni selected for their higher selectivity
toward gluconic acid relative to Cu. Experimental results (Table 3) showed that even 1 wt.% Cu in
bimetallic catalysts led to complete glucose conversion, predominately forming lactic, oxalic, and
formic acids, without detectable gluconic or glucaric acids, accompanied by COz and CO formation.
This behavior is attributed to the strong electrophilic lattice oxygen species of CuO, which promote
deep, non-selective oxidation pathways [52].

In contrast, the Fe-Ni combination improved glucose conversion compared to the
corresponding monometallic catalysts, likely due to enhanced dispersion of metal oxides, formation
of smaller particles, and an increased number of acid sites via synergistic effects (Tables 1 and 2).
Nonetheless, gluconic acid selectivity and yield remained low due to further oxidation to smaller
acids and gases, although minor glucaric acid (<3.5 %) was detected. Among the bimetallic
combinations, the 1 wt.% Fe — 4 wt.% Ni catalyst demonstrated the most favorable performance for
gluconic acid formation, associated with the generation of weaker, more selective adsorbed oxygen
species compared to monometallic CuO catalysts.

Overall, the results highlight the balance between catalyst activity and selectivity: monometallic
CuO favors complete glucose oxidation, Ni- and Fe-based catalysts enhance gluconic acid selectivity,
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and bimetallic combinations provide intermediate behavior, modulated by synergistic oxygen
species and dispersion effects.

2.5. Catalyst Stability

Catalyst stability is a key factor influencing performance, affected by hydrothermal conditions
and reaction pH. The leaching of transition metals (Cr, Cu, Fe, Ni) and Au from the catalysts was
evaluated by ICP-AES (Table 4). All transition-metal catalysts exhibited some leaching, with stability
strongly dependent on both metal type and support.

Table 4. Metal leaching from supported and mixed oxide catalysts in the reaction medium.

Leaching (%) * (ICP-AES (ppm))

Catalyst
Au Cu Cr Fe Ni

1Au/SiO:2 0 (n.d.) - - - -
5Cr/SiO2 - - 20.3 (14.7) - _
5Cu/SiO2 - 24.4 (20.0) - - _

5Fe/SiO: - - - 9.1 (6.5) -

5Ni/SiO: - - - - 3.3(2.7)

1Cu-4Fe/SiO: - 413 (6.9) - 16.1(11.9) -

1Cu-4Ni/SiO: - 63.6 (53.5) - 41.7 (126.0)

1Fe-4Ni/SiO: - - - 27.2 (4.0) 5.3 (3.4)
1AwMCM41 O(d) - - - .

5Cr/MCM-41 - - 50.6 (37.0) - -

5Cu/MCM-41 - 26.0 (22.5) - - -

5Fe/MCM-41 - - - 20.0 (16.1) -

5Ni/MCM-41 - - - 7.0 (5.8)
1Cu-4Fe/MCM-41 - 43.7 (7.3) - 165 (12.2) -
1Cu-4Ni/MCM-41 - 53.8 (55.0) - - 44.8 (173.0)
1Fe-4Ni/MCM-41 - - - 39.3 (6.7) 6.1 (4.0)

* Calculated on the basis of the metal content in the initial metal supported catalysts prior to reaction.

Among the supports tested, transition-metal oxides deposited on SiO:2 were more stable than
those on MCM-41. Metal-support interactions followed the trend Ni > Fe > Cr > Cu for both SiO2- and
MCM-41- supported catalysts (Table 4). In particular, Cu and Cr were the least stable catalysts, with
leaching from the support exceeding 26 % and 50 %, respectively. This indicates that, although the
metals were successfully deposited on the silica surface, they did not form sufficiently strong bonds
and partially migrated into the reaction medium, participating in homogeneous catalysis and
contributing to higher glucose conversion. On the contrary, Ni and Fe presented minimal leaching,
especially from SiOz. NiO catalysts supported on SiOz2 and MCM-41 presented the least leaching of
3.3 % and 7.0 %, respectively.

Bimetallic catalysts followed a similar trend: those containing Cu were less stable than the
corresponding Fe-Ni-supported catalysts. While active, bimetallic catalysts showed leaching from
the support exceeding 50 % in some cases (Table 4), indicating significant homogeneous catalysis
without achieving full glucose conversion. The only supported catalysts showing no detectable
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leaching were those containing Au, which also demonstrated high activity toward gluconic acid
production (Table 3).

In summary, among the various oxidation catalysts tested, 5Ni/SiO: and 5Fe/S5iO: showed
relatively high tolerance to solubility during the reaction. Comparing these two, iron oxide achieved
high glucose conversion, while maintaining gluconic acid selectivity around 23 %, yielding the
highest amount of product. NiO-supported catalysts proved more selective toward gluconic acid.
The Fe-Ni bimetallic system was the only combination showing preference for both gluconic and
glucaric acid production, despite very high glucose conversion.

Employing gentler reaction conditions is recommended to further enhance catalyst stability and
minimize side reactions. Gold catalysts were the most stable and selective, although deposition on
MCM-41 was less efficient, resulting in slightly lower conversion but higher gluconic acid selectivity
compared to Au/SiO,. Future work should focus on improved Au deposition techniques on MCM-
41, including heterometal incorporation to enhance support charge [55]. Based on these findings, Au,
Fe, and Ni supported on SiO, were selected for further investigation.

2.5. Evaluation of Au-Supported Catalysts with or Without Transition Metals on SiO,

To reduce gold loading while maintaining its remarkable stability and high catalytic activity, a
series of Au-containing catalysts supported on SiO, were synthesized, with metal loadings ranging
from 1 to 0.3 wt.% (Section 4.3). Their performance in glucose oxidation was evaluated under the
standard reaction conditions applied for catalyst screening (80 °C, 60 min, pH 8, H,O./Glucose molar
ratio 40, Glucose 2 wt.%, Catalyst 0.2 wt.%). As shown in Figure 5, reducing the Au content to 0.5
wt.% had minimal effect, with glucose conversion (46 + 0.1 %), gluconic acid selectivity (37 1 %) and
yield (17 £ 1 %) remaining nearly unchanged. Further decrease the Au loading to 0.3 wt.% slightly
decreased glucose conversion to 42 % and gluconic acid yield to 15 %, without affecting selectivity.
The main by-products, were glucaric, formic, lactic, oxalic, 5-keto-D-gluconic, and tartronic acids,
each with selectivity below 10 %. ICP-AES analysis confirmed that all Au/SiO, catalysts were stable,
with no detectable leaching. These results indicate that 0.3 wt. %. represents the minimum Au loading
that preserves catalytic activity

M Gluconic acid M Glucaric acid
B Formic acid M Lactic acid
M 5-keto-D-Gluconic acid Oxalic acid
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Figure 5. Effect of gold supported catalysts with or without transition metals on glucose oxidation reaction
(Reaction conditions: 80 °C, 60min, pH 8, H202/Glucose molar ratio 40, Glucose 2 wt.%, Catalyst 0.2 wt.%).
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To improve gluconic acid selectivity in the most promising non-noble catalysts supported on
Si0; (5Ni/SiO, and 5Fe/Si0O;), bimetallic catalysts were prepared by incorporating Au at 0.3 wt.%,
denoted as Au-5Ni/SiO, and Au-5Fe/SiO,, respectively (Section 4.3). Under standard reaction
conditions (Figure 5), the addition of Au to 5Ni/SiO; did not significantly alter catalytic performance,
with glucose conversion (43 %), gluconic acid selectivity (32 %), and yield (14 %) remaining
comparable to monometallic 5Ni/SiO, (Table 3). However, stability improved, as only minor Au
leaching (2.0 %, 2.1 ppm) was detected, indicating enhanced metal-support interaction. TPR-H,
analysis further confirmed the Au-Ni synergy, showing an “over-reduction” effect, where both NiOx
and surface oxygen species of the support were more extensively reduced.

In contrast, deposition of Au on 5Fe/SiO; positively influenced selectivity, increasing it from 22.5
% to 30.5 %, while glucose conversion slightly decreased from 79.5 % to 76.6 %, leading to a rise in
gluconic acid yield from 17.9 % to 23.4 %. This effect is attributed to synergistic oxidation between
Au and Fe. Minor formation of by-products (glucaric, formic, lactic, oxalic, 5-keto-D-gluconic, and
tartronic acids) was observed, each below 10 % selectivity (Figure 5). However, Au incorporation did
not enhance the Fe-support interaction, as Fe leaching increased from 9.1 % (5Fe/SiO;) to 12.3 % (Au-
5Fe/Si0;, 9.1 ppm detected).

Further study of the effect of reaction parameters — including temperature, time, oxidant type,
glucose content, and pH — along with alternative synthetic strategies to enhance metal-support
interactions, is required. Additionally, exploring the elimination of Au while retaining the synergistic
effect with Ni represents a key objective for future work.

4. Materials and Methods

4.1. Materials and Reagents

D-Glucose was supplied by Sigma-Aldrich and used without further purification. NaOH was
also purchased by Sigma-Aldrich and used to control pH of the reaction medium and synthesis of
hydrotalcite-like materials. Ammonia solution (NH«OH, 25 % in water, Sigma-Aldrich) was used as
pH regulator and TEtraethyl OrthoSilicate (TEOS, Si(OC:2Hs)4, Sigma-Aldrich) as the silicon source
for MCM-41 synthesis. Hydrogen peroxide (H202, 30 wt. % in water) and sodium borohydride
(NaBHa4) used as reducing agents, were purchased from Honeywell. Commercial SiO: used as
support and labeled as SiO: (Sigma-Aldrich). CetylTrimethylAmmonium Bromide (CTAB,
CH3s(CH2)15N(Br)(CHs)s, Sigma-Aldrich) and PolyVinyl Alcohol (PVA, [-CH:2CHOH-]n, Sigma-
Aldrich) were used as templates, while Sodium Carbonate (Na2COs, Sigma-Aldrich) was used as
anion source for the synthesis of hydrotalcite-like materials.

Solids of Copper (II) nitrate trihydrate (Cu(NOs)2 - 3H20), Chromium (III) nitrate nonahydrate
(Cr(NOs)s - 9H:20), Nickel (II) nitrate hexahydrate (Ni(NOs)2 - 6 H20), Iron (III) nitrate nonahydrate
(Fe(NOs)2:6H20), and solution of Gold (III) chloride solution (30 wt. % of HAuCl: in dilute HCI)
used as metal precursors were also provided by Sigma-Aldrich.

4.2. Preparation of Mesoporous MCM-41

An alternative procedure was developed for the synthesis of pure mesoporous silica with
hexagonal pore structure and narrow pore size distribution known as MCM-41 similar with the
typical synthesis method based on self-assembly mechanisms combined with the sol-gel process [56]
excluding only the long-lasting ageing step under hydrothermal conditions by replacing it with an
ageing step with milder conditions. As a surfactant, aqueous solution of CTAB was used while TEOS
represented the silicon source. The simplified method was based on previously reported study [57]
with some alterations. In detail, 16.4 g of CTAB were fully dissolved in 820 g of double distilled water.
The adjustment of pH was achieved by the appropriate addition of aqueous ammonia in order to
retain pH value at 10. Subsequently, the silicon source was added (TEOS) and the suspension was
left under stirring for 2 h at room temperature. This mixture had the following molar composition: 1
TEOS:0.147C16TABr:3.04 NHs:160H2O. The synthesis product was recovered by filtration and washed
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with ~2 L of distilled water. After drying at 100 °C, the samples were calcined in air at 550 °C for 11
h using a heating rate of 2 °C/ min. The obtained white powder was labeled as MCM-41.

4.3. Preparation of Supported Metal Catalysts

Deposition of varying monometallic (Cu, Cr, Ni and Fe) or bimetallic (combination of Ni, Fe or
Cu) transition metals via typical wet impregnation with aqueous solutions of metal nitrates at
appropriate amounts was performed on the surface of MCM-41 and SiO:z supports. Based on previous
studies [58,59], the total metal loading was decided to be of 5 wt. %, while the final catalysts were
obtained after calcination at 500 °C for 3 h using a heating rate of 5 °C/min under air.

In addition, Au was deposited on both silicious supports via polyvinyl alcohol (PVA)-protected
method with parallel in-situ reduction by using sodium borohydride as a reducing agent [60]. Since
gold has higher oxidation activity compared to transition metals, metal composition varied between
0.3-1 wt. %. In a typical procedure, 0.2 g of gold (III) chloride were dissolved in 15 mL of double
distilled (DD) H20. A solution containing 0.0039 g of PVA in 15 mL of DD water was then added to
the first solution. Few minutes later, the resulting solution was added to a suspension containing 3.5
g of SiO2 in 60 mL of DD water. The resulting mixture was stirred for 2 h. A freshly prepared solution
of sodium borohydride (0.01 g in 5 mL of DD water) was added dropwise to the suspension and
stirred for additional 16-20 hours. Filtration and washing were followed. The final powders were
obtained after overnight drying at 120 °C and labeled as xAu/SiOz2 and xAu/MCM-41 respectively
where x represents the nominal wt. % value of Au.

Finally, Au was also combined with Ni and Fe oxidation catalysts supported on SiOz. At first,
deposition of Ni or Fe with 5 wt.% via wet impregnation on the surface of SiO2 was executed, followed
by calcination of the resulting catalysts (5Ni/S5iO2 or 5Fe/SiO2) at 500 °C, while a sequential deposition
of 0.3 wt. % Au was performed via (PVA)-protected method with parallel in-situ reduction by NaBHs,
as described in the previous paragraph.

4.4. Catalysts Characterization

Inductive Coupled Plasma - Atomic Emission Spectroscopy (ICP-AES) was used for the
determination of the metal chemical composition. N2 adsorption-desorption at -196 °C was
performed on an Automatic Volumetric Sorption Analyzer (Autosorb-1, Quantachrome) for the
determination of surface area (BET method), pore volume and pore size distribution (BJH method)
of samples previously outgassed at 250 °C for 16 h under 1.33 x 10-1 Pa vacuum. Powder X-ray
diffraction (XRD) experiments were performed on a Siemens D-500 X-ray diffractometer with Cu K«
radiation in the 20 range of 5-85 °.

Reducibility was studied by temperature-programmed reduction with H2 (TPR-Hz). In a typical
experiment, 0.1 g of the catalyst sample was loaded in a fixed bed quartz reactor and pre-treated at
500 °C (for supported oxidation catalysts) or 400 °C (for mixed oxides catalysts) for one hour. The
catalyst was then cooled down to 35-40 °C and TPR-H: analysis was carried out from 40 to 850 °C at
a heating rate of 10 °C/min in 5 % Hz/He flow. The composition of the exit gas was monitored online
with a quadrupole mass analyzer (Omnistar, Balzer). The m/z fragments registered were as follows:
H:=2, H>O =18 kot He = 4. Quantitative analysis of the consumed Hz was based on m/z = 2.

The acidic characteristics of selected catalysts were studied with NHs - temperature
programmed desorption (TPD-NHs). In a typical experiment, 0.1 g of the sample was loaded in a
fixed bed quartz reactor and pre-treated at 500 °C (for supported oxidation catalysts) or 400 °C (for
mixed oxide catalysts) in He for one hour and then the catalyst was cooled down to 100 °C under He
flow. Adsorption of ammonia was then performed with a flow of 5 % NHs/He for 1 h at 100 °C. After
flushing with pure helium at 100 °C for 12 hours to remove the physiosorbed ammonia, TPD analysis
was carried out from 100 to 850 °C at a heating rate of 10 °C/min in helium. The composition of the
exit gas was monitored on line with a quadrupole mass analyser (Omnistar, Balzer). The m/z
fragments registered were as follows: NHs = 17, 16, 15; H2O = 18; N2 = 28; NO = 30; N20 = 44.
Quantitative analysis of the desorbed ammonia was based on m/z = 15.
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4.5. Catalyst Performance Evaluation and Product Analysis

The catalytic oxidation of glucose took place in a batch, stirred, autoclave reactor (C-276 Parr
Inst., USA) using H202 as oxidant, after pH adjustment to 8.0 upon addition of NaOH 0.05 mM. In a
typical experiment, an aqueous solution of glucose and the corresponding catalyst were charged into
the reactor and heated to the desired temperature. Zero time was recorded and the reaction was
allowed to proceed for a given time under continuous stirring. The pH was not further controlled
during the reaction. At the end of the reaction time the reactor vessel was cooled rapidly and the
liquid product obtained after filtration was analyzed by Ion Chromatography (ICS-5000, Dionex,
USA).

The quantification was based on external calibration, using standard solutions of sugars
(glucose, mannose, xylose, fructose, galactose, arabinose and rhamnose), sugar alcohols (sorbitol and
mannitol), hydroxymethylfurfural (HMF) and organic acids (gluconic, lactic, glycolic, propionic,
formic, glucuronic, 5-keto-gluconic, glucaric, tartaric, tartronic and oxalic acid). The analysis of sugars
was performed using a CarboPac PA1 (10 pm, 4 x 250 mm) column and guard column (10 pm, 4 x 30
mm) connected to a pulsed amperometric detector (PAD). The eluent was 20 mM NaOH at a 0.6
ml/min flow rate and the total analysis time was 75 min. The analysis of the organic acids was
performed on an AS-11 (9 pm, 4 x 250 mm) column and pre-column (9 pm, 4 x 30 mm) connected to
a conductivity detector (CD). The eluent was 0.5 mM NaOH at a 1 ml/min flow rate and the total
analysis time was 65 min.

The conversion of glucose, the yields and the selectivity of the products (mol based) were
calculated according to the following Egs. (1), (2) and (3):

Glucose mol reacted

[ %) = X 1
Conversiongicose(%) = 100 Glucose mol initial W

c ) (%) = 100 X Glucose mol reacted @
OMVErsioNgtucose 7o) = Glucose mol initial

c ) (%) = 100 X Glucose mol reacted 3)
OMVErSioNgtucose 70) = Glucose mol initial

The stability of the synthesized catalysts on terms of metal leaching was evaluated by analyzing
the liquid product obtained after the reaction for the presence of Au, Cu, Cr, Fe and/or Ni by means
of ICP-AES analysis.

5. Conclusions

Catalytic evaluation of low-cost transition metal oxides (Cr20s, CuO, Fe20s, NiO) supported on
siliceous materials (S5iO2, MCM-41) revealed that glucose oxidation proceeds via multiple pathways,
strongly depending on both the type of metal and the support. Metal-support interactions, assessed
through metal leaching in the liquid phase, varied from very low (ca. 2 %) to as high as 50 % for Cu
catalysts, highlighting the coexistence of heterogeneous and homogeneous catalytic contributions.

NiO and Fe20s supported on SiO;, tested for glucose oxidation under aqueous conditions for the
first time, exhibited promising stability. Among them, NiO/SiO: promoted selective gluconic acid
formation most effectively. Incorporation of low-load Au loading (0.3 wt.%) into 5Ni/SiO2 (Au-
5Ni/SiO2) further enhanced catalyst stability without compromising catalytic activity. Bimetallic
catalysts demonstrated distinct synergistic effects: Au addition to Ni-based catalysts reinforced
stability, whereas Au incorporation into Fe-based catalysts improved gluconic acid selectivity,
attributed to synergistic oxidation activity, though Fe leaching slightly increased.

Overall, these results indicate that minimal Au incorporation can strategically enhance both
catalyst stability and selectivity, while careful design of bimetallic transition-metal catalysts allows
fine-tuning of catalytic performance. Future work should focus on optimizing reaction parameters—
including temperature, time, pH, glucose concentration, and oxidant type — to further enhance
activity and minimize metal leaching. The combination of high oxidation activity, tunable selectivity,
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and relative robustness makes these supported transition metal oxides attractive candidates for
glucose oxidation and other oxidative processes, providing a cost-effective and sustainable approach
to heterogeneous catalysis.
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